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Abstract In a recent analysis (Misra et al. in npj Quantum
Inf 10:34, 2024. 10.1038/s41534-024-00817-w), it has been
shown that Hawking radiation is the main source of energy
to empower a coherent signal pulse. In this work, we have
explored the same effect for a case where the time derivative
of the scalar field mode of the redirected Hawking radiation
appears explicitly in the interaction Hamiltonian. We have
considered a stream of two-level atoms falling freely towards
the event horizon of a black hole. The Hawking radiation
redirected from an orbiting mirror interacts with the atoms
which make a transition between the ground state and the
excited state through the emission of a signal photon. The
signal pulse is amplified by the mechanical work done by
the redirected Hawking mode. The whole set up works as a
black hole powered quantum heat engine. We have shown
that this amplification depends on the frequency of both the
signal mode and the Hawking mode, the flux of the redirected
Hawking mode and the lapse function of the black hole. In
contrast to the result obtained in Misra et al. (npj Quantum
Inf 10:34, 2024. 10.1038/s41534-024-00817-w), we observe
in our analysis, that due to the coupling of the momentum
degrees of freedom of the Hawking radiation modes with the
freely falling detector, the power output depends inversely
with the lapse function of the black hole and is proportional
to the frequency of the emitted Hawking radiation. As a result
the maximum output power enhances significantly if the atom
is very close to the event horizon of the black hole. We have
analyzed this effect for two types of detectors attached to the
cavity. At first we considered a point-like detector and then
we have done the analysis from the perspective of a detector
with smearing.
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1 Introduction

The connection between quantum field theory and general
theory of relativity is one of the most insightful areas of explo-
ration in the foundation of modern theoretical physics. After
the historic development of general relativity by Albert Ein-
stein [1,2], the interplay between thermodynamics and gen-
eral relativity has been remarkable to the theoretical physi-
cists for the impactful consequences like black hole entropy
[3–6], quantum coherence [7–9], and acceleration radiation
[10–13]. The study of acceleration radiation emitted from a
two-level atom freely falling into the event horizon of a black
hole has an important aspect in recent times [14,15].
In [14], the authors proposed a theoretical scenario where a
cloud of two-level atoms is freely falling into the event hori-
zon of the Schwarzschild black hole and they emit accelera-
tion radiation after interacting with the gravitational field of
the black hole. It causes the horizon brightened acceleration
radiation (HBAR) entropy of the black hole. This entropy is
similar to the usual Bekenstein–Hawking entropy [3–6,16].
This similarity shows the connection between quantum optics
and general relativity [14,17]. There have been further analy-
sis that extends this idea of HBAR entropy for different black
hole geometries [18–27]. In these cases, a mirror is placed
in the event horizon of the respective black hole to shield the
Hawking radiation. These analyses provide insights into the
equivalence principle between gravity and acceleration.
However, in a very recent work [15], the authors went beyond
this consideration and allowed the Hawking radiation to
interact with the infalling atoms. This study showed that
the Hawking radiation acts as a coherent light amplifier.
It transfers coherent energy to the signal photon emitted
by the atoms. Unlike other energies like heat, this coherent
energy exhibits mechanical work, a technical term of which
is ergotropy [28–42], and helps to amplify the signal pulse
of light quanta.
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According to quantum field theoretic concept, from the per-
spective of an infalling observer, Unruh vacuum [14,21,22,
43] exists near the black hole horizon. Although a distant
observer sitting at infinity can detect the flux of particles
emitting outward from the black hole due to the quantum
fluctuations happening in the near event horizon area of the
black hole. This outgoing particle stream is identified as the
Hawking radiation. But it cannot directly excite the infalling
atoms, rather if a mirror is placed in a stable orbit at a fixed
distance, then the reflected Hawking radiation can do that.
This atom-field interaction resembles to the anti-resonant
Raman process where the atom makes transition from the
ground state |g〉 to the excited state |e〉 by simultaneous emis-
sion of signal photon with frequency ν. This whole system
can be thought of as the quantum heat engine which is being
empowered by the gravitational field of the black hole. Here
the signal photon mode acts as the piston of the heat engine
and the redirected Hawking mode is the heat bath. In [15]
and our present analysis, the Hawking radiation is the main
source of coherent energy for the signal mode. Although the
kinetic energy of the ground state two-level atoms can also
be used as coherent signal amplifier [44].

