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Uniformly accelerated quantum counting detector in Minkowski and Fulling vacuum states
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In this work we revisit the discussion on the process of measurements by a detector in a uniformly ac-
celerated rectilinear motion, interacting linearly with a massive scalar field. We employ the Glauber theory
of photodetection. In this formalism, the detector, interacting with the field prepared in an arbitrary state
of the Rindler Fock space, is excited only by absorption processes. Here we intend to point out the main
differences between the Glauber model and the more commonly used Unruh-DeWitt model. To understand
more plainly measurement processes within the Glauber framework, we investigate the transition probability
rate associated with a uniformly accelerated broadband detector prepared in the ground state. We show how the
Unruh-Fulling-Davies effect emerges within the rotating-wave approximation. We also consider the behavior of
this broadband detector in a frame which is inertial in the remote past but in the far future becomes uniformly
accelerated. The usage of the Glauber model helps to clarify the accelerated or inertial observer interpretations
of the measurements performed by the accelerated detector.
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I. INTRODUCTION

In the description of systems with countably infinite num-
ber of degrees of freedom, one must define the so-called
canonical variables. Then one typically uncovers the algebra
determined by such variables and, equipped with such an
algebra, one is able to build up the Hilbert space of states
of the theory. Nevertheless, it is possible to present unitarily
inequivalent representations of the canonical commutation re-
lations [1,2]. The result is that each representation may depict
different physical situations. Hence new phenomena such as
collective excitations, which can arise in physical systems un-
dergoing spontaneous symmetry breaking, may appear, as is
the case of the vacuum of a superconductor with a condensate
of Cooper pairs.

It is well known that vacuum fluctuations can inhibit or
enhance atomic radiative processes [3,4]. On the other hand,
if one evokes the equivalence principle, an important inves-
tigation is the study of quantum fields from the perspective
of observers in rectilinear uniformly accelerated motion. This
leads us to the Fulling quantization [5,6] and the Unruh-
Davies effect [7–9]. According to the Unruh-Davies effect, a
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detector at rest in a uniformly accelerated frame of reference
can be excited by absorption of a Rindler field quantum from
the Minkowski vacuum. Our purpose here is to reexamine
the Unruh-Davies effect using the Glauber theory of photode-
tection [10,11]. In other words, in this work we revisit the
discussion on the process of measuring Rindler field quanta
by a uniformly accelerated detector interacting with a massive
scalar field within the Glauber model, which realizes detection
of quanta as an absorptive process.

The Glauber theory was constructed to formulate mod-
els of detectors that respond to the electromagnetic field by
absorption of photons. In any case, it is straightforward to
implement the same idea to an apparatus device that measures
quanta associated with a massive scalar field. In this theory,
measurements are absorption processes which are registered,
e.g., by the detection of emitted photoelectrons. Such a kind
of measurement is known as measurement of second kind,
inasmuch as it changes the state being measured.

We shall address the question of how to define a suitable
detector. It is import to bear in mind that measurements of
observables in quantum field theory must be performed in
some limited space-time domain. From an operational point
of view, measurements are means to obtain information about
the physical reality using a measurement apparatus. The mea-
surement apparatus sends a sign of information, a signal that
must be decoded by some receiver that is able to give us a
measurable value at the output of the system. We consider
the case in which the dimension of the Hilbert space of the
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measured system is infinite. In this situation, an ideal detector
of field quanta is a dimensionless system that can make a
transition between two energy levels, decreasing the number
of quanta of the field in some measured state [12]. Therefore,
a detector of field quanta is an experimental device coupled
with the field that gives no signal if the state of the field is
the ground state. We should keep in mind that the definition
of a vacuum state is related to the choice of time-translation
Killing vector fields used by the observers that quantize a
classical field.

The aim of this paper is to explore second-kind measure-
ments in a situation extensively discussed in the literature:
measurements of field quanta associated with a (massive)
field performed by observers in rectilinear uniformly accel-
erated motion. For that matter, it is important to distinguish
the Glauber model from the substantially discussed Unruh-
DeWitt model, for which absorption and emission processes
are equally important. Moreover, since particle detectors are
perceived as powerful tools to gather information about quan-
tum fields, it is important to understand the behavior of
different models in distinct situations, and we feel that so far
the Glauber detector has not received the proper attention in
the context of the Unruh-Davies effect. The Glauber model
also helps us to understand under an alternative perspective
the role of energy transfer between the particle detector and
the quantum field in measurement processes. On the other
hand, in the quantum theory of photodetection a perturbative
treatment of the detector-field interaction using the rotating-
wave approximation (RWA) is usually adopted [10,11,13].
In this context, some issues involving causality have already
been raised [14–17]. However, a thorough analysis reveals
that such concerns are unwarranted; indeed, as extensively
discussed in Ref. [18], causality is satisfied in the photode-
tection theory originally formulated by Glauber. This is the
interpretation we adopt in this work. For a related discussion
of causality in disordered settings, see Ref. [19].

