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Temporal interfaces introduced by abrupt switching of the constitutive parameters of unbounded 

media enable unusual wave phenomena. So far, their explorations have been mostly limited to 

lossless media. Yet, non-Hermitian phenomena leveraging material loss and gain, and their 

balanced combination in parity-time (PT)-symmetric systems, have been opening new vistas in 

photonics. Here, we unveil the role that temporal interfaces offer in non-Hermitian physics, 

introducing the dual of PT symmetry for temporal boundaries. Our findings reveal unexplored 

interference mechanisms enabling extreme energy manipulation, and open new scenarios for time-

switched metamaterials, connecting them with the broad opportunities offered by non-Hermitian 

phenomena. 

 

Time-varying media exhibit great potential for extreme wave manipulation and for next-generation 

technologies, drawing in recent years significant attention from the engineering and physics 
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communities. These systems exploit temporal degrees of freedom to build higher-dimensional 

metamaterials [1], and enable intriguing opportunities such as Floquet topological insulators for 

both classical and quantum waves [2]-[10], modulation-induced non-reciprocity [11]-[17], 

multifunctional metasurfaces [18], spectral causality [19], and overcoming several limitations of 

static media [20]-[28]. As an important subclass, abrupt changes in time of material properties 

produce temporal boundaries at which a wave can experience reflection and refraction, enabling a 

dual phenomenon to a spatial interface [29]-[32]. For the past few years, the effects of temporal 

boundaries and their application opportunities have been intensively investigated [33]-[42]. 

Nevertheless, with the exception of a recent study [42], the vast majority of these works have been 

limited to lossless media, in which their permittivity or permeability changes in time. 

A parallel line of research holding significant promise in the context of exotic wave-matter 

interactions involves non-Hermitian systems, which capitalize on the interplay between gain and 

loss to enable a wealth of opportunities to control and transmit waves, realizing unconventional 

phenomena, most notably when gain and loss are balanced and the system obeys parity-time (PT) 

symmetry [43]. Unidirectional invisibility [44]-[46], laser-absorber pairs [47]-[48] and chiral state 

transfer [49]-[53] leverage PT symmetry and non-Hermitian singularities, leading to exotic 

phenomena that have no counterparts in Hermitian systems. Here, we unveil the untapped 

opportunities enabled by non-Hermitian temporal slabs, in which the material conductivity is 

abruptly changed in time. In this quest, we forge a link between the field of non-Hermitian systems 

and the one of time-metamaterials, enabling novel interference phenomena for extreme energy 

manipulation, based on the interaction of non-orthogonal counter-propagating waves for which the 

carried power is decoupled from the total stored energy. Of particular interest is the scenario in 

which paired temporal slabs obey temporal parity-time (TPT) symmetry, exhibiting a phenomenon 
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dual to laser-absorber pairs [47]-[48] for which waves can be largely amplified or attenuated over 

a broad dynamical range of output power levels. 

Non-Hermitian temporal slabs — We begin by considering wave propagation in a uniform and 

isotropic non-magnetic medium characterized by a real-valued (dispersion-less) relative 

permittivity 𝜀 and electrical conductivity 𝜎. Without loss of generality, we assume the presence of 

two counter-propagating waves in the 𝑧-direction, sharing the same wavenumber 𝑘𝑧 > 0, so that 

the total transverse electric and magnetic field components are 

with 𝐸+(𝑡) = 𝐸+𝑒𝑗𝜔𝑡 and 𝐸−(𝑡) = 𝐸−
∗ 𝑒−𝑗𝜔∗𝑡 being the time-dependent amplitudes of the forward 

and backward wave at the complex (angular) frequency 𝜔 = 𝑘𝑧𝑐0/𝑛, and 𝑐0 = 1 √𝜇0𝜀0⁄ , 𝜂0 =

√𝜇0/𝜀0  being the speed of light and characteristic impedance in free space, 𝜇0 (𝜀0) being its 

permeability (permittivity). The complex refractive index 𝑛 ≡ √𝜀 + 𝜎/(𝑗𝜔𝜀0) = 𝑛′ − 𝑗𝑛′′ with 

its real (imaginary) part 𝑛′ = √𝜀 − �̂�2  (𝑛′′ = �̂�) where �̂� ≡ 𝜎/(2𝜀0𝑘𝑧𝑐0), and 𝑐. 𝑐. stands for 

complex conjugate. After averaging in space over one spatial period 2𝜋/𝑘𝑧, the energy density 

𝑤𝑒𝑚(𝑡) at time 𝑡 can be written as [54] 

where 𝑈𝑖(𝑡) ≡ 2𝜀0𝜀[|𝐸+(𝑡)|2 + |𝐸−(𝑡)|2]  is the average energy stored in the two individual 

waves, and 𝑈𝑐(𝑡) ≡ 2𝜀0Re[𝐶(𝑡)]  with 𝐶(𝑡) = 𝑛(𝑛∗ − 𝑛)𝐸+(𝑡)𝐸−(𝑡)∗  represents the 

contribution to stored energy stemming from the interference between the two waves. 𝑈𝑖(𝑡) is 

directly proportional to the (spatially averaged) total power flow carried by the two waves 

