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Quantum Antireflection Temporal Coatings: Quantum State
Frequency Shifting and Inhibited Thermal Noise
Amplification

Iñigo Liberal,* J. Enrique Vázquez-Lozano, and Victor Pacheco-Peña

The quantum optical response of antireflection temporal coatings (ATCs), that
is, matching temporal layers that suppress the generation of backward waves
in temporal boundaries, is investigated. The results reveal that quantum ATCs
are characterized for inducing a frequency shift of the quantum state, while
preserving all photon statistics intact. Thus, they can find application for fast
quantum frequency shifting in photonic quantum networks. The quantum
theory also provides additional insight on their classical mode of operation,
clarifying which quantities are preserved through the temporal boundary. Last,
it is shown that quantum ATCs allow for fast temporal switching without
amplification of thermal fields.

1. Introduction

Temporal metamaterials (materials with a designed temporal
variation of their constitutive parameters) provide an additional
and fundamentally different degree of freedom in engineering
light–matter interactions.[1–5] The elementary constituent of tem-
poral metamaterials is the temporal boundary, that is, the rapid
change in time of the material parameters of the system.[6,7] The
main signature of a temporal boundary is the generation of for-
ward and backward waves (temporal equivalent of transmitted
and reflected signal at a spatial boundary between two media),
shifted in frequency, but preserving the wavenumber in order to
enforce the continuity of the D and B fields.[6–9]
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As the generation of a backward wave
can be undesired in many practical
scenarios, antireflection temporal coat-
ings (ATCs) have recently emerged as a
design strategy to achieve reflection-less
temporal boundaries.[10] Inspired by the
design of spatial matching layers,[11]

temporal slabs can be tailored such that
destructive interference inhibits the
generation of a backward wave. At the
same time, given that spatial interfaces
and temporal boundaries have differ-
ent properties, spatial and temporal
matching layers also present different
features, as discussed in refs. [12–14].

The extension to multilayered temporal sequences enables a
finer control over the spectral response of ATCs. Several ap-
proaches have pushed forward this concept, leveraging strategies
from advanced filter design,[15] granting access to higher-order
functions,[14] and enabling ultrawideband pulse operation.[16]

The quantum theory of time-varying media provides a more
complete description of the associated optical processes. It pro-
vides not only a description in terms of energy and field ampli-
tudes but also grants full access to the information encoded in
the quantum state of the electromagnetic field, including pho-
ton production and absorption processes, as well as changes in
quantum correlations.[17,18] Analyzing the quantum response of
time-varying media extends their scope to new applications, in-
cluding basic research on vacuum amplification effects,[19,20] as
well as the development of new amplification schemes[21] and
light sources for quantum technologies.[22,23]

Building upon this ground, in this work, we investigate the
quantum response of ATC; hereafter, referred to as quantum
ATCs. As we will show, the quantum theory provides additional
physical insight on their classical mode of operation. Moreover,
it points toward additional potential applications of ATCs such as
quantum frequency shifting and fast switching while inhibiting
the amplification of thermal fields.
The first experimental demonstration of a temporal bound-

ary and a temporal slab with zero backward wave features was
recently reported based on transmission line metamaterials op-
erating at radio frequencies.[24] Time crystals exhibiting a mo-
mentum band-gap have also been demonstrated at microwave
frequencies with transmission line metamaterials loaded with
varactors.[25] In this sense, we expect that our theoretical results
on thermal noise amplification/suppression could be tested on
those platforms. Further, a promising system for testing our
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Figure 1. Quantum state transformations in temporal boundaries. a) Sketch of the change of a quantum state through a temporal boundary, including
the generation of forward and backward photons, with nontrivial quantum correlations between them. b) Quantum ATCs preserve the quantum state,
while shifting it in frequency.

theory of quantum state transformations at microwave frequen-
cies is superconducting circuits,[26] where vacuum amplification
effects[27] and transmission line metamaterials[28] have been ex-
perimentally demonstrated. The implementation of ATCs at op-
tical frequencies is expected to be more challenging as it requires
from the ultrafast modulation of the optical properties of a mate-
rial. However, the actual possibility for realizing temporal meta-
material concepts is spurring a recent upsurge of experiments on
ultrafast modulation of optical systems.[29–31]