The Glauber construction introduces a kind of operator
ordering where the emission processes are disregarded. We
stress that this Glauber ordering is related to the congruence
of the timelike Killing vector field. We evaluate the transition
probability rates of the accelerated detector prepared in the
ground state for the cases in which the state of the field is
taken to be an arbitrary state of n-Rindler quanta, a Rindler
thermal state with temperature β−1, and finally the Minkowski
vacuum. We recover the well-known result that a detector in
a rectilinear uniformly accelerated motion interacting with
a field in the Minkowski vacuum has the same transition
probability rate of an accelerated detector interacting with the
field in a Rindler thermal state at a temperature β−1. Since
there is no agreement in the literature concerning the inter-
pretation of the processes described by observers at rest in an
inertial reference frame and at rest in a noninertial reference
frame, using the Glauber model, we intend to shed some light
on this issue [20–23]. Ultimately, we investigate a model in
the Minkowski space-time where the vacuum defined in the
remote past, the state |0, in〉, and in the far future, the state
|0, out〉, are unitarily nonequivalent. We show that a Glauber
detector in the far future can be excited when interacting with
the field in the vacuum state |0, in〉.

The organization of this paper is as follows. In Sec. II,
the Fulling quantization, suitable for uniformly accelerated
observers and for addressing the Unruh-Davies effect, is
briefly reviewed. In Sec. III the Glauber theory of detection
of field quanta, interpreting measurements by absorption of
field quanta, is presented. In Sec. IV we perform the analy-
sis of the radiative processes of the detector in a uniformly
accelerated frame. In Sec. V, we discuss a Glauber detector
for a Kalnins-Miller coordinate system. In Sec. VI we present
our conclusions. We use units such that h̄ = c = kB = 1 and
ημν = diag(+1,−1,−1,−1).

II. FULLING QUANTIZATION AND
THE UNRUH-DAVIES EFFECT

In this section, we briefly review the discussion on the
Unruh-Davies effect, with the Fulling quantization of a scalar
field in Rindler space-time [24]. See also Refs. [25–27]. In
order to make the debate accessible to a general readership
not very familiar with some technical jargon usually employed
in this context, we will give here a quick, self-contained
examination of this topic, even though this is a somewhat
standard discussion. In this way we believe our conclusions
will be expounded in a clear way. The main result discusses
the behavior of an Unruh-DeWitt detector at rest in a frame of
reference with a rectilinear uniformly accelerated motion. As
well known, uniformly accelerated observers in Minkowski
space-time envisage the Minkowski vacuum as a thermal bath
of Rindler particles.

Since in an arbitrary globally hyperbolic stationary space-
time one can always find a Killing vector field corresponding
to the time direction of some family of inertial observers, in
Minkowski space-time one can use this feature to decompose
the free scalar field operator into a sum of its positive and
negative frequency parts:

ϕ(t, x) = ϕ(+)(t, x) + ϕ(−)(t, x), (1)

where

ϕ(+)(t, x) = 1

(2π )3/2

∫
d3k√
2ωk

a(k)e−i(ωkt−k·x) (2)

and

ϕ(−)(t, x) = 1

(2π )3/2

∫
d3k√
2ωk

a†(k)ei(ωkt−k·x) (3)

for ωk =
√

k2 + m2
0, m0 being the mass of the field. These

modes are normalized using the standard inner product [28].
The annihilation and creation operators for quanta of the
field, a(k) and a†(k), satisfy the usual commutation relations.
The vacuum state built by observers at rest in an inertial
reference frame that have a timelike Killing vector field is
the state in which field quanta are absent. In conclusion,
there is a translational-invariant vacuum state |0, M〉 such that
a(k) |0, M〉 = 0 ∀k.

Consider now a family of observers at rest in a noninertial
reference frame, e.g., with a rectilinear uniformly acceler-
ated motion. Starting from the usual Cartesian coordinates
xμ = (t, x1, x2, x3), one defines the curvilinear coordinates
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X μ = (η, ξ, y, z) using

t = ξ sinh η, x1 = ξ cosh η,

x2 = y, x3 = z, (4)

where 0 < ξ < ∞ and −∞ < η < ∞. Therefore, ξ 2 =
(x1)2 − t2 and η = tanh−1[t/(x1)]. An observer traveling in
the wordline ξ = 1/a = const (y, z are also constants) has
proper acceleration given by a. This coordinate system cov-
ers only a wedge of the Minkowski space-time, i.e., the
region |x| > t , where there is a global timelike Killing vector
field ∂/∂η.

We restrict our considerations to the right Rindler wedge
where the detector is traveling. Define the vectors q = (ky, kz )
and y = (y, z). From the general solutions of the Klein-
Gordon equations, the scalar field operator can be written as
the sum of positive and negative frequency contribution with
respect to ∂/∂η as ϕ(η, ξ, y) = ϕ(+)(η, ξ, y) + ϕ(−)(η, ξ, y).
Defining m2 = m2

0 + q2, we have

ϕ(+)(η, ξ, y) = 1

2π2

∫ ∞

0
dν

∫
d2q

√
sinh πνKiν (mξ )

× e−i(νη−q·y)b(ν, q) (5)

and

ϕ(−)(η, ξ, y) = 1

2π2

∫ ∞

0
dν

∫
d2q

√
sinh πνKiν (mξ )

× ei(νη−q·y)b†(ν, q), (6)

where Kiν (z) is the Macdonald function of imaginary order.
The annihilation and creation operator of Rindler field quanta
b(ν, q) and b†(ν, q) satisfy the usual commutation relations
over a constant η hypersurface. It is clear that in the Hilbert
space of states there is a vacuum state |0, R〉, known as
the Fulling vacuum state, such that b(ν, q)|0, R〉 = 0, ∀ν ∈
[0,∞),−∞ < ky, kz < ∞. From the Fulling vacuum one can
generate the Rindler Fock space.