The motivation of our present analysis lies in the fact that
we have considered the derivative coupling, whereas in [15]
the atom-field interaction Hamiltonian has the form

Ĥint = ghφhb̂
†âh |e〉〈g| + H.C. (1)

Here the Hawking field mode φh is minimally coupled with
the infalling atoms. This scenario resembles to the standard
Unruh–Fulling effect [45,46]. In this effect, there is inbuilt
infrared (IR) divergence problem which arises due to the
minimal coupling of a scalar field [47–49]. In some analyses
[48–53], it is shown that this IR problem can be removed if
the derivative of the scalar field interacts with the detector. As
discussed in [49], the Unruh–DeWitt detector executes uni-
form circular motion with a field initially in thermal state and
the effect due to the acceleration radiation can be detected.
Apart from these, in a recent work [54], the derivative cou-
pling between the scalar field and the detector has been con-
sidered to explain the HBAR entropy. Taking the motivations
from the previously mentioned works, we have implemented
the concept of derivative coupling in our present analysis.
Here, we have considered two cases. In the first case, we con-
sider a point-like detector coupled with the time derivative of
the redirected Hawking field mode. This redirected Hawking
mode provides energy to amplify the signal photons emitted
due to the interaction. In the second part, we have repeated
the same analysis with a detector having smearing. This also
gives the same dependence of atomic frequency and signal
frequency.

This paper is arranged as following. In Sect. 2, we demon-
strate the interaction between atom and the scalar field mode

of the redirected Hawking radiation examined by a point-like
detector attached with the cavity. We calculate the ergotropy
which signifies the maximum power gain of the signal pulse
of light quanta. In Sect. 3, we repeat the same analysis for a
detector with smearing. In Sect. 4, we discuss the important
findings of the whole analysis.

2 Excitation of atoms by redirected hawking radiation
examined by point-like detector

In this work, we have considered the thought experiment
mentioned in [15]. A stream of two-level atoms is freely
falling into the gravitational field of the black hole and inter-
acts with the Hawking radiation emitted from the black hole.
Initially the atoms are in the ground state and hence there are
no photons. This assures that the field is in Unruh vacuum.
Now the excitation of the atoms can be initiated by consid-
ering outgoing Rindler photons which fill the vacuum and
constitute the Hawking radiation. But the atoms cannot get
excited by the Hawking radiation directly emitted from the
black hole. So a mirror is placed at a fixed distance from the
event horizon of the black hole at r = r0 with r0 > 3rs where
rs is the Schwarzschild radius. The redirected Hawking radi-
ation from the mirror can excite the atoms. This works as a
coherent amplifier of the signal mode.

The coupling between the two-level atoms and the redi-
rected Hawking mode is defined by the interaction Hamilto-
nian for a point-like detector given by [55]

Ĥint = G|e〉〈g|b̂†
s âh

√−g g00∂0φh(t, r∗) + H.C. (2)

where G denotes the atom-scalar field coupling strength, |g〉
and |e〉 are the ground state and excited state of the two-level
atom respectively, b̂†

s is the creation operator for signal pho-
ton and âh is the annihilation operator for the heat bath mode.
This interaction Hamiltonian has the term g00 which con-
tains the information about the black hole and has the form
g00 = 1

f (r) with f (r) being the lapse function of the black
hole. Since the atoms are falling along a radial direction, we
restrict our analysis to a (1+1)-dimensional spacetime. In this
reduced setting, the determinant of the metric tensor satisfies
det(gμν) = −1, so that

√−g = 1. This form of the Hamilto-
nian is the basic difference between [15] and our analysis. In
the Hamiltonian, ∂0φh(t, r∗) denotes the time derivative of
the scalar field mode corresponding to the redirected Hawk-
ing radiation φh , the form of which reads as following [15]

φh(t, r∗) = e− i�h
2 (t−r∗) − ei�h(r0+ln (r0−1))e− i�h

2 (t+r∗) (3)

where r∗ is the Regge–Wheeler coordinate for Schwarzschild
black hole written as r∗ = ∫ dr

f (r) = r + ln (r − 1) and
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r0 is the radius of the mirror orbit. In the atom-scalar field
interaction, the redirected Hawking radiation is converted
into the signal photon by the atomic transition between two
levels. Our main goal is to find the energy gain of the signal
mode.