2. Quantum Theory of ATCs

The general structure of an ATC is schematically depicted in
Figure 1b. It basically consists of two semi-infinite temporal slabs
with permittivity 𝜀1 and 𝜀3, linked by a temporal matching layer
with permittivity 𝜀2 and duration 𝜏 = t2 − t1. For simplicity, all

temporal layers are assumed to be nonmagnetic (𝜇1 = 𝜇2 = 𝜇3 =
1).
On each temporal slab, the Hamiltonian of the system is

Ĥn =
∑

k ℏ𝜔kn(â
†
knâkn + 1∕2), with n = 1, 2, 3, representing a con-

tinuum of photonic modes with wavevector k, frequency 𝜔kn =|k| c∕√𝜀n and destruction operator âkn. The electric field opera-
tor is given by:[17]

Êkn = i

√
ℏ𝜔kn

2𝜀0𝜀nV
ekn e

ik⋅r âkn + h.c. (1)

where V is the quantization volume and ekn is the unit polar-
ization vector. Imposing the continuity of the D̂kn and B̂kn op-
erators across the temporal boundaries leads to the following
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transformation rule for the photonic operators

âk3 =
(
cosh

(
s21

)
cosh

(
s32

)
+ ei2𝜔k2𝜏 sinh

(
s21

)
sinh

(
s32

))
âk1

−
(
sinh

(
s21

)
cosh

(
s32

)
+ ei2𝜔k2𝜏sinh

(
s32

)
cosh

(
s21

))
â†−k1

(2)

where smn = ln
√
Zm∕Zn is the squeezing parameter characteriz-

ing the temporal boundary between the mth and the nth tempo-
ral slabs, and Zm = 1∕

√
𝜀m is the medium impedance in the mth

temporal slab. The transformation rule given by Equation (2) has
two major characteristics: (i) the combination of forward k and
backward −k modes, leading to nontrivial photon correlations
between them, and (ii) the mixing of creation and annihilation
operators, resulting in photon production and/or absorption ef-
fects. For classical waves, the physical meaning of (i) reduces to
the generation of forward and backward waves after a temporal
sequence. However, from the quantum perspective, it more gen-
erally represents the generation of entanglement between differ-
ent modes, and the change of quantum correlations, in the form
of a Bogoliubov transformation. On the other hand, it should be
noted that the energy of a classical wave changes when the mate-
rial parameters are modulated. Themixing of photonic operators
pointed out in (ii), forces the presence of creation operators, and
generalizes this notion, for example, by including the eventual
photon production from the vacuum state. In general, charac-
teristics (i) and (ii) induce a change in the quantum state of the
system, as schematically depicted in Figure 1.
For the particular case in which the duration of the temporal

slab equals a quarter of the period of the frequency of the mode
with wavevector k inside it, i.e., 2𝜔k2𝜏 = 𝜋 or 𝜏 = Tk2 ∕4, the op-
erator transformation rule (2) reduces to

âk3 = cosh
(
s21 − s32

)
âk1 − sinh

(
s21 − s32

)
â†−k1 (3)

In other words, a Tk2∕4 temporal slab results in a two-mode
squeezing transformation, where the effective squeezing param-
eter is the subtraction of the squeezing parameter for the first
and second temporal boundaries composing the temporal slab.
Equivalently, it can be stated that the impact of a Tk2∕4 temporal
slab is that of a single temporal boundary, with effective squeez-
ing parameter s21 − s32.
In view of Equation (3), it is clear that a case of particular inter-

est will be s21 − s32 = 0, that is, when the squeezing parameters
of the first and second temporal boundaries exactly cancel out. As
smn = ln

√
Zm∕Zn, it can be readily checked that this condition is

equivalent to Z2 =
√
Z1 Z3 ; that is, the impedance of the match-

ing layer should equal the geometric mean of the initial and final
medium impedances. This condition is exactly equivalent to that
of a classical T∕4 ATC[10] or a traditional 𝜆∕4 impedance match-
ing network in the spatial domain.[11] In such a case, the operator
transformation rule for an ATC simply reduces to:

âk3 = âk1 (4)

This simple relation between the operators before and after
the temporal slab has a clear physical meaning: Quantum states
are projected with no changes in their photon statistics, preserv-
ing all their quantum correlations. At the same time, the fre-

quency of the photonic modes is shifted from 𝜔k1 = |k| c∕√𝜀1
to 𝜔k3 = |k| c∕√𝜀3 (after applying the second temporal boundary
at t = t2). Therefore, an ATC allows for a quantum state to be per-
fectly transferred through a temporal sequence, while shifting it
in frequency.
Here, it is worth remembering that the ATC is composed

by two temporal boundaries where photon creation/annihilation
processes take place. At the same time, an ATC is precisely de-
signed such that the photon creation/annihilation processes in
both temporal boundaries are canceled out. Thus, all photon cre-
ation/annihilation processes are effectively cancelled out at an
ATC, and the quantum response is exactly that of a pure fre-
quency shift. We note that a similar pure frequency shift could
be obtained with a slow process such as an adiabatic taper.[32]

The advantage of an ATC is that it operates at a much faster time
scale, that is, one quarter of the period. Naturally, such dramatic
reduction in the time of operationmust come at a cost, and ATCs
operate within a limited bandwidth, as it is illustrated in the ex-
amples below.
As high quality quantum sources are typically restricted to a set

of specific wavelengths, quantum frequency conversion is a ma-
jor technological challenge in the current development of quan-
tum technologies.[33–38] In particular, frequency shifting nonclas-
sical light states is required to operate at frequencies where prop-
agation losses are small, to fully exploit the bandwidth, to develop
tunable nonclassical light sources, or to connect with other ele-
ments of the photonic network such as a quantummemory. Our
analysis on the quantum response reveals that ATCs might be
of interest as they provide a fast frequency shifting procedure, a
process only taking the duration of the matching layer, that is, a
quarter of the period within it.

3. Revisiting the Classical Case

Next, we use the quantum formalism to revisit and bring new
insights into the classical response of ATCs.[10] To represent a
classical wave, we set the initial state of the system as a coherent
state |𝜓in. = D̂k1 (𝛼)|0., where D̂k1 (𝛼) = exp(𝛼â†k1 − 𝛼

∗âk1)
is the displacement operator with complex amplitude
𝛼 = 𝛼′ + i𝛼′′.[17] The configuration is schematically depicted in
Figure 2a.
As anticipated, the major feature of a quantum ATC is that it

preserves the quantum state and all its photon statistics; that is
to say, the average number of photons ⟨nk1⟩ = ⟨nk3⟩ = |𝛼|2 , the
amplitude ⟨Xk1 + iYk1⟩ = 𝛼 = ⟨Xk3 + iYk3 ⟩, and the variances
ΔX2

k1 = ΔY2
k1 =

1
4
= ΔX2

k3 = ΔY2
k3 of the quadrature operators,

Xkn = (â†kn + âk1) ∕
√
2 and Ykn = i(â†kn − âk1)∕

√
2, as well as any

other photon statistic will remain those of the initial coherent
state (see Figure 3a).
At the same time, preserving photon statistics does not im-

ply that all physical quantities will remain invariant. Up and
down frequency conversion takes place according to the ratio:
𝜔k3∕ 𝜔k1 =

√
𝜀1∕𝜀3. Similarly, the energy of the system scales

from ⟨Ĥk1⟩ = ℏ𝜔k1|𝛼|2 to ⟨Ĥk3⟩ = ℏ𝜔k3|𝛼|2, directly following
the frequency change (see Figure 2b). This means that switching
to a higher permittivity value 𝜀3 > 𝜀1 leads to a smaller frequency
𝜔k3 < 𝜔k1, and a smaller energy ⟨Ĥk3⟩ < ⟨Ĥk1⟩. Such inverse re-
lation between energy and permittivity change is also consistent
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Figure 2. Revisiting the classical response of a ATC. a) Sketch of a quan-
tum ATC excited with a “classical” coherent state |𝛼⟩. Change in the b)
energy and c) electric field amplitude as a function of the permittivity con-
trast. Comparison with the classical prediction of the energy and electric
field amplitude, calculated following refs. [10, 12] shows an excellent agree-
ment. Note that the results for the 𝜀3∕𝜀1 > 1 range would simply be the
inverse of these results.