The annihilation operator of Rindler field quanta in the
mode (ν, q) can be expanded, using Bogoliubov transforma-
tions, into a linear combination of creation and annihilation of
Minkowski field operators a†(k) and a(k). We have

b(ν, q) =
∫

d3k[U (ν, q, k)a(k) + V (ν, q, k)a†(k)], (7)

where

U (ν, q, k′) = 1

[2πωk (1 − e−2πν )]
1
2

(
ωk + |k|

m

)iν

δ(q − q′),

(8)

V (ν, q, k′) = 1

[2πωk (e2πν − 1)]
1
2

(
ωk + |k|

m

)iν

δ(q − q′).

(9)

So we see that, in the construction of the mathematical for-
malism, we obtain two inequivalent Fock spaces with two
vacuum states |0, M〉 and |0, R〉. It turns out that the Poincaré
invariant vacuum |0, M〉 has an infinite number of Rindler
quanta in the mode (ν, q) associated with the massive scalar

field:

〈0, M| b†(ν, q)b(ν ′, q′) |0, M〉

= 1

e2πν − 1
δ(ν − ν ′)δ(q − q′). (10)

We now give a crash course of basic results concerning
a two-level Unruh-DeWitt detector in the light of time-
dependent perturbation theory. It consists of an idealized
pointlike two-level system with a ground state |g〉, with energy
ωg, and an excited one |e〉, with energy ωe. The detector-field
interaction Hamiltonian is given by

Hint = c1m(τ )ϕ(x(τ )), (11)

where m(τ ) is called the monopole operator and c1 is a dimen-
sionless small coupling constant. Here τ is the proper time
of the detector. The total Hamiltonian of the system can be
written as H = HF + HD + Hint, where it is also composed
by the noninteracting detector Hamiltonian HD and the free
scalar field Hamiltonian HF .

Let us assume here the adiabatic hypothesis. We are in-
terested in discussing the behavior of the detector interacting
with the field in prepared states. The temporal dependence of
Hint is given by

Hint (τ ) = eiH0τ (Hint )Se−iH0τ , (12)

where (Hint )S is the interaction Hamiltonian in the
Schrödinger picture and H0 is the nonperturbate Hamiltonian
of the system, H0 = HF + HD. The system obeys the
equations

i
∂

∂τ
|τ 〉 = Hint |τ 〉 , (13)

|τ 〉 = U (τ, τi ) |τi〉 , (14)

with U (τ, τi ) being the evolution operator. In first-order ap-
proximation, the evolution operator becomes

U (τ f , τi ) = 1 − i
∫ τ f

τi

dτ ′Hint (τ
′). (15)

By using the following operators:

σz = 1
2 (|e〉〈e| − |g〉〈g|),

σ+ = |e〉〈g|, σ− = |g〉〈e|, (16)

which satisfy known angular momentum commutation re-
lations, the detector-field interaction Hamiltonian can be
rewritten as

Hint = c1[megσ
+ + mgeσ

− + σz(mee − mgg)]ϕ(x(τ )), (17)

where mi j = 〈i| m(0) | j〉, |i〉 = |e, g〉. When we perform the
aforementioned field decomposition into a sum of positive
and negative frequency pieces in Eq. (17), we find that the
leading-order contributions to the field-detector state display
four kinds of terms associated with absorption or emission
process of quanta of the field with the excitation or decay of
the detector [29]. The Unruh-DeWitt detection model takes
into account all such contributions.

Using Eq. (15), one can find the transition probability from
the initial state |τi〉 = |g〉 ⊗ |
i〉 at τi to a final state |τ f 〉 =
|e〉 ⊗ |
 f 〉 at τ f , where |
i〉 is the initial field state and |
 f 〉
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is the final field state by computing the amplitude probability
transition given by

〈τ f |U (τ f , τi ) |τi〉 = −ic1

∫ τ f

τi

〈τ f | m(τ ′)φ(x(τ ′)) |τi〉 dτ ′.

(18)

Therefore, using Eq. (12), the amplitude probability of transi-
tions becomes

A|τi〉→|τ f 〉

= −ic1

∫ τ f

τi

dτ ′ eiωegτ
′ 〈e| m(0) |g〉 〈
 f | ϕ(τ ′, x) |
i〉 , (19)

where ωeg = ωe − ωg is the energy gap between the energy
levels of the detector. Therefore, by Eq. (19), and after sum-
ming over a complete set {|
 f 〉}, one obtains the probability
of transitions as

P|τi〉→|τ f 〉(τ f , τi ) = |A|τi〉→|τ f 〉|2

= c2
1|〈e| m(0) |g〉|2F (ωeg, τ f , τi, x), (20)

where c2
1| 〈e| m(0) |g〉 |2 is called selectivity of the detector and

F (ωeg, τ f , τi, x) is the so-called response function which is, in
first-order perturbation theory,

F (ωeg, τ f , τi, x) =
∫ τ f

τi

dτ

∫ τ f

τi

dτ ′e−iωeg(τ−τ ′ )