𝑃𝑡𝑜𝑡(𝑡) = 𝑃+(𝑡) + 𝑃−(𝑡)  with 𝑃±(𝑡) = (2𝑛′/𝜂0)|𝐸±(𝑡)|2  [55], i.e., 𝑃𝑡𝑜𝑡(𝑡) = 𝑈𝑖(𝑡)𝑐0𝑛′/𝜀 , 

 
𝐸𝑥(𝑧, 𝑡) = 𝑒−𝑗𝑘𝑧𝑧[𝐸+(𝑡) + 𝐸−(𝑡)] + 𝑐. 𝑐. ;  

𝜂0𝐻𝑦(𝑧, 𝑡) = 𝑒−𝑗𝑘𝑧𝑧[𝑛𝐸+(𝑡) − 𝑛∗𝐸−(𝑡)] + 𝑐. 𝑐., 
(1) 

 𝑤𝑒𝑚(𝑡) = 𝑈𝑖(𝑡) + 𝑈𝑐(𝑡), (2) 
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while 𝑈𝑐(𝑡) emerges only in non-Hermitian media (𝜎 ≠ 0) where the two counter-propagating 

waves are non-orthogonal. In non-Hermitian media the interference between counter-propagating 

waves with real-wavenumber and complex frequency is different from the most commonly studied 

scenario of interference of real-frequency waves, which has been explored in connection with 

Anderson localization [56]-[64], and for which the time-average power flow of the individual 

waves is not physically meaningful [65]. 

 Non-Hermitian time boundaries arise when the conductivity is switched in time, offering 

unexplored avenues to control these quantities. Upon switching of the relative permittivity 𝜀 and 

conductivity 𝜎 of the unbounded medium, momentum 𝑘𝑧 instead of frequency is conserved. In 

addition, at the temporal boundary at time 𝑡𝑠 for which the material properties transition abruptly 

from (𝜀1, 𝜎1) to (𝜀2, 𝜎2), or equivalently from 𝑛1 to 𝑛2  for the complex refractive index 𝑛, the 

time-dependent amplitudes 𝐸±(𝑡) of forward and backward waves vary as 

where 𝜓𝐸(𝑡) ≡ (𝐸+(𝑡), 𝐸−(𝑡))𝑇 (the superscript 𝑇 indicates the transpose),  𝐽2,1 is the matching 

matrix ensuring that the displacement field 𝐷𝑥 = 𝜀𝐸𝑥 and magnetic field 𝐻𝑦 are conserved. The 

temporal transmission and reflection coefficients are 𝜏2,1 = [𝑛1(𝑛1
∗ + 𝑛2)]/[𝑛2(𝑛2 + 𝑛2

∗)]  and 

𝜌2,1 = [𝑛1(𝑛1
∗ − 𝑛2

∗ )]/[𝑛2
∗(𝑛2 + 𝑛2

∗ )]. In the limiting case 𝜎1 = 𝜎2 = 0, these coefficients revert 

to well-known results for Hermitian time boundaries [29]-[30],[66]-[67]. Due to wave interference, 

a non-Hermitian temporal boundary can produce intriguing scattering events, including the 

nontrivial decoupling of total power flow and total stored energy. Consider first the special 

scenario when 𝜀2 = 𝜀1 and 𝜎2 ≠ 𝜎1 = 0, i.e., the time boundary involves only an abrupt change in 

conductivity. The temporal transmittance 𝑇+  and reflectance 𝑇−  are 𝑇± ≡ 𝑃±(𝑡𝑠
+)/𝑃+(𝑡𝑠

−) =

 𝜓𝐸(𝑡𝑠
+) = 𝐽2,1𝜓𝐸(𝑡𝑠

−), 𝐽2,1 = (
𝜏2,1 𝜌2,1

∗

𝜌2,1 𝜏2,1
∗ ), (3) 



5 

 

(1 ± √1 − �̂�2
2/𝜀1) / (2√1 − �̂�2

2/𝜀1) , and thus the total power flow 𝑇+ + 𝑇− =
1

√1−�̂�2
2 𝜀1⁄

≠ 1 

changes after the switching, even though the total stored energy in the waves does not, 𝑤𝑒𝑚(𝑡𝑠
+) =

𝑤𝑒𝑚(𝑡𝑠
−), since the permittivity is continuous across the temporal boundary. As shown later, this 

counterintuitive result can be explained by the exotic wave interference emerging in non-

Hermitian temporal slabs and, when combined with TPT symmetry, it enables extreme 

manipulation of the total power flow. We define TPT symmetry here as the dual in time domain 

of spatial PT-symmetry, in which we replace the conventional parity and time reversal operators 

with their temporal analogues 𝒫𝑡 and 𝒯𝑡. The parity 𝒫𝑡 operation is defined as a reversal along the 

time axis 𝑡 → −𝑡, while the 𝒯𝑡 operation sets 𝑧 → −𝑧 and it performs complex conjugation via the 

operator 𝑇. 