with the classical energy Hn = ∫ dV (D2(r, t)∕𝜀n + B2(r, t)∕𝜇0) ,
which, in combination with the continuity of theD(r, t) andB(r, t)
fields at the time when the permittivity is changed, indicates that
an increase of the dielectric permittivity is associated with a de-
crease of the energy of the electromagnetic field. Likewise, as
shown in Figure 2c, the amplitude of the electric field changes
following a ⟨Êk3⟩∕⟨ Êk1⟩ = (𝜀1∕𝜀3)

3∕4 scaling factor, in accordance
to the

√
𝜔kn∕𝜀n prefactor of the electric field operator in Equa-

tion (1). These scaling factors are consistent with recent discus-
sions on the operation principle of classical ATCs and the ex-

tent of their analogy with spatial matching layers.[12] In fact, pan-
els (b) and (c) in Figure 2 also include, respectively, a numeri-
cal calculation for the classical prediction of the change in the
energy and the electric field amplitude, showing an excellent
agreement.
It is worth remarking that, for most temporal boundaries,

the quantum and classical predictions of the change in the
energy do not necessarily match due to the amplification of
the quantum noise in coherent states. However, this effect is
inhibited in quantum ATCs; so that, the output energy predicted
by the classical and quantum theories matches, as shown in
Figure 2. In order to illustrate this point, in Figure 4, we depict
the frequency response of the average value of the energy in the
forward wave for attenuated coherent states with a small number
of photons. It can be observed that, in general, the quantum
and classical predictions of the energy do not match due to the
photons produced via vacuum amplifications effects. At the same
time, at the frequency where the system operates as an ATC,
the predictions of the quantum and classical theories perfectly
agree in all cases due to the inhibition of vacuum amplification
effects.
Thus, we find that the classical theory of ATCs fails even for

“classical” coherent states when these are strongly attenuated
into the few photon regime (|𝛼|2 = 0.25, see Figure 4a). At
the same time, we note that the differences apparently vanish
for coherent states with a sufficiently large number of photons
(|𝛼|2 = 10, see Figure 4c). When the energy of the incident
wave increases, the modifications on the energy introduced
by vacuum amplification effects are comparatively small, and
the predictions of quantum and classical theories eventually
overlap. By contrast, classical and quantum predictions perfectly
match at the ATC frequency in all regimes because the quantum
state is shifted in frequency without the addition of quantum
noise.
Hence, the quantum theory provides a more complete picture

of the operational principle of ATCs: quantum states are per-
fectly transferred through them, with no changes in their photon
statistics. Thus, all the observed differences in the properties
of the classical waves before and after the ATC are justified by
the fact that, for a different background medium, each quanta
of light has a different energy and a different electric field
strength.
Finally, we emphasize that, from the quantum theory perspec-

tive, the impact of an unmatched temporal boundary goes be-
yond the mere generation of a backward wave. If we were to
switch between media 1 and 3 without the temporal matching
layer (i.e., using a simple temporal boundary), the operator trans-
formation rule would be that of a single temporal boundary:
âk3 = cosh (s31) âk1 − sinh (s31)â

†
−k1. Consequently, there would

be changes in the output photon statistics for both the forward
and backward waves, including the amplitude of the quadrature
operators ⟨Xk3 + iYk3⟩ = 𝛼k3 = cosh(s31) 𝛼 and ⟨X−k3 + iY−k3⟩ =
𝛼−k3 = − sinh(s) 𝛼∗, the average number of photons, ⟨nk3⟩ =|𝛼sk3|2 + sinh2(s31) and ⟨n−k3⟩ = |𝛼−k3|2 + sinh2(s31), and the vari-
ances ΔX2

k3 = ΔY2
k3 = ΔX2

−k3 = ΔY2
−k3 =

1
4
cosh(2s) (compare

Figure 3a,c).
In addition, the existence of a backward wave imposes non-

trivial photon correlations that cannot be appreciated under a
classical approach. To illustrate this point, we recast the photonic