× 〈
i|ϕ(τ, x)ϕ(τ ′, x)|
i〉, (21)

where we used that
∑

f |
 f 〉〈
 f | = 1. The response function
reveals the bath of quanta that the detector may experience.
Since measurements in field theory must be evaluated in a
limited time interval, for the case of a uniformly accelerated
Unruh-DeWitt detector and a real massless scalar field in the
Minkowski vacuum, the transition probability was evaluated
for a finite proper time in Refs. [29,30]. The asymptotic rate of
spontaneous and induced emission and absorption of Rindler
field quanta (transition probability per unit proper time in the
limit τ f − τi → ∞) is given by

R(ωeg) = |ωeg|
2π

[
θ (−ωeg)

(
1 + 1

e2πσωeg − 1

)

+ θ (ωeg)
1

e2πσωeg − 1

]
, (22)

where σ−1 is the proper acceleration of the detector. The
common lore in the literature on the Unruh effect states that
the first term should describe spontaneous emission of the
uniformly accelerated detector, whereas the second term rep-
resents spontaneous excitation. For related discussions, see
also Refs. [31–39]. The interpretation of how the process
of measurement is described by different observers is far
from being obvious. Hence a fundamental question would be
how one should interpret detector measurements in different
frames. This is the topic of the next sections.

III. GLAUBER THEORY OF PHOTODETECTION

In this section we are interested in discussing measure-
ments in the scenario of radiative processes of prepared states.
The purpose here is to emphasize several features of the

Glauber theory of photodetection that will be important in
the analysis of the Unruh-Davies effect within this formalism.
Some of the points discussed here are not recurrently found in
the associated literature concerning this subject. We wish to
consider the case of real atoms for which, e.g., the continuum
of excited states (in a single electron atom) corresponds to
electronic states above the ionization threshold.

The detector Hilbert space of states is the ground state
|ψb〉 and a continuum of unbounded states |ψ j〉. The time
independent detector Hamiltonian satisfies

Hd |ψl〉 = El |ψl〉, l = b or j, (23)

where Eb (Ej) is the energy associated with the ground state
(excited states). The detector-field interaction Hamiltonian is
still given by Eq. (11) and the monopole operator now reads

m =
∫

d j(mjb |ψ j〉 〈ψb| + mb j |ψb〉 〈ψ j |), (24)

where mik = 〈ψi| m(τi ) |ψk〉. Notice that τ is the detector’s
proper time. If we are not using τ as the detector proper
time, an appropriate factor will need to be introduced in the
interaction Hamiltonian [40].

The key distinction between the Glauber and the Unruh-
DeWitt detection models can be seen by considering an
alternative form for the detector-field interaction Hamiltonian
similar to the one given by Eq. (17). In the present case, this
reads

Hint = c1

∫
d j[mjbσ

+ + mb jσ
− + σz(mj j − mbb)]ϕ(x(τ )),

(25)

where the operators σz, σ
± are now written in terms of |ψ j〉

and |ψb〉 but maintain the same form as the one given in
Eq. (16). If again we decompose the field into a sum of posi-
tive and negative frequency parts, once more we find that the
leading-order contributions to the field-detector state unveil
four kinds of terms which have the same interpretation as
above. Two of such terms will have the general form c†(k)σ+
and c(k)σ−, where c†, c stand for generic creation and anni-
hilation field operators (could be either Minkowski operators
or Rindler operators, depending on the context). These are
known as antiresonant terms and are completely disregarded
by the rotating-wave approximation. Hence, while the Unruh-
DeWitt detector maintains all such terms, as mentioned above,
the Glauber detector only considers the so-called resonant
terms, c†(k)σ− and c(k)σ+.

One can find the transition amplitude from the initial state
|τi〉 = |ψb〉 ⊗ |
i〉 at τi to |τ f 〉 = |ψ j〉 ⊗ |
 f 〉 at τ f , where
|
i〉 and |
 f 〉 are arbitrary pure field states. For instance, they
can be Fock states constructed with a†(k) operators acting in
the Poincaré invariant vacuum state |0, M〉. Using a similar
procedure as above, one finds that (at first order)

A|τi〉→|τ f 〉

= −ic1

∫ τ f

τi

dτ ′ eiω jbτ
′ 〈ψ j | m(0) |ψb〉 〈
 f | ϕ(τ ′, x) |
i〉 ,

(26)

where the energy gap is now defined by ω jb = Ej − Eb.
As discussed in Ref. [29], after distinguishing positive and
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negative frequency contributions coming from the field oper-
ator, one verifies the presence of two terms, namely

〈
 f | ϕ+(τ ′, x) |
i〉 + 〈
 f | ϕ−(τ ′, x) |
i〉 , (27)

which are associated, respectively, with the absorption and
emission of inertial quanta of the field with excitation of the
detector. Notice that, when considering photodetection as the
photoabsorption process, in the probability amplitude only
the first term above is relevant. In addition, observe that, for
excitation processes, ω jb > 0. It is the case we are interested
in. In any case, we notice that such processes are defined using
a particular timelike Killing vector field and the positive fre-
quency modes are associated with this timelike Killing vector
field.