Temporal scattering formalism and TPT-symmetric slabs — Before analyzing TPT-symmetric 

bilayers, we need to introduce a temporal scattering formalism accounting for the evolution of 

𝜓𝐸(𝑡) in non-Hermitian temporal slabs. Using Eq. (1), 𝜓𝐸(𝑡) in medium 𝑙 evolves from time 𝑡1 

to 𝑡2 = 𝑡1 + Δ𝑡21 as 

where 𝐹𝑙(Δ𝑡21)  is the propagation matrix and the frequency 𝜔𝑙 = 𝑘𝑧𝑐0/𝑛𝑙  generally assumes 

complex values. For non-Hermitian temporal slabs involving multiple switching events, the 

matching matrix 𝐽2,1 in Eq. (3) and the propagation matrix 𝐹𝑙 in Eq. (4) constitute the building 

blocks of the temporal transfer matrix 𝑀 connecting the state 𝜓𝐸(𝑡) at two different times. We 

consider the general scenario in Fig. 1(a), based on which an unbounded medium switches abruptly 

at time 𝑡𝑖 = 0, 𝛥𝑡 and 𝑡𝑓 = 2𝛥𝑡 from medium 𝑙 to 𝑙 + 1, with 𝑙 = 1, 2, 3. We assume that media 

1 and 4 are Hermitian (𝜎1 = 𝜎4 = 0) with same permittivity 𝜀1 = 𝜀4 > 0, while media 2 and 3 

 𝜓𝐸(𝑡2) = 𝐹𝑙(Δ𝑡21)𝜓𝐸(𝑡1), 𝐹𝑙(Δ𝑡21) = (𝑒𝑗𝜔𝑙Δ𝑡21 0

0 𝑒−𝑗𝜔𝑙
∗Δ𝑡21

),  (4) 
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have equal relative permittivity 𝜀2 = 𝜀3 > 0 but balanced loss and gain, i.e., 𝜎2 = −𝜎3 > 0, and 

thus TPT-symmetric. On average, we expect these media to compensate each other in terms of 

energy decay or amplification, in a way dual to PT-symmetric slabs in their symmetric phase [44]-

[45]. Following Eqs. (3) and (4), the total transfer matrix 𝑀𝑡𝑜𝑡  in this geometry, defined via 

𝜓𝐸(𝑡𝑓
+) = 𝑀𝑡𝑜𝑡𝜓𝐸(𝑡𝑖

−), reads 

which consists of the propagation matrices 𝐹𝑙(𝛥𝑡) in media 𝑙 = 2, 3, and the matching matrices 

𝐽𝑙+1,𝑙  between different media, and it determines the full evolution of the counter-propagating 

plane waves right before the first switching event at 𝑡𝑖 = 0. 

Alternatively, the scenario of Fig. 1(a) can be described by the temporal scattering matrix 

𝑆 = (
𝑟𝐿 𝑡𝑅

𝑡𝐿 𝑟𝑅
), which obeys the relation |𝑠−(𝑡𝑓

+)⟩ = 𝑆|𝑠+(𝑡𝑖
−)⟩ with the input |𝑠+(𝑡𝑖

−)⟩ = 𝜓𝐸(𝑡𝑖
−) 

and output |𝑠−(𝑡𝑓
+)⟩ = 𝑃𝜓𝐸(𝑡𝑓

+), 𝑃 ≡ (
0 1
1 0

), and it is related to 𝑀𝑡𝑜𝑡 via the relation 𝑆 = 𝑃𝑀𝑡𝑜𝑡. 

Interestingly, we find that the dynamics of non-Hermitian temporal slabs are always invariant 

under the 𝒯𝑡  operation, leading to the universal constraint 𝑃𝑇𝑆𝑃𝑇 = 𝑆, or equivalently 𝑟𝑅 = 𝑟𝐿
∗ 

and 𝑡𝑅 = 𝑡𝐿
∗ [68]. It follows that the dynamics of any TPT-symmetric structure, defined as above, 

are necessarily invariant under both 𝒫𝑡  and combined 𝒫𝑡𝒯𝑡  operations, and the corresponding 

temporal 𝑆 matrix obeys the fundamental relationship 𝑃𝑇𝑆𝑃𝑇 = 𝑆−1, i.e., the time analogue of 

conventional PT-symmetric scattering systems. Nevertheless, due to the constraint imposed by the 

symmetry under the 𝒯𝑡 operation, we parametrize the 𝑆 matrix of TPT-symmetric structures as 

 𝑀𝑡𝑜𝑡 = 𝐽4,3𝐹3(𝛥𝑡)𝐽3,2𝐹2(𝛥𝑡)𝐽2,1, (5) 

 𝑆 = (
𝑗𝑏 𝑎∗

𝑎 −𝑗𝑏
) , |𝑎|2 − 𝑏2 = 1, 𝑏 ∈ ℛ, 𝑎 ∈ 𝒞. (6) 



7 

 

This result ensures that the eigenvalues are ±1: different from conventional PT-symmetry, TPT-

symmetric structures are always in their symmetric phase, and the temporal S matrix in Eq. (6) and 

the 𝑃𝑇  operator share the same set of eigenvectors. Eq. (6) also implies that TPT-symmetric 

structures cannot attenuate a single input wave, since the temporal transmittance 𝑇+ = |𝑎|2 ≥ 1. 