Laser Photonics Rev. 2023, 17, 2200720 2200720 (4 of 8) © 2023 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 3. Photon statistics after the transformation of a coherent state. Sketch of the magnitude and variance of the quadrature operators in the a,b)
forward/backward and c,d) symmetric/antisymmetric basis, after a quantum ATC (a,c) and an unmatched temporal boundary (b,d). The figure illustrates
how an unmatched temporal boundary qualitatively changes the photon statistics of a “classical wave,” while a quantum ATC preserves the photon
statistics of a coherent state.

operators in a basis formed by symmetric âsk = (âk + â−k) ∕
√
2

and antisymmetric âak = (âk − â−k) ∕
√
2 operators, which makes

more evident the squeezing nature of the transformation. In
this basis, the amplitude of the quadrature operator changes
from ⟨Xsk1 + iYsk1⟩ = 𝛼∕

√
2 = ⟨Xak1 + iYak1 ⟩ to ⟨Xsk3 + iYsk3⟩ =

𝛼a3 = 1√
2

(e−s31𝛼′ + i es31𝛼′′) and to ⟨Xak3 + iYak3⟩ = 𝛼a3 =
1√
2
(es31𝛼′ + i e−s31𝛼′′), as shown in Figure 3. Similarly, the num-

ber of photons changes from ⟨nsk1⟩ = ⟨nak1⟩ = |𝛼|2 /2 to ⟨nsk3⟩ =|𝛼s3|2 + sinh2(s31) and ⟨nak3⟩ = |𝛼a3|2 + sinh2(s31), and the vari-
ances of the quadrature operators change from ΔX2

sk1 = ΔY2
sk1 =

ΔX2
ak1 = ΔY2

ak1 = 1∕4 to ΔX2
sk1 = ΔY2

ak1 =
1
4
e−2s31 and ΔY2

sk1 =
ΔX2

ak1 =
1
4
e2s31 (see Figure 3).

In conclusion, from the quantum theory perspective, the im-
pact of an unmatched temporal boundary is not limited to gener-
ating a reflected wave. It changes the photon statistics and gen-
erates nontrivial quantum correlations between the forward and
backward waves in the form of a two-mode squeezing transfor-
mation. ATCs solve this problem, not only inhibiting the gener-
ation of a backward wave but by preserving all photon statistics
while shifting the frequency of the quantum state.

4. Thermal Fields and Fast Switching With
Suppressed Noise

Aside from quantum vacuum amplification effects, it is expected
that temporal boundaries should also result in the amplifica-
tion of thermal field fluctuations. This effect is of more practi-
cal relevance because the generation of additional thermal noise
would degrade the performance of any communication, sensing,

or computation technology based on time-varying media.[39,40]

On the other hand, control over radiative thermal noise gener-
ation can be harnessed for heat and energy management,[41,42]

as well as for nanophotonic thermal engines.[43] In this section,
we show that ATCs allow for ultra-fast switching with reduced
thermal noise generation.
To illustrate this point, we consider a material body at thermal

equilibrium with a background environment at temperature Te
(see Figure 5). In such scenario, the optical modes are thermally
populated, which can be described through the following density
matrix:[17]

𝜌th = ⊗k

(
1 − e−𝛽k1

)∑∞

nk1= 0
e−𝛽k1nk1 ||nk1⟩⟨nk1|| (5)

with 𝛽k1 = ℏ𝜔k1∕kBTe. Consequently, the average number of
photons populating the modes is ⟨nk1⟩ = (e𝛽k1 − 1)−1 , and
the variances of the quadrature operators are ΔX2

k1 = ΔY2
k1 =

1
4
(1 + 2⟨nk1⟩).
Assume that we wish to rapidly switch in time the permit-

tivity of the medium from 𝜀1 to 𝜀3, a process that can be mod-
elled by a single temporal boundary, with transformation rule
âk3 = cosh (s31) âk1 − sinh (s31)â