Assuming |ns〉 and |nh〉 to be the Fock states for the signal
mode and the redirected Hawking radiation mode, the basis
for the atom-field combined states can be defined as

|1〉 = |g, ns, nh〉
|2〉 = |e, ns + 1, nh − 1〉 . (4)

Initially the atom is in ground state and the signal photon is
in ns state. The combined state of the total system at a certain
time t can be written in terms of the superposition of basis
states as

|ψ〉 = u(t)|1〉 + v(t)|2〉 (5)

where C1(t) and C2(t) are the time dependent coefficients
which satisfy the initial conditions

u(t = 0) = 1, v(t = 0) = 0 . (6)

Now we shall find the expression for the coefficients using
Schrödinger’s equation in the interaction picture. So, we can
rewrite the Hamiltonian in Eq. (2) in interaction picture as1

Ĥ
(I )
int = i h̄G�h

1

f (r)

[

b̂†
s âhφh(t, r∗)|e〉〈g|eiβt

− b̂s â
†
hφ

∗
h (t, r∗)|g〉〈e|e−iβt

]

. (7)

Here we have put the expression of ∂0φh(t, r∗) obtained using
Eq. (3) as ∂0φh(t, r∗) = − i�

2 φh(t, r∗) and β = (ν+ω0−�h)

where ν is the frequency of signal mode and ω0 is the resonant
frequency of two-level atoms.

Now our aim is to find two coefficients u(t) and v(t). From
the Schrödinger’s equation along with Eqs. (5) and (7), one
can write

i h̄
∂|ψ〉
∂t

= H
(I )
int |ψ〉

⇒
(
u̇(t)
v̇(t)

)

=
⎛

⎝
−�hG

f (r) φ
∗
he

iβtv(t)

�hG
f (r) φhe−iβt u(t)

⎞

⎠ . (8)

From this equation, we have the relations between two coef-
ficients as

u̇(t) = −�hG η(r)φ∗
he

−iβtv(t) (9)

1 “I” in the superscript denotes the interaction picture.

v̇(t) = �hG η(r)φhe
iβt u(t) (10)

where η(r) = 1
f (r) . Solving these equations along with the

initial conditions mentioned in Eq. (6), we obtain the form
of the coefficients as

u(t) = e− −i t
2 (β− �h

2 )

[

cos

(
t

2

√(
β − �h

2

)2 + 4G2�2
h |φh |2η2

)

+
i
(
β − �h

2

)
sin

(
t
2

√
(β − �h

2 )2 + 4G2�2
h |φh |2η2

)

√(
β − �h

2

)2 + 4G2�2
h |φh |2η2

]

,

v(t) = 2G�hφhηe
−i t

2 (β− �h
2 )

√(
β − �h

2

)2 + 4G2�2
h |φh |2η2

sin

(
t

2

√(
β − �h

2

)2 + 4G2�2
h |φh |2η2

)

. (11)

Now we are aiming to find out the change of ergotropy of the
signal mode. The ergotropy of the signal mode is defined as
[15]

E = Tr(ρsHs) − Tr(ÛρsÛ
†Hs) (12)

where ρs is the density operator corresponding to the signal
state and Hs is the Hamiltonian of the signal with frequency
ν, defined as

Hs = h̄νb̂†
s b̂s . (13)

The unitary operator Û in Eq. (12) transforms the signal states
as Û |ns〉 → |0〉 and Û |ns + 1〉 → |1〉.2

Initially, the signal is in the state ρ
(i)
s = |ns〉〈ns | and the

atom is in the state ρ
(i)
atom = |g〉〈g|. After the transition of

atom occurs to its excited state, a photon is added to the signal
mode from the Hawking mode and hence the final state of
the combined system is defined by

ρ( f ) = |ψ〉( f )〈ψ |( f )
= (u(t)|g, ns, nh〉 + v(t)|e, ns + 1, nh − 1〉)
(u∗(t)〈g, ns, nh | + v∗(t)〈e, ns + 1, nh − 1|) (14)

Now if we trace out the Hawking radiation mode from this
state, then the state will have the formρ = (|u|2|gr, ns〉〈g, ns |
+ |v|2|e, ns + 1〉〈e, ns + 1|). Now tracing out the atom, the
final state of the signal isρ

( f )
s = (|u|2|ns〉〈ns | + |v|2|ns + 1〉

〈ns + 1|) with |u|2 + |v|2 = 1. In a similar way, the final
state of the atom is ρ

( f )
atom = |u|2|g〉〈g| + |v|2|e〉〈e|.