Extreme energy transformations in TPT-symmetric temporal bilayers — Despite the fact that 

TPT-symmetric systems are always in their symmetric phase with unimodular eigenvalues, highly 

nontrivial energy manipulation is possible exploiting wave non-orthogonality. To demonstrate 

these opportunities, we consider equal-intensity counter-propagating input waves with a variable 

relative phase 𝜙  at time 𝑡𝑖
− = 0−  [see Fig. 1(a)], i.e., |𝑠+(𝑡𝑖

−)⟩ = (1/√2, 𝑒𝑗𝜙/√2)
𝑇

, and 

investigate the normalized total output power flow �̂�𝑡𝑜𝑡 ≡ 𝑃𝑡𝑜𝑡(𝑡𝑓
+)/𝑃𝑡𝑜𝑡(𝑡𝑖

−) at time 𝑡𝑓
+ = (2𝛥𝑡)+. 

In our scenario, �̂�𝑡𝑜𝑡 depends on four dimensionless real-valued parameters: the relative phase 𝜙, 

the (normalized) temporal slab duration Δ𝑓 ≡ 2Δ𝑡𝜔1, and the real and imaginary parts �̂�2
′  and �̂�2

′′ 

of the refractive index ratio �̂�2 ≡ 𝑛2/𝑛1 = �̂�2
′ − 𝑗�̂�2

′′. In addition, �̂�𝑡𝑜𝑡 is a periodic function of 𝜙 

and Δ𝑓 for fixed �̂�2, i.e., �̂�𝑡𝑜𝑡(𝜙 + 2𝜋, Δ𝑓) = �̂�𝑡𝑜𝑡(𝜙, Δ𝑓 + 2𝜋|�̂�2|2/�̂�2
′ ) = �̂�𝑡𝑜𝑡(𝜙, Δ𝑓). 

In analogy to laser-absorber pairs in PT-symmetric systems, we explore the global 

minimum �̂�𝑡𝑜𝑡
𝑚𝑖𝑛 and maximum �̂�𝑡𝑜𝑡

𝑚𝑎𝑥 of the total normalized output power �̂�𝑡𝑜𝑡(𝜙, Δ𝑓) as we vary 

the relative phase between the input waves 𝜙 and the temporal slab thickness Δ𝑓. Remarkably, a 

critical-point analysis of �̂�𝑡𝑜𝑡 (see below) indicates that the global minimum �̂�𝑡𝑜𝑡
𝑚𝑖𝑛 and maximum 

�̂�𝑡𝑜𝑡
𝑚𝑎𝑥 are achieved for the same value Δ𝑓

𝑚𝑖𝑛 = Δ𝑓
𝑚𝑎𝑥. Since �̂�𝑡𝑜𝑡(𝜙, Δ𝑓) is a continuous function, 

the maximum dynamical range between �̂�𝑡𝑜𝑡
𝑚𝑎𝑥 and �̂�𝑡𝑜𝑡

𝑚𝑖𝑛 can be reached for this value of Δ𝑓 by 

modulating the relative phase 𝜙 . Next we study the variation of these extreme values as the 

imaginary part �̂�2
′′ changes. 
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 Assuming a fixed value of �̂�2
′ > 1, a perturbation analysis with �̂�2

′′ → 0+ sheds light on the 

extreme values that �̂�𝑡𝑜𝑡 can attain. When �̂�2
′′ = 0, the TPT-symmetric temporal bilayer in Fig. 1(a) 

is a uniform Hermitian temporal slab, and �̂�𝑡𝑜𝑡  changes at times 𝑡𝑖 = 0 and 𝑡𝑓 = 2𝛥𝑡, together 

with the stored energy in the system. Owing to the equal-intensity inputs |𝑠+(𝑡𝑖
−)⟩  and the 

symmetry of matching and propagation matrices in Eqs. (3) and (4), the intensities of the counter-

propagating waves within each slab are equal. This observation together with Eq. (3) allows us to 

obtain the optimal relative phase 0  and 𝜋  (or 𝜋  and 0) of the two waves at time 𝑡𝑖
−  and 𝑡𝑓

− 

respectively in order to achieve maximum (or minimum) energy extraction from the waves, 