In order to highlight even more the differences between
the behavior of the two forementioned detector models in
radiative processes, one can also investigate the associated
response function. As above, this is related to the transi-
tion probability which is P|τi〉→|τ f 〉(τ f , τi ) = |A|τi〉→|τ f 〉|2. After
summing over the complete set of final field states {|
 f 〉}, we
get

P|τi〉→|τ f 〉(τ f , τi ) = c2
1|〈ψ j | m(0) |ψb〉|2F (ωeg, τ f , τi, x), (28)

where the response function now reads

F (ω jb, τ f , τi, x) =
∫ τ f

τi

dτ ′
∫ τ f

τi

dτ ′′e−iω jb(τ ′−τ ′′ )

× 〈
i|ϕ(τ ′, x)ϕ(τ ′′, x)|
i〉. (29)

Using again the decomposition of the field operator into the
sum of positive and negative frequency parts, the response
function can be written as

F (ω jb, τ f , τi, x) = F1(ω jb, τ f , τi, x) + F2(ω jb, τ f , τi, x),
(30)

where

F1(ω jb, τ f , τi, x) =
∫ τ f

τi

dτ ′
∫ τ f

τi

dτ ′′e−iω jb(τ ′−τ ′′ )

× 〈
i|ϕ(−)(τ ′, x)ϕ(+)(τ ′′, x)|
i〉 (31)

and

F2(ω jb, τ f , τi, x) =
∫ τ f

τi

dτ ′
∫ τ f

τi

dτ ′′e−iω jb(τ ′−τ ′′ )

× 〈
i|ϕ(+)(τ ′, x)ϕ(−)(τ ′′, x)|
i〉. (32)

Our definition of a bona fide detector is a device that goes
to an excited state by decreasing the number of quanta of
some state. Since F1(ω jb, τ f , τi, x) is constructed solely from
the first term of Eq. (27), it is clear that it only describes
absorption processes. In the Glauber theory of photodetection
only this term contributes to the transition rate.

On the other hand, F2(ω jb, τ f , τi, x) is obtained from the
second term of Eq. (27), and as a consequence it is com-
monly associated with emission processes, accompanied by
the decay of the detector. However, since we are considering
ω jb > 0, one may ask whether one should really maintain
such a contribution. Indeed, as shown in Ref. [29], the F2 con-
tribution vanishes in the asymptotic limits τi → −∞, τ f →
∞ when ϕ(+)(x) and ϕ(−)(x) are given by Eqs. (2) and (3)

and |
i〉 is the Minkowski vacuum state. Furthermore, there
are additional terms when using the Unruh-DeWitt detector
that vanish only in the asymptotic limits τi → −∞, τ f → ∞
[29]. Such terms are not connected with absorption of field
quanta.

An idealized broadband detector occurs when many final
states with range of energies much wider than the bandwidth
of the radiation field contribute to the absorption processes
[12,41]. See also Refs. [42–44]. Moreover, the energy range
is much wider than reciprocal of the detection time. Since this
is the common situation in detection processes, let us assume a
broadband detector. For simplicity we choose τi = 0 and τ f =
τ . The density of final excited states of the detector is defined
by ρ(ω jb) [41]. The probability of excitation is

P(τ, x) =
∫

ρ(ω jb)P|ψb〉→|ψ j〉(τ, x) dω jb. (33)

Considering that ρ(ω jb) is a slowly varying function, it can be
replaced by a constant value and one finds∫ ∞

−∞
dω jbeiω jb(τ ′′−τ ′ )ρ(ω jb) = 2πδ(τ ′′ − τ ′)ρ(ω̄ jb). (34)

In conclusion, for a broadband detector, with only the
F1(ω jb, τ f , τi, x) contribution, one can show that the excita-
tion probability is given by

P(τ, x) = C
∫ τ

0
dτ ′〈
i|ϕ(−)(τ ′, x)ϕ(+)(τ ′, x)|
i〉, (35)

where C represents the efficiency of the detector. The prob-
ability of excitation per unit time at time τ is defined by
dP(τ, x)/dτ . Therefore, the transition probability rate of the
detector reads

dP

dτ
= W (τ, x; |
i〉) = C 〈
i| ϕ(−)(τ, x)ϕ(+)(τ, x) |
i〉 .

(36)

This is the standard result of the Glauber quantum counting
model. The transition probability rate comes from absorp-
tion processes, where ϕ(+)(τ, x) and ϕ(−)(τ, x) are given by
Eqs. (2) and (3).

We close this section with a brief discussion on possible
causality violation in Glauber’s detector model. As discussed
in the literature, when antiresonant terms are dropped from
the interaction Hamiltonian, the field operators evaluated from
this approximate Hamiltonian are not retarded [45]. This will
imply in causality violations and possible faster-than-light
signaling between two detectors interacting with a common
quantum field. This is precisely what is found in Refs. [16,17].
However, if one employs an alternative description for the
rotating-wave approximation—that is, to consider the ne-
glect of counter-rotating terms only after calculating transition
amplitudes—then a proof of causality can be given by using
the standard Fermi-problem setup [18]. This can be easily
verified in the situation in which one resorts to a precise spec-
ification of the state of the detectors and also of the quantum
scalar field at the initial time τ0 as well as at a later time τ .
The more general case in which only the state of one of the
detectors is specified at time τ is more involved and should be
analyzed carefully. This would be interesting to explore, and
we hope to return to this calculation in the future.
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IV. GLAUBER THEORY OF PHOTODETECTION
IN THE UNRUH-DAVIES EFFECT

We are now in the position to investigate radiative
processes of the Glauber detector at rest in a uniformly
accelerated frame of reference. In the Glauber theory the
detector works only by absorption of field quanta. In order
to understand the essential point of our approach recall that,
in stationary space-times such as the Minkowski or Rindler
space-time, observers use different choices of timelike Killing
fields. Therefore, one must define two different orderings,
given by : ϕ(−)(x)ϕ(+)(x′) : M, using Eqs. (2) and (3) or:
ϕ(−)(x)ϕ(+)(x′) : R, using Eqs. (5) and (6) related to each
Killing vector field respectively.