2 This |1〉 is not the same as |gr, ns , nh〉. This is the single photon state.
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The gain of ergotropy of the signal mode between this trans-
formation is obtained as3

Egain = E( f ) −E(i) = h̄ν(|v|2 − |u|2) . (15)

Substituting the coefficients from Eq. (11), we obtain the gain
as

Egain = h̄ν

[
(

4G2�2
h |φh |2η2 −

(
β − �h

2

)2
)

(
β − �h

2

)2 + 4G2�2
h |φh |2η2

× sin2

(
t

2

√(
β − �h

2

)2 + 4G2�2
h |φh |2η2

)

− cos2

(
t

2

√(
β − �h

2

)2 + 4G2�2
h |φh |2η2

)]

(16)

From Eq. (15), the maximum gain is obtained when |v|2 = 1
and |u|2 = 0 which holds when (β − �h

2 ) = 0. Hence from
Eq. (11), we get

t = (2m + 1)π

2G|φh |�hη(r)
; m ∈ Z (17)

The maximum average output power for the signal mode is
given by

PMax =

t∫

0
Ėgaindt

t∫

0
dt

. (18)

Now from Eq. (16), we can have the rate of gain of ergotropy
for (β − �h

2 ) = 0 as

Ėgain = 2h̄νG�h |φh |η(r) sin (2G�h |φh |η(r)t) . (19)

Now the maximum output power can be obtained from Eq.
(18) as

PMax = 4h̄νG�h |φh |
(2m + 1)π f (r)

. (20)

Figure 14 shows the maximum output power for both the
direct coupling case PMax and the momentum coupling case
PM.C.

Max , as a function of radial distance r . It is evident from
the plot that, in our set up, the signal mode is amplified more
efficiently than in the case with direct coupling. This analysis

3 E( f ) denotes the final ergotropy and E(i) is the initial ergotropy.
4 For the plot we have used the LogLogPlot to enhance the maximum
power output for the standard coupling case.

Fig. 1 Comparison between the maximum power output for the direct
coupling and the momentum coupling case for the change in the radial
distance r , where r is in the range rs ≤ r ≤ 4rs with rs denoting the
Schwarzschild radius

is restricted to the m = 0 mode. The values of other parame-
ters we have set are as follows; the radius of the mirror orbit
r0 = 4rs , the mass of the black hole M ∼ 1030 kg, the
atomic transition frequency �h ∼ 103 Hz, the signal mode
frequency ν ∼ 104 Hz, and the coupling constant G = 1.
We have used the values G = 6.6743 × 10−11 m3kg−1s−2 ,
h̄ = 1.054 × 10−34 kg · m2s−1 and c = 3 × 108 m · s−1. It is
important to note that as the mirror is placed at r = 4rs , the
output power drops sharply at this point.

In [15], the rate of change of ergotropy is proportional to
the signal frequency and the flux of the redirected Hawking
mode |φh(t, r∗)| which has the form obtained from Eq. (3)

|φh(t, r∗)| = 2 sin

[
�h

2

(

(r − r0) + ln

(
r − 1

r0 − 1

))]

. (21)

In our analysis, while considering the time derivative of the
scalar field in the interaction Hamiltonian, the maximum out-
put power is directly proportional to the frequency of the
redirected Hawking radiation mode �h along with the sig-
nal frequency ν. The lapse function of the black hole also
dominates the efficiency of the signal mode as a result, we
can observe a significant power boost very close to the event
horizon of the black hole which was not observed in [15]. As
per the discussion in [15], a significant boost in the power
can be observed for N atoms which couples to the hot bath
simultaneously and the total maximum output power will be
given by [56] PM.C.

Max → NPM.C.
Max .
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3 Excitation of atoms by redirected hawking radiation
examined by a detector with smearing

In this section we repeat the analysis for the cavity-attached
detector having a smearing. The interaction between the two-
level atoms and the redirected Hawking radiation is intro-
duced by an interaction Hamiltonian. The form of the Hamil-
tonian for the detector with smearing can be written as

Ĥint = G|e〉〈g|b̂†
s âh

∫
dr̃ F(r̃)

√−g g00∂0φh(t, r∗)+H.C.