yielding �̂�𝑡𝑜𝑡
𝑚𝑖𝑛 = 1/�̂�2

′ 2
 for 𝜙𝑚𝑖𝑛 = 0 and Δ𝑓

𝑚𝑖𝑛 = �̂�2
′ 𝜋/2 for the global minimum, and �̂�𝑡𝑜𝑡

𝑚𝑎𝑥 =

�̂�2
′ 2

 for 𝜙𝑚𝑎𝑥 = 𝜋 and Δ𝑓
𝑚𝑎𝑥 = Δ𝑓

𝑚𝑖𝑛 for the global maximum. For TPT-symmetric slabs, we can 

now write a perturbation series in �̂�2
′′  for Δ𝑓

𝑚𝑎𝑥 = Δ𝑓
𝑚𝑖𝑛 = �̂�2

′ 𝜋/2 + �̂�2
′′(�̂�2

′ 2
+ 1)/(�̂�2

′ 2
− 1) +

�̂�2
′′2

𝜋/(2�̂�2
′ ) + 𝑂(�̂�2

′′3
) and 𝜙𝑚𝑎𝑥 − 𝜋 = 𝜙𝑚𝑖𝑛 = 2�̂�2

′′/(�̂�2
′ 2

− 1) + 𝑂(�̂�2
′′3

), yielding the global 

extreme values 

In Fig. 1(b), the extreme values of �̂�𝑡𝑜𝑡 when �̂�2
′ = 2, i.e., �̂�𝑡𝑜𝑡

𝑚𝑖𝑛 (blue down-pointing triangles) and 

�̂�𝑡𝑜𝑡
𝑚𝑎𝑥  (red up-pointing triangles) in Eq. (7), versus �̂�2

′′ ∈ (0, 0.4)  are plotted against rigorous 

numerical calculations (blue and red solid lines), showing good agreement. The non-Hermitian 

nature of the TPT-symmetric bilayer drastically enhances the dynamical range of achievable 

minimum and maximum power after the switching events. To explain this phenomenon, we 

evaluate the time-dependent evolution of the (normalized) stored energy density �̂�𝑒𝑚(𝑡) ≡

𝑤𝑒𝑚(𝑡)/𝑤𝑒𝑚(0−) and its two components �̂�𝑖(𝑡) ≡ 𝑈𝑖(𝑡)/𝑤𝑒𝑚(0−) and �̂�𝑐(𝑡) ≡ 𝑈𝑐(𝑡)/𝑤𝑒𝑚(0−), 

 
1

�̂�𝑡𝑜𝑡
𝑚𝑎𝑥

= �̂�𝑡𝑜𝑡
𝑚𝑖𝑛 =

1

�̂�2
′ 2 −

2�̂�2
′′

�̂�2
′ 3 +

2�̂�2
′′2

�̂�2
′ 4

(1 − �̂�2
′ 2

)
+ 𝑂(�̂�2

′′3
). (7) 
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plotting them as a function of time for �̂�2
′ = 2 and �̂�2

′′ = 0.2 in Fig. 2(a) for the configuration 

providing �̂�𝑡𝑜𝑡
𝑚𝑖𝑛 , and in Fig. 2(b) for �̂�𝑡𝑜𝑡

𝑚𝑎𝑥 . The stored energy density �̂�𝑒𝑚(𝑡) (solid lines) is 

discontinuous at time 𝑡𝑖 and 𝑡𝑓, since we pump or subtract energy from the material as we switch 

its permittivity 𝜀 = |𝑛|2, but it is continuous in the middle switching event because here we only 

switch the conductivity. �̂�𝑖(𝑡) (dashed lines) and �̂�𝑐(𝑡) (empty circles) are discontinuous in the 

middle switching event, compensating each other. The TPT bilayer largely absorbs [Fig. 2(a)] or 

amplifies [Fig. 2(b)] the input waves by simply changing their relative phase, leading to a largely 

manipulated total power flow with �̂�𝑡𝑜𝑡 = �̂�𝑒𝑚(𝑡𝑓
+). 

 We now explore the extreme scenario in which we only switch the conductivity, such that, 

as we change �̂�2
′′, we also vary �̂�2

′ = √1 − �̂�2
′′2

< 1 correspondingly. This scenario is particularly 

interesting since we cannot expect any variation in stored energy across any of the switching events. 

Yet, as anticipated above, it is actually possible to largely modify the power flow even in this 

regime, and the extreme values of �̂�𝑡𝑜𝑡 read 

reached for 𝜙𝑚𝑖𝑛 = 𝜋/2, Δ𝑓
𝑚𝑖𝑛 = 𝜋/√1 − �̂�2

′′2
 and 𝜙𝑚𝑎𝑥 = 3𝜋/2, Δ𝑓

𝑚𝑎𝑥 = Δ𝑓
𝑚𝑖𝑛 . Interestingly, 

the optimal phases do not depend on �̂�2
′′ in this case. In Fig. 1(b), blue and red dashed lines show 

the range of available �̂�𝑡𝑜𝑡 at its extreme values as a function of �̂�2
′′. As expected, they both start 

from unity for small �̂�2
′′, but as �̂�2

′′ approaches 1, they converge to 0 and ∞ dual to a laser-absorber 

pair in PT-symmetric systems [see Eq. (8)], despite the fact that all switching events preserve the 

stored energy, and that the TPT-symmetric bilayers operate in their symmetric phase. The drastic 

variations of �̂�𝑡𝑜𝑡 emerge here as the waves become non-orthogonal in non-Hermitian temporal 

 �̂�𝑡𝑜𝑡
𝑚𝑖𝑛 =

(�̂�2
′′ − 1)2

(�̂�2
′′ + 1)2

, �̂�𝑡𝑜𝑡
𝑚𝑎𝑥 =  

1

�̂�𝑡𝑜𝑡
𝑚𝑖𝑛

 (8) 
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slabs. In Fig. 3, we show the two extreme scenarios for �̂�2
′′ = 0.2 and �̂�2