Let us study the broadband detector introduced above, but
now we explicitly take into account a uniformly accelerated
motion. In this case the transition probability rate must be
given by products of ϕ(+)(x) and ϕ(−)(x) defined in Eqs. (5)
and (6), respectively. First we will consider that the field is
in an arbitrary state |φi〉 constructed with the b†(ν) opera-
tors acting on the Fulling vacuum state |0, R〉. Since we are
using the above defined ordering associated with the Rindler
timelike Killing vector field, similar steps as those previously
outlined lead us to the following expression for the transition
probability rate W (η, ξ ; |φi〉):

W (η, ξ ; |φi〉) = 〈φi| ϕ(−)(η, ξ, y)ϕ(+)(η, ξ, y) |φi〉 , (37)

where we are employing the Rindler time η in order to de-
scribe the time evolution of the system and for simplicity we
have set C = 1. Observe that the average Rindler quantum
counting rate is proportional to the expectation value of the
normal ordered product of the negative and positive frequency
parts contributions of the field operator at the world line
ξ = const and y, z also constant. Using Eqs. (5) and (6), one
finds that

W (ξ ; |φi〉) = 1

4π4

∫ ∞

0
dν

∫ ∞

0
dν ′

∫
d2q

∫
d2q′

× ei[η(ν−ν ′ )−y·(q−q′ )]
√

sinh πν
√

sinh πν ′

× Kiν (mξ )Kiν ′ (mξ ) 〈φi| b†(ν, q)b(ν ′, q′) |φi〉 .

(38)

It is now clear that, when the state of the Rindler Fock space
is the Fulling vacuum, i.e., |φi〉 = |0, R〉, the rate of excitation
vanishes, as expected.

Assume now a thermal bath in Rindler space-time. Each
observer at rest in an accelerated frame of reference measures
a local temperature T = β−1. Planck’s law shows that the
transition rate in a specific world line is

Wβ (ξ ) = 1

4π4

∫
d2q

∫ ∞

0
dν

sinh πν

eβν − 1
K2

iν

(
ξ

√
m2

0 + q2
)
.

(39)

Let us make the connection between temperature and proper
acceleration. A family of observers can be defined by a set
of timelike world lines. In Rindler space-time each observer
traveling in the world line ξ = const defines a uniformly ac-
celerated frame with proper acceleration a = ξ−1. One can
show that there is a thermal equilibrium using the Tolman

relation β−1√g00 = const [46,47]. Therefore, the local tem-
perature in each wordline is β−1 = (2πξ )−1.

Now we want to understand how the detector behaves if
one substitutes the Rindler Fock space by another Hilbert
space that carries another representation of the field algebra.
This is the fundamental point here. One is applying operators
constructed to act in one representation of the operator algebra
to states that belong to a unitarily inequivalent representation.
In other words, we wish to comprehend how the uniformly
accelerated Glauber detector behaves if the state of field is
the Minkowski vacuum. Starting from Eq. (38) using that
|φi〉 = |0, M〉 we obtain the transition rate of the uniformly
accelerated detector interacting with the scalar field in the
Minkowski vacuum. Let us call it W1(ξ ; |0, M〉). Now using
Eq. (10), one obtains

W1(ξ ; |0, M〉) = 1

4π4

∫
d2q

∫ ∞

0
dν

sinh πν

e2πν − 1

× K2
iν

(
ξ

√
m2

0 + q2
)
. (40)

We obtain that W1(ξ ; |0, M〉) = Wβ (ξ ). This is another ver-
sion of the Bisognano-Wichmann theorem [48,49] that states
that the Minkowski vacuum expectation value of observables
which are localized in the right Rindler wedge satisfies the
Kubo-Martin-Schwinger condition [50,51] with respect to the
Rindler time variable η. From the point of view of the accel-
erated observer, the contribution to the rate given by W1 is a
process of excitation of the Glauber detector with absorption
of a Rindler quantum from the scalar field.

From Eq. (40), for the case where m2
0 = 0 we obtain the

well-known result

W1(ξ ; |0, M〉) = 1

(2πξ )2

∫ ∞

0
dν

ν

e2πν − 1
. (41)

Let us discuss the interpretation given by the inertial observer
for the excitation process. Since for the inertial observer the
state of the field is the Minkowski vacuum, the detector makes
transitions to excited states and quanta of the field show up.
The source of energy that allows for these processes comes
from the agent that accelerates the detector. Applying Eq. (7)
to the Minkowski vacuum state, we get

b(ν, q) |0, M〉 =
∫

d3k V (ν, q, k)a†(k) |0, M〉 . (42)

The traditional way to interpret the above equation is to
assert that counter-rotating processes σ+a†(k) (σ+ = |e〉 〈g|
for usual two-level detectors) are responsible for the right-
hand side contribution. These represent a virtual process since
these occur for short time intervals �τ obeying |�ω|�τ < 1,
where �ω is the associated energy gap, causing the detector
to “react” to the vacuum fluctuations [29]. For a detector at
rest in a rectilinear uniformly accelerated moving frame, this
process becomes a real one, which is commonly deemed as
Unruh radiation. The same analysis performed by an accel-
erated observer can be realized by the inertial observer. The
F1 contribution is a process of excitation of the detector with
emission.