(22)

Here F(r) is called the smearing function of the detector. It
has a Gaussian like form as [57]

F(r̃) = e
−(r̃−1)2

2L2

L
√

2π
(23)

with L being the length of the detector. This smearing effect
appears in a detector due to its physical size or the nature of
its interacts with the incoming radiation.
As we have done in the previous section, we shall move
to the interaction picture where the interaction Hamiltonian
(Eq. (22)) takes the form as

H
(I )
int =

⎡

⎢
⎣

0 − i h̄G�h
2 Ie−i(β− �h

2 )t

i h̄G�h
2 I∗ei(β− �h

2 )t 0

⎤

⎥
⎦ (24)

where I is defined as

I = 1√
2πL

∫
dy

(y + 1)

y
e− y2

2L2

[

e
−i�h

2 (y+1+ln y)

− R∗e
i�h

2 (y+1+ln y)
]

(25)

with y = r̃ − 1 and R = ei�h(r0+ln (r0−1)).
Now in a certain time t , the total system is represented by the
state mentioned in Eq. (5). Initially, the atom is in its ground
state |g〉 and the signal is in the Fock state |ns〉. Hence ini-
tially the system is in the state |ψ〉(i) = |g, ns, nh〉. Now the
Hawking radiation mode redirected from the orbiting mir-

ror is converted into a signal photon with frequency ν via
the transition of two-level atoms from the ground state |g〉
to the excited state |e〉 due to the atom-field interaction. So
the final state after interaction can be obtained by solving
Schrödinger’s equation. Solving the Eq. (8) using the Hamil-
tonian in Eq. (24), we get the relation between time dependent
coefficients u(t) and v(t) as

u̇(t) = −G�hIe−i(β− �h
2 )tv(t)

v̇(t) = G�hI
∗ei(β− �h

2 )t u(t) . (26)

Initially u(t = 0) = 1 and v(t = 0) = 0. So, solving these
equations along with the initial condition, we get the state of
the total system after the interaction as

|ψ〉( f ) =

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎝

e− −i t
2 (β− �h

2 )

[

cos

(
t
2

√
(β − �h

2 )2 + 4G2�2
h |I|2

)

+
i(β− �h

2 ) sin

(
t
2

√
(β− �h

2 )2+4G2�2
h |I|2

)

√
(β− �h

2 )2+4G2�2
h |I|2

]

2G�h |I|√
(β− �h

2 )2+4G2�2
h |I|2

sin

(
t
2

√
(β − �h

2 )2 + 4G2�2
h |I|2

)

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎠

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎝

|1〉

|2〉

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎠

. (27)

Now we shall calculate the ergotropy of the signal mode
which is defined by the Hamiltonian Hs mentioned earlier
in Eq. (13). Initially the signal is in ρ

(i)
s state and hence the

initial ergotropy can be obtained from Eq. (12) as

E(i) = Tr [|ns〉〈ns |h̄νb̂†
s b̂s] − Tr [Û |ns〉〈ns |Û †h̄νb̂†

s b̂s]
= h̄νns . (28)

Here the unitary operator transforms the states as Û |ns〉 =
|1〉 and Û |ns + 1〉 = |0〉. Now tracing out the Hawking
radiation and the atom from the combined state in Eq. (14),
the final state of the signal mode is ρ

( f )
s = |u|2|ns〉〈ns | +

|v|2|ns +1〉〈ns +1|. So the final ergotropy of the signal mode
is

E( f ) = Tr [|u|2|ns〉〈ns |h̄νb̂†
s b̂s + |v|2|ns + 1〉〈ns + 1|h̄νb̂†

s b̂s ]
− Tr [|u|2|1〉〈1|h̄νb̂†

s b̂s + |v|2|0〉〈0|h̄νb̂†
s b̂s ]

= h̄ν
(
(|u|2 + |v|2)ns + |v|2 − |u|2

)

= h̄ν
(
ns + (|v|2 − |u|2)

)
. (29)

Here |u|2 + |v|2 = 1 is used. The gain in ergotropy of the
signal mode is

Egain = h̄ν(|v|2 − |u|2) . (30)
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Now from Eq. (27), we have

|u|2 = cos2

(
t

2

√(
β − �h

2

)2 + 4G2�2
h |I|2

)

|v|2 =
4G2�2

h |I|2 −
(
β − �h

2

)2

(
β − �h

2

)2 + 4G2�2
h |I|2

sin2

(
t

2

√(
β − �h

2

)2 + 4G2�2
h |I|2

)