′ = √1 − �̂�2
′′2

≈ 0.98, 

studying the evolution of normalized energies as in Fig. 2. As expected, the energy density �̂�𝑒𝑚(𝑡) 

is continuous across every switching event, but �̂�𝑖(𝑡) and 𝑃𝑡𝑜𝑡(𝑡) are largely modified. For �̂�𝑡𝑜𝑡
𝑚𝑖𝑛, 

both temporal slabs start from a maximum �̂�𝑐(𝑡), thanks to the proper phase of the incident waves, 

and end at the point of its maximum decay, minimizing the overall residual energy in the waves 

and corresponding power flows [Fig. 3(a)]. In the dual scenario of �̂�𝑡𝑜𝑡
𝑚𝑎𝑥  [Fig. 3(b)], on the 

contrary, �̂�𝑐(𝑡) in each temporal slab starts at a minimum and grows, maximizing the overall 

power flow at the output. 

 For both Figs. 2 and 3, we performed COMSOL simulations to validate our analysis. As 

shown in each inset, two counter-propagating pulses with equal intensity travel against each other 

in a homogeneous Hermitian medium, meet and overlap at time 𝑡 = 0 with a prescribed relative 

phase, experience three switching events, following the color code in the figure, and separate once 

they are again in the Hermitian medium. The simulations match well our model, which ignores the 

finite spatial extent of the wave trains. The inset of each subfigure shows time snapshots of the 

total 𝐸𝑥(𝑧, 𝑡) distribution of the counter-propagating waves at times 𝑡 = −16𝜋/𝜔1, Δ𝑡/2, 3Δ𝑡/2 

and 16𝜋/𝜔1, and movies of the wave evolution are provided in [69]. 

Conclusions — In this Letter, we introduced a rigorous temporal scattering formalism for non-

Hermitian temporal slabs, highlighting unexplored opportunities enabled by non-Hermiticity in 

time metamaterials based on nontrivial wave interference. Based on this formulation, we have 

introduced the analogue of PT-symmetry for temporal slabs, showcasing highly nontrivial energy 

manipulation features. TPT-symmetric systems are always in the symmetric phase, yet they 

support the dual phenomenon of laser-absorber pairs, enabling an extreme dynamical range of 

output power levels tuning the relative phase between input counter-propagating waves. These 
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results may be further enhanced by exploring these wave interference phenomena in non-

instantaneous materials [70] and/or in open resonators with large quality factors, providing new 

strategies for the design of time-metamaterial devices for extreme wave manipulation. By 

generalizing our approach to incorporate also spatial boundaries, it may be possible to enable other 

PT-symmetric phenomena, like phase transitions, in combination with the interference-driven 

phenomena unveiled here. 

Acknowledgements — This work was supported by the Simons Foundation and the Air Force 

Office of Scientific Research MURI program. E.G. acknowledges support from the Engineering 

and Physical Sciences Research Council through an EPSRC Doctoral Prize Fellowship (grant 

EP/T51780X/1). 

 

References 

[1] N. Engheta, “Metamaterials with high degrees of freedom: space, time, and more,” 

Nanophotonics 10, 639 (2021). 

[2] Z. Yang, F. Gao, X. Shi, X. Lin, Z. Gao, Y. Chong, and B. Zhang, “Topological acoustics,” 

Phys. Rev. Lett. 114, 114301 (2015).  

[3] R. Fleury, A. B. Khanikaev and A. Alù, “Floquet topological insulators for sound,” Nat. 

Commun. 7, 11744 (2016). 

[4] A. Darabi, X. Ni, M. Leamy, and A. Alù, “Reconfigurable Floquet elastodynamic topological 

insulator based on synthetic angular momentum bias,” Sci. Adv. 6, eaba8656 (2020). 

[5] T. Oka and H. Aoki, “Photovoltaic Hall effect in graphene,” Phys. Rev. B 79, 081406 (2009). 

[6] T. Kitagawa, E. Berg, M. Rudner, and E. Demler, “Topological characterization of 

periodically driven quantum systems,” Phys. Rev. B 82, 235114 (2010). 



12 

 

[7] N. H. Lindner, G. Refael, and V. Galitski, “Floquet topological insulator in semiconductor 

quantum wells,” Nature Phys. 7, 490 (2011). 

[8] Y. Tenenbaum Katan and D. Podolsky, “Modulated Floquet Topological Insulators,” Phys. 

Rev. Lett. 110, 016802 (2013). 

[9] A. Lubatsch and R. Frank, “Evolution of Floquet topological quantum states in driven 

semiconductors,” Eur. Phys. J. B 92, 215 (2019).  

[10] A. Lubatsch and R. Frank, “Behavior of Floquet Topological Quantum States in Optically 

Driven Semiconductors,” Symmetry 11, 1246 (2019). 

[11] K. Fang, Z. Yu, and S. Fan, “Realizing effective magnetic field for photons by controlling 

the phase of dynamic modulation,” Nat. Photon. 6, 782 (2012). 

[12] Z. Yu and S. Fan, “Complete optical isolation created by indirect interband photonic 

transitions,” Nat. Photon. 3, 91 (2009).  