On the other hand, in order to understand why inertial
observers should perceive the existence of radiation emitted
by a uniformly accelerated detector, one may also resort to
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the familiar result derived from the interaction of a quantized
electromagnetic field with a classical source [52]. Indeed, in
this case one verifies that classical current creates a coher-
ent state from the vacuum. The probability corresponding to
the emission of photons is given by a Poisson distribution.
Even though such physical situations should be plainly dis-
tinguished, one may argue that in both cases the physical
interpretation according to the inertial-observer perspective
should follow along similar lines. In this regard, an interesting
investigation is the study of the result of emission of quanta
by a classical current for the case of a uniformly accelerated
current coupled with a quantum field. This is a relevant subject
and we will carefully examine this calculation in the near
future.

V. GLAUBER DETECTOR IN KALNINS-MILLER
COORDINATE SYSTEM

The aim of this section is to discuss the behavior of a
detector in a frame that in the remote past is inertial and in
the far future becomes uniformly accelerated. A coordinate
system adapted to this frame was obtained in Refs. [53–55].
The scalar field quantization was discussed by Costa, Svaiter,
and De Paola [56–60]. For the four-dimensional space-time
with the usual Cartesian coordinates xμ = (t, x, y) and the
curvilinear coordinates X μ = (ξ, η, y), we define the follow-
ing mapping:

t + x = 2

a
sinh a(ξ + η) (43)

and

t − x = −1

a
e−a(ξ−η), (44)

for −∞ < η < ∞ and −∞ < ξ < ∞. This coordinate sys-
tem X μ = (ξ, η, y) is valid only for t − x < 0. Nevertheless,
it is possible to extend it in order to cover the whole space-
time. The four-dimensional line element can be written using
these curvilinear coordinates. We get

ds2 = (e−2aη + e2aξ )
(
dη2 − dξ 2

) − dy2 − dz2. (45)

The next step is to discuss the proper acceleration of an ob-
server traveling in the world line ξ, y = const. We have that

α = a (e−2aη + e2aξ )−3/2e2aξ
∣∣
ξ=ξ̄ ,y=ȳ. (46)

Therefore, in the remote past and in the far future we have,
respectively,

lim
η→−∞ α(η, ξ, y)|ξ=ξ̄ ,y=ȳ = 0,

lim
η→∞ α(η, ξ, y)|ξ=ξ̄ ,y=ȳ = a e−aξ̄ = a∞. (47)

In these curvilinear coordinates the Klein-Gordon can be writ-
ten as[

∂2

∂η2
− ∂2

∂ξ 2
+ m2

0(e−2aη + e2aξ + q2)

]
φ(η, ξ, y) = 0.

(48)

Let us define the variables ζ = a−1e−aη and χ = a−1eaξ for
∞ > ζ > 0 and 0 < χ < ∞. Using the result obtained by

Kalnins and Miller we write φ(ζ , χ, y) = F (ζ )G(χ )H (y).
The separation of variables of the above equations yields

[
d2

dζ 2
+ 1

ζ

d

dζ
+ m2

0 + q2 + λ2

ζ 2

]
F (ζ ) = 0 (49)

and [
d2

dχ2
+ 1

χ

d

dχ
− m2

0 − q2 + λ2

χ2

]
G(χ ) = 0. (50)

There are two complete orthonormal bases that can be
used to expand the scalar field, {uλ(ζ , χ, y), u∗

λ(ζ , χ, y)} and
{vλ(ζ , χ, y), v∗

λ(ζ , χ, y)}, which are of the form

uλ(ζ , χ, y) = NλH (1)
iλ (mζ )Kiλ(mχ )eiq·y, (51)

u∗
λ(ζ , χ, y) = NλH (2)

−iλ(mζ )Kiλ(mχ )e−iq·y, (52)

where m =
√

m2
0 + q2 for

Nλ = 1

4π3/2
[λ(1 − e−2πλ)]1/2 (53)

and

vν (ζ , χ, y) =
(

ν

4π3

)1/2

Jiν (mζ )Kiν (mχ )eiq·y, (54)

v∗
ν (ζ , χ, y) =

(
ν

4π3

)1/2

J−iν (mζ )Kiν (mχ )e−iq·y, (55)

where H (1)
ν (z), H (2)

ν (z) are Bessel functions of the third kind
or Hankel’s function and Jν (z) is a Bessel function of the
first kind. One can show that uλ(ζ , χ, y) and u∗

λ(ζ , χ, y) are
positive and negative frequency modes in the remote past
and vν (ζ , χ, y) and v∗

ν (ζ , χ, y) are respectively positive and
negative frequency modes in the far future [61,62]. In the
remote past, the field can be expanded as

φ(ζ , χ, y) =
∫ ∞

0
dλ

∫
d2q[ain(λ, q)uλ(ζ , χ, y)

+ a†
in(λ, q)u∗

λ(ζ , χ, y)], (56)

where ain(λ, q) and a†
in(λ, q) are the annihilation and creation

operator for quanta of the field in the remote past. It is now
possible to define a vacuum state by

ain(λ, q) |0, in〉 = 0, ∀λ, q. (57)

