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Supersymmetry in the time domain and its
applications in optics

Carlos Garcia-Meca® 2*, Andrés Macho Ortiz® 2* & Roberto Llorente Séez® '

Supersymmetry is a conjectured symmetry between bosons and fermions aiming at solving
fundamental questions in string and quantum field theory. Its subsequent application to
quantum mechanics led to a ground-breaking analysis and design machinery, later fruitfully
extrapolated to photonics. In all cases, the algebraic transformations of quantum-mechanical
supersymmetry were conceived in the space realm. Here, we demonstrate that Maxwell's
equations, as well as the acoustic and elastic wave equations, also possess an underlying
supersymmetry in the time domain. We explore the consequences of this property in the field
of optics, obtaining a simple analytic relation between the scattering coefficients of numerous
time-varying systems, and uncovering a wide class of reflectionless, three dimensional, all-
dielectric, isotropic, omnidirectional, polarisation-independent, non-complex media. Temporal
supersymmetry is also shown to arise in dispersive media supporting temporal bound states,
which allows engineering their momentum spectra and dispersive properties. These unpre-
cedented features may enable the creation of novel reconfigurable devices, including invisible
materials, frequency shifters, isolators, and pulse-shape transformers.
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symmetry of string and quantum field theory that could

allow the unification of all physical interactions of the
universe! . Subsequently, the field of supersymmetric quantum
mechanics (SUSYQM) was created with the aim of solving
essential questions about SUSY via a non-relativistic model®.
Basically, the simplest version of SUSYQM considers two dif-
ferent one-dimensional (1D) systems governed by the eigenvalue
equations:

S upersymmetry (SUSY) was conceived as a fundamental

H, 917 (x) = 1y 02 (x), (1)

where H,, = —ad?/dx®> + V,,(x) are the Hamiltonians (with
a>0), V,, the potentials, and Q(1-2) the eigenvalues. The central
idea is to define an auxiliary func:ti(zn W (known as the super-
potential) and two SUSY operators A~ = F+/ad/dx + W(x) such
that H, = A"A". The second Hamiltonian is then constructed by

inverting the operator order, ie, H, = ATA". The potential of
SUSYQM resides in the fact that H, and H, have the same scat-
tering properties and eigenvalue spectrum. As a consequence,
although SUSY has not been experimentally observed in nature’,
SUSYQM has become a revolutionary mathematical tool in itself,
enabling the explanation of intriguing aspects of quantum
mechanics (such as the existence of non-trivial reflectionless
potentials and of very different systems with the same energy
spectrum), uncovering new analytically-solvable potentials, and
offering a simple and systematic way to construct infinite families of
isospectral quantum-mechanical systems®.

Interestingly, Eq. (1) also governs the dynamics of other phy-
sical phenomena. This is case of electromagnetic waves in certain
kinds of media, which enables a direct extrapolation of the SUS-
YQM formalism to optics®®. As a result, the basic ideas of this
theory have recently led to pioneering photonic structures®-14,

Being a 1D theory, one could ask whether a temporal super-
symmetry might exist for time-varying potentials. Nevertheless,
to our knowledge, the SUSYQM formalism has never been
applied in the time domain, whether in QM, optics, or any other
field (SUSY quantum field theory is a multidimensional spacetime
theory, but the formalism is considerably different and more
complex than that of SUSYQM). This is probably due to the fact
that the vast majority of 1D SUSY work has been developed
within the realm of QM, and the time derivative in Schrodinger’s
equation is of first order, preventing a similar decomposition to
that of Eq. (1) in the time domain (time-dependent potentials
have been considered in SUSYQM, but also using SUSY operators
based on first-order spatial derivatives'>!6, making it impossible
to exploit the potential of the standard spatial SUSY (S-SUSY)
factorisation in the time domain). On the other hand, only a few
works deal with optical SUSY, all focused on S-SUSY. Remark-
ably, however, the fact that the temporal derivative in the elec-
tromagnetic, acoustic, and elastic wave equations is of second
order may enable a temporal version of SUSYQM, which has
been overlooked so far. This would extend the foundations and
unique properties of SUSYQM to the time domain, adding an
unprecedented degree of understanding and control over
time-varying systems in various fields of physics, and opening the
door to a myriad of new applications. Actually, time-varying
optical systems are becoming crucial in a broad range of sce-
narios, including optical modulation!?, isolation and non-
reciprocity!®1%, all-optical signal processing?®?!, quantum
information?2, and reconfigurable photonics?324. Likewise, tem-
poral modulations enable new possibilities for the manipulation
of sound and mechanical oscillations2>~27,

Here, it is shown that Maxwell’s equations indeed possess an
underlying time-domain supersymmetry (T-SUSY) for any non-
dispersive optical system characterised by a refractive index of the

Fig. 1 Potential T-SUSY applications. a Omnidirectional, isotropic,
polarisation-independent, all-dielectric (all-magnetic), 3D time-varying
material that is invisible in a given (reconfigurable) spectral region, allowing
the generation of frequency-selective transparent temporal windows.

b Perfect phase shifter: a short region in a waveguide (lighter grey) with a fast
T-SUSY time-varying index inducing a dynamically-reconfigurable frequency-
independent reflectionless phase shift @ over an optical pulse. € Optical
isolator: another T-SUSY time-varying index shifts the frequency of a right-
propagating pulse (blue to yellow here), which can traverse the optical filters
OF1and OF2. Any left-propagating pulse is reflected at OF1 or OF2, protecting
a left-side source from external reflections