[13] N. A. Estep, D. L. Sounas, J. Soric, and A. Alù, “Magnetic-free non-reciprocity and isolation 

based on parametrically modulated coupled-resonator loops,” Nat. Phys. 10, 923 (2014).  

[14] S. Taravati and C. Caloz, “Mixer-duplexer-antenna leaky-wave system based on periodic 

space-time modulation,” IEEE Trans. Antennas Propag. 65, 442 (2017).  

[15] D. Sounas, and A. Alù, “Non-Reciprocal Photonics Based on Time Modulation,” Nat. 

Photon. 11, 774 (2017). 

[16] H. Li, T. Kottos, and B. Shapiro, “Floquet-network theory of nonreciprocal transport,” Phys. 

Rev. Appl. 9, 044031 (2018). 

[17] E. Galiffi, P. A. Huidobro, and J. B. Pendry, “Broadband Nonreciprocal Amplification in 

Luminal Metamaterials,” Phys. Rev. Lett. 123, 206101 (2019). 



13 

 

[18] X. Wang, A. Diaz-Rubio, H. Li, S. A. Tretyakov, and A. Alù, “Theory and design of 

multifunctional space-time metasurfaces,” Phys. Rev. Appl. 13, 044040 (2020).  

[19] Z. Hayran, A. Chen, and F. Monticone, “Spectral causality and the scattering of waves,” 

Optica 8, 1040 (2021). 

[20] Y. Hadad, J. Soric, and A. Alù, “Breaking temporal symmetries for emission and absorption,” 

Proc. Natl. Acad. Sci. USA 113, 3471 (2016). 

[21] A. Shlivinski and Y. Hadad, “Beyond the Bode-Fano Bound: Wideband Impedance 

Matching for Short Pulses Using Temporal Switching of Transmission-Line Parameters,” 

Phys. Rev. Lett. 121, 204301 (2018). 

[22] H. Li, A. Mekawy and A. Alù, “Beyond Chu’s Limit with Floquet Impedance Matching,” 

Phys. Rev. Lett. 123, 164102 (2019).  

[23] M. Tymchenko, D. L. Sounas, A. Nagulu, H. Krishaswamy, and A. Alù, “Quasielectrostatic 

wave propagation beyond the delay-bandwidth limit in switched networks,” Phys. Rev. X 9, 

031015 (2019). 

[24] C. Caloz, Z. L. Deck-Léger, “Spacetime Metamaterials—Part I: General Concepts,” IEEE 

Trans. Antennas Propagat. 68, 1569 (2019). 

[25] M. R. Shcherbakov, K. Werner, Z. Fan, N. Talisa, E. Chowdhury, and G. Shvets, “Photon 

acceleration and tunable broadband harmonics generation in nonlinear time-dependent 

metasurfaces,” Nat. Commun. 10, 1 (2019).  

[26] E. Galiffi, Y.-T. Wang, Z. Lim, J. B. Pendry, A. Alù, and P. A. Huidobro, “Wood Anomalies 

and Surface-Wave Excitation with a Time Grating,” Phys. Rev. Lett. 125, 127403 (2020). 



14 

 

[27] Z. Hayran and F. Monticone, “Temporally Modulated Non-Hermitian Optical Systems 

Based on Epsilon-Near-Zero Media,” 2020 Fourteenth International Congress on Artificial 

Materials for Novel Wave Phenomena (Metamaterials), 180 (2020). 

[28] Z. Hayran and F. Monticone, “Capturing Broadband Light in a Compact Bound State in the 

Continuum,” ACS Photonics 8, 813 (2021).  

[29] F. R. Morgenthaler, “Velocity Modulation of Electromagnetic Waves,” IRE Trans. Microw. 

Theory Tech. 6, 167 (1958). 

[30] Y. Xiao, D. N. Maywar, and G. P. Agrawal, “Reflection and transmission of electromagnetic 

fields from a temporal boundary,” Opt. Lett. 39, 574 (2014). 

[31] V. Bacot, M. Labousse, A. Eddi, M. Fink, and E. Fort, “Time reversal and holography with 

spacetime transformations,” Nat. Phys. 12, 972 (2016).  

[32] Y. Zhou, M. Z. Alam, M. Karimi, J. Upham, O. Reshef, C. Liu, A. E. Willner, and R. W. 

Boyd, “Broadband frequency translation through time refraction in an epsilon-near-zero 

material,” Nat. Commun. 11, 1 (2020). 

[33] A. Akbarzadeh, N. Chamanara, and C. Caloz, “Inverse prism based on temporal discontinuity 

and spatial dispersion,” Opt. Lett. 43, 3297 (2018). 

[34] E. Lustig, Y. Sharabi, and M. Segev, “Topological aspects of photonic time crystals,” Optica 

5, 1390 (2018). 

[35] V. Pacheco-Peña and N. Engheta, “Antireflection temporal coatings,” Optica 7, 323 (2020). 

[36] V. Pacheco-Peña and N. Engheta, “Temporal aiming,” Light Sci. Appl. 9, 129 (2020). 