†
−k1. It is expected that the in-

teraction of the temporal boundary with the thermal fields will
lead to amplification effects of the thermal noise. Specifically,
the average number of photons after the temporal boundary is⟨nk3⟩ = ⟨nk1⟩cosh2(s31) + sinh2(s31). The first term corresponds to
the amplification of the thermal noise. The second term comes
from a quantum vacuum amplification effect, akin to the dynam-
ical Casimir effect.[27,44] We note that the number of photons al-
ways increases, independently of whether the final permittivity

Laser Photonics Rev. 2023, 17, 2200720 2200720 (5 of 8) © 2023 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 4. Frequency response for attenuated coherent states. Compari-
son between the classical and quantum predictions for the average energy
value, normalized to the input energy, for an ATC with 𝜀1 = 4, 𝜀2 = 2, and
𝜀3 = 1, and for attenuated coherent states with a) less than one photon
in average, |𝛼|2 = 0.25; b) one photon in average, |𝛼|2 = 1; and c) ten
photons in average, |𝛼|2 = 10.

value is smaller 𝜀3 < 𝜀1 or larger 𝜀3 > 𝜀1 than the original one.
The larger the permittivity contrast, the larger the photon pro-
duction is. Similarly, the variances of the quadrature operators in-
crease to ΔX2

k3 = ΔY2
k3 =

1
4
(1 + 2sinh2(s31) + 2⟨nk1⟩ cosh2(2s31)).

Our analysis confirms that the interaction between thermal
fields and the switching mechanism entails the amplification of
thermal noise. In turn, this additional noise will have a detrimen-

tal impact on the performance of the system. For example, ampli-
fying thermal fields effectively increases the noise temperature of
the system and it will lead to spurious photon counts on detec-
tors located outside the material system. In addition, the ampli-
fication of the thermal fields implies that the energy of the elec-
tromagnetic system is increased. In short, the larger the noise of
the system, the larger the amount of energy thatmust be pumped
into it, negatively affecting the energy efficiency of the switching
process.
ATCs, however, have the ability to mitigate the amplification of

thermal noise. As the transformation rule reduces to âk3 = âk1 ,
the thermal state is preserved, including the average number of
photons, the variances of the quadrature operators, and any other
photon statistic. Thus, ATCs make it possible to rapidly switch
the system without amplifying the thermal noise. The cost is to
reduce the speed of the process to a quarter period (with respect
to the frequency associated with the mode of interest within the
temporal matching layer).
In order to illustrate this effect, we compare the average

thermal spectral energy density before and after the permittivity
of the system has been switched from 𝜀1 = 1 to 𝜀3 = 4, for three
different mechanisms: instantaneous switching (see Figure 6a),
a quarter-period ATC (see Figure 6b), and a fourth-order bi-
nomial ATC (see Figure 6c). We assume that the system is
initially at thermal equilibrium at temperature T1 = 300 K, with
average spectral energy density ⟨Ĥk1⟩ = ℏ𝜔k1(e

𝛽k1 − 1)−1 with the
low-frequency limit ⟨Ĥk1⟩ ≈ kBT1 (see Figure 6a). If the system is
instantaneously switched from 𝜀1 to 𝜀3, the spectral energy den-
sity increases to ⟨Ĥk3⟩ = ℏ𝜔k3[cosh

2(s31)(e
𝛽k1 − 1)−1 + sinh2(s31)].

For non-cryogenic temperatures and in the low frequency
limit, the spectral energy can be approximated by ⟨Ĥk3⟩
≈ kB[cosh

2(s31)T1], which can be understood as an effective
increase of the temperature to T3 = cosh2 (s31)T1, as shown in
Figure 6a.
Next, we assume that the system is switched following a

quarter-period ATC, with parameters 𝜀2 =
√
𝜀1𝜀3 , 𝜏 = T0∕4 ×√

𝜀2 and T0 = 0.1 ns, designed for an operating frequency of
10 GHz. While the choice of the frequency of operation is illus-
trative, in view of experimental demonstrations of ATCs and pho-
tonic time crystals at RF and microwave frequencies,[24,25] as well
as the possible implementation of low-temperature quantum and
thermal noise effects with superconducting circuits,[26–28] it has
been selected in the microwave regime. It can be concluded from
Figure 6b that the addition of the ATC induces a periodical re-
sponse, related to the phase evolution through it, while keeping
an overall reduction of the amplification of the thermal noise. In
fact, it can be seen that the spectral density approximately follows
an oscillatory behavior between the kBT1 and kB[cosh