In the same way, the field expansion suitable for observers in
the far future can be written as

φ(ζ , χ, y) =
∫ ∞

0
dν

∫
d2q[aout(ν)vν (ζ , χ, y)

+ a†
out(ν)v∗

ν (ζ , χ, y)], (58)

where aout(ν, q) and a†
out(ν, q) are the annihilation and cre-

ation operator for quanta of the field in the far future. The
vacuum state in this case is defined by

aout(ν, q) |0, out〉 = 0, ∀ν, q. (59)
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The number of quanta associated with the (ν, q)-out modes in
the vacuum defined in the remote past is given by

〈0, in| a†
out(ν, q)aout(ν, q) |0, in〉 =

∫
dλ

∫
d2q′|βνq,λq′ |2,

(60)
where the Bogoliubov coefficients are given by

|βνq,λq′ | = 1

a
√

e2πν − 1
δ(ν − λ)δ(q − q′). (61)

This model presents a behavior similar to the Hawking effect.
If one considers the quantum version of a field theory without
interactions the vacuum state constructed in the infinity past
appears as a thermal state in the far future. Let us discuss the
behavior of a Glauber detector in this model. We define the
quantity

W (x; |
〉) = 〈
| : ϕ(−)(x)ϕ(+)(x) :out |
〉 . (62)

As discussed above, for a broadband detector this is propor-
tional to the excitation rate. For |
〉 = |0, out〉 we get W = 0
as expected. We are interested in considering the case

W (x; |0, in〉) = 〈0, in| : ϕ(−)(x)ϕ(+)(x) :out |0, in〉 . (63)

A straightforward calculation gives us

W (ζ , χ ; |0, in〉) = 1

4π3

∫
d2q

∫ ∞

0
dν

ν

e2πν − 1

× Jiν (mζ )J−iν (mζ )K2
iν (mχ ). (64)

For the case where m2
0 = 0 and ζ → 0, we get

lim
ζ→0

W (ζ , χ ; |0, in〉) = 1

(2πχ )2

∫ ∞

0
dν

ν

e2πν − 1
. (65)

Hence the same interpretation given to W1 and Wβ can be
discussed in the Kalnins-Miller model. Previously we have
obtained that the transition probability rate of an accelerated
detector interacting with a thermal Rindler bath is equal to the
transition probability rate of the accelerated detector coupled
to the field in the Minkowski vacuum. In a similar fashion, we
observe that, for the massless field, the transition probability
rate of the detector in the far future is equivalent to the tran-
sition probability rate of the detector at rest in a noninertial
reference frame interacting with the field prepared in a usual
thermal state.

One can ask how to generate the Rindler vacuum state.
It is known that accelerated mirrors can be used for such a
purpose [63]. The Kalnins-Miller model can be employed to
investigate the accelerated mirror problem imposing a Dirich-
let boundary condition in one world line χ = const in a
two-dimensional toy model. See, for example, the approach
presented in Ref. [64]. A natural continuation is to discuss the
flux of radiation from this mirror.

VI. CONCLUSIONS

In this paper, we have proposed to study the Unruh-Davies
effect using the Glauber theory of photodetection. There are

some simplifications in our discussion such as the use of
pointlike interactions (fields are operator-valued distributions)
and the absence of a switching function. We believe that
it is possible to understand the effect even with such sim-
plifications. We discussed the process of measuring Rindler
field quanta by a uniformly accelerated detector interacting
with a massive scalar field. Using the Glauber theory of pho-
todetection, the rate of excitation of an accelerated detector
interacting with the scalar field was evaluated. We rederive
the result that a uniformly accelerated detector coupled to a
field in the Minkowski vacuum state has the same transition
rate of an accelerated detector interacting with the field in a
Rindler thermal one at some temperature β−1.

Our results show that an inertial interpretation of the radia-
tive processes associated with observers at rest in the frame of
the uniformly accelerated detector is available in the Glauber
formalism. In other words, we showed how the inertial ob-
server interprets the excitation of the accelerated detector. The
fundamental difference between the Unruh-DeWitt detector
and the Glauber detector is the contribution coming from
F2. In any case we have given above detailed arguments that
showed that such a term does not actually contribute to the
excitation rate for large observation time intervals.

Also using the Glauber theory of photodetection we have
discussed a model with unitary nonequivalent vacuum states
in the remote past in the far future. This detector presents a
behavior similar to the detector interacting with a field in a
scenario of gravitational collapse. For the massless case, we
obtained that the transition probability rate of the detector
in the far future is equivalent to the transition probability
rate of the detector at rest in a noninertial reference frame
interacting with the field prepared in a usual thermal state. In
this scenario, the introduction of a boundary condition allows
one to investigate how to generate the Fulling vacuum.

An interesting application of our analysis is the discussion
of the equivalence principle in the quantum domain [65,66].
One must show that the following physical situations are
equivalent: the excitation rate of a detector at rest in a local
inertial frame coupled to a field in the Boulware vacuum must
be equal to the excitation rate of a detector traveling in an
inertial world line in a Minkowski space-time interacting with
a field in the Fulling vacuum state [67]. Since Rindler oper-
ators span only a subalgebra of the equal-time field algebra,
it should be clear that it is not straightforward to obtain the
desired result. We hope to fully explore this issue in a future
work.
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