[37] H. Li, and A. Alù, “Temporal switching to extend the bandwidth of thin absorbers,” Optica 

8, 24 (2020). 



15 

 

[38] D. Ramaccia, A. Alù, A. Toscano, and F. Bilotti, “Temporal multilayer structures for 

designing higher-order transfer functions using time-varying metamaterials,” Appl. Phys. 

Lett. 118, 101901 (2021). 

[39] J. Xu, W. Mai, and D. H. Werner, “Complete polarization conversion using anisotropic 

temporal slabs,” Opt. Lett. 46, 1373 (2021). 

[40] Y. Sharabi, E. Lustig, and M. Segev, “Disordered Photonic Time Crystals,” Phys. Rev. Lett. 

126, 163902 (2021). 

[41] R. Carminal, H. Chen, R. Pierrat, and B. Shapiro, “Universal Statistics of Waves in a Random 

Time-Varying Medium,” Phys. Rev. Lett. 127, 094101 (2021). 

[42] V. Pacheco-Peña, N. Engheta, “Temporal metamaterials with gain and loss,” 

arXiv:2108.01007 [physics.optics] (2021). 

[43] D. Christodoulides and J. Yang, Parity-Time Symmetry and Its Applications (Springer, 

Berlin, 2018).  

[44] Z. Lin, H. Ramezani, T. Eichelkraut, T. Kottos, H. Cao, and D. N. Christodoulides, 

“Unidirectional invisibility induced by PT-symmetric periodic structures,” Phys. Rev. Lett. 

106, 213901 (2011). 

[45] L. Ge, Y. D. Chong, and A. D. Stone, “Conservation relations and anisotropic transmission 

resonances in one-dimensional PT-symmetric photonic heterostructures,” Phys. Rev. A 85, 

023802 (2012). 

[46] R. Fleury, D. L. Sounas, and A. Alù, “An invisible acoustic sensor based on parity-time 

symmetry,” Nat. Commun. 6, 5905 (2015). 

[47] S. Longhi, “PT-symmetric laser absorber,” Phys. Rev. A 82, 031801(R) (2010). 



16 

 

[48] Y. D. Chong, L. Ge and A. D. Stone, “PT-symmetry breaking and laser-absorber modes in 

optical scattering systems,” Phys. Rev. Lett. 106, 093902 (2011). 

[49] R. Uzdin, A. Mailybaev, and N. Moiseyev, “On the observability and asymmetry of adiabatic 

state flips generated by exceptional points,” J. Phys. Math. Theor. 44, 435302 (2011). 

[50] T. J. Milburn, J. Doppler, C. A. Holmes, S. Portolan, S. Rotter, and P. Rabl, “General 

Description of Quasiadiabatic Dynamical Phenomena near Exceptional Points,” Phys. Rev. 

A 92, 052124 (2015).  
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Figures 

 

Fig. 1. (a) Schematic of TPT-symmetric temporal slabs. (b) �̂�𝑡𝑜𝑡
𝑚𝑖𝑛 [solid (or dashed) blue line] and 

�̂�𝑡𝑜𝑡
𝑚𝑎𝑥 [solid (or dashed) red line] in the case of fixed �̂�2

′ = 2 (or varying �̂�2
′ = √1 − �̂�2

′′2
) as a 

function of �̂�2
′′. Blue down-pointing (red up-pointing) triangles represent the perturbative result for 

�̂�𝑡𝑜𝑡
𝑚𝑖𝑛 (�̂�𝑡𝑜𝑡

𝑚𝑎𝑥) in Eq. (7). 
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Fig. 2. Normalized energy �̂�𝑒𝑚(𝑡) (solid lines), �̂�𝑖(𝑡) (dashed lines) and �̂�𝑐(𝑡) (dotted lines) as a 

function of time when (a) 𝜙𝑚𝑖𝑛 = 0.13, Δ𝑓
𝑚𝑖𝑛 = 3.5 and (b) 𝜙𝑚𝑎𝑥 = 3.27, Δ𝑓

𝑚𝑎𝑥 = Δ𝑓
𝑚𝑖𝑛 for the 

extreme values of �̂�𝑡𝑜𝑡  [see Fig. 1(b)] in the case of �̂�2
′ = 2  and �̂�2

′′ = 0.2. Insets: snapshots 

obtained with COMSOL of 𝐸𝑥(𝑧, 𝑡)  versus position 𝑧  (in units of 2π/𝑘𝑧 ) at time 𝑡 =

−16π/𝜔1(1st row), Δ𝑡/2 (2nd row), 3Δ𝑡/2 (3rd row) and 16π/𝜔1 (4th row) for finite pulses 

traveling in the medium. Other free parameters are 𝑛1 = 1 and 𝜔1/(2𝜋) = 1 GHz, and the colored 

backgrounds indicate the material properties over time. The amplitude of the two input waves is 

√2 V/m. 
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Fig. 3. Same as Fig. 2 for the minimum (a) and the maximum (b) of �̂�𝑡𝑜𝑡 when �̂�2
′′ = 0.2 and �̂�2

′ ≈

0.98, such that we switch only the material conductivity. 

 

 

 

 

 

 

 

 

 

 

 

 