2(s31)T1] lim-
its, and that the amplification is exactly zero at the frequency of
operation.
We note that a further suppression of thermal noise genera-

tion would be obtained with more sophisticated switching mech-
anisms. To illustrate this point, we implement an “impedance
transformer” consisting of the fourth-order binomial ATC design
presented in ref. [15]. The temporal sequence consists of four
temporal layers with parameters: 𝜀a = 1.09, 𝜀b = 1.54, 𝜀c = 2.59,
𝜀d = 3.67; and 𝜏a = 1.09, 𝜏b = 1.54, 𝜏c = 2.59, and 𝜏d = 3.67.[15]

Laser Photonics Rev. 2023, 17, 2200720 2200720 (6 of 8) © 2023 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 5. Inhibiting thermal noise amplification during fast switching. (Left) A system characterized by relative permittivity 𝜀1 being at thermal equilib-
riumwith a background at temperature Te. (Center) Amplification of thermal fields after fast switching the permittivity of the body to 𝜀3. (Right) Inhibition
of thermal noise amplification by a quantum ATC.

For an N-layered temporal sequence, the quantum input–output
relations can be written in the following transfer matrix form:[19][
âkN
â†−kN

]
= S

(
sNN−1

)
U
(
𝜑N−1

)
S
(
sN−1N−2

)
⋅ ⋅ ⋅U

(
𝜑2

)
S
(
s21

) [ âk1
â†−k1

]
(6)

with the squeezing matrix

S (s) =
[
cosh (s) −sinh (s)
−sinh (s) cosh (s)

]
(7)

and the time evolution matrix

U
(
𝜑n

)
=
[
e−i𝜑n 0
0 ei𝜑n

]
(8)

with the phase advance 𝜑n = 𝜔kn 𝜏n. The numerical results pre-
sented in Figure 6c confirm that the overall amplification of ther-
mal noise is further reduced with the binomial ATC by flattening
the minima of the spectral energy density. It is also found that
the spectral energy density never surpasses the kB[cosh

2(s31)T1]

limit at any frequency. Thus, it is confirmed that advanced ATCs
enable a stronger inhibition of thermal noise generation. At the
same time, it is worth remarking that this reduction in thermal
noise generation is obtained at the cost of increasing the switch-
ing time. Ultimately, one could totally suppress all thermal noise
amplification by extending the switching time into the adiabatic
regime. At any rate, ATCs offer the possibility of designing tem-
poral sequences that minimize thermal noise generation in a fre-
quency band of interest and for a given restriction of the switch-
ing time.

5. Conclusion

Our results highlight the importance of investigating the quan-
tum optical response of time-varying media. By studying the
quantum response of ATCs, we were able to provide a clearer
perspective of their classical operating principle, bringing a fresh
perspective to recent studies. In addition, our formalism sug-
gested two new potential applications of ATCs: quantum fre-
quency shifting for photonic quantum networks and fast mate-
rial switching without the amplification of thermal fields in the
system. We expect that our results will motivate further research

Figure 6. Comparison of the average thermal spectral energy density before and after different fast switching mechanisms. a) Instantaneous switching
from 𝜀1 = 1 to 𝜀3 = 4. b) A quarter-period ATC, with 𝜀2 =

√
𝜀1𝜀3 and 𝜏 = T0∕4 ×

√
𝜀2 with T0 = 0.1 ns for an operating frequency of 10 GHz. c) A

fourth order binomial ATC with parameters 𝜀a = 1.09, 𝜀b = 1.54, 𝜀c = 2.59, 𝜀d = 3.67;𝜏a = 1.09, 𝜏b = 1.54, 𝜏c = 2.59, and 𝜏d = 3.67 as extracted
from ref. [15]. Note that the average energy of the forward propagating mode is normalized to the low-frequency limit kBT1, for a system initially at
thermal equilibrium at temperature T1.
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in the field, combining quantum optics and time-varying media.
For example, our results could be extended to more sophisticated
ATCs based on multilayered media, which could provide for con-
trol over the spectral response.
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