. (31)

Now substituting Eq. (31) into Eq. (30), we obtain the gain
in energy between the initial and the final state as

Egain = h̄ν

[4G2�2
h |I|2 −

(
β − �h

2

)2

(
β − �h

2

)2 + 4G2�2
h |I|2

× sin2

(
t

2

√

(β − �h

2
)2 + 4G2�2

h |I|2
)

− cos2

(
t

2

√(
β − �h

2

)2 + 4G2�2
h |I|2

)]

. (32)

Now we aim to maximize the energy gain of the signal mode.
From Eq. (30), the maximum gain will be obtained only if
|u|2 = 0 that means the atom is in excited state and this
holds when the resonant transition (β − �h

2 ) = 0. Using

these conditions, we get the interaction time t = (2m+1)π
2G�h|I| .

Now the maximum output power of the signal mode is

Pmax =

t∫

0
Ėgaindt

t∫

0
dt

= 4h̄νG�h |I|
(2m + 1)π

(33)

where the analytical form of I is given in Eq. (25).
Figure 2 compares the maximum output power gain for

a point-like detector P point
max (Eq. (20)) and a detector with

spatial smearing P
smearing
max (Eq. (33)). It is clearly seen from

the plot that the spatial smearing enhances the output power
compared to the point-like detector case. We have set the
length of the detector to be L = 0.001rs , with rs being the
Schwarzschild radius.

In this case, the maximum output power is directly propor-
tional to the frequency of the signal mode and the redirected
Hawking mode.

Fig. 2 Comparison between the maximum power output for the point
like detector and the detector with smearing case

4 Conclusion

We consider the thought experiment in which a two-level
atom freely falls into the gravitational field of a non-rotating,
static, and spherically symmetric black hole through a cav-
ity, with the detector attached to it. The Hawking radiation
redirected from an orbiting mirror acts as the source of ampli-
fication of the light quanta. The mirror converts the out-
going Hawking radiation into ingoing Rindler modes and
enhances the interaction process. As a result, the signal pho-
tons become amplified, with the redirected Hawking radia-
tion providing the required energy. The amplification of the
signal depends on several factors: it is proportional to the
frequency of the signal mode as well as to the frequency of
the redirected Hawking mode, and it also depends on the flux
associated with the ingoing Rindler mode φh .
From the discussion in [15], it is an important result that
black hole gravity can play a crucial role in coherent light
amplification. In [15], the atom–field interaction was taken
to be

Hint = G|e〉〈g|b̂†
s âhφh(t, r∗) + H.C. (34)

for which the amplification is governed solely by the fre-
quency of the signal mode, together with the flux of the
Hawking radiation. In the present work, we consider the
momentum coupling case when the detector is point-like as
well as when the detector has spatial smearing. Our anal-
ysis reveals an additional and qualitatively new feature: in
these cases, the amplification is not only controlled by the
mode frequencies and the Hawking flux, but is also explic-
itly enhanced by the black hole spacetime itself through its
dependence on the lapse function.

There is a strong theoretical basis for the fact that the
Hawking radiation is responsible for the proposed effect.
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If the Hawking radiation got shielded before emitting from
the event horizon of the black hole, then the fields will be
unchanged by the orbiting mirror and that assures the Rindler
vacuum. Hence there will be no generated photons since the
mirror accelerating in Minkowski vacuum, only can gener-
ate the photons [58,59]. Hence the excitation of atoms can
only be initiated if the redirected Hawking radiation interacts
with them. As can also be observed from Fig. 1, the momen-
tum coupling case has significant power boost compared to
the standard coupling case in [15], especially near the event
horizon of the black hole because of the dependence of the
maximum power output on the inverse of the lapse function.
This a very important result in our work.
Next, we explored the effect examined by a detector with
smearing. This smearing in detector arises due to its size
and nature of interaction with the radiation. In Fig. 2, it is
observed that the presence of spatial smearing of the detec-
tor, enhances the maximum output power compared to the
point-like detector case. We find out that the output power
of the signal mode is related to this smearing function, the
frequency of the Hawking radiation, and the frequency of the
signal mode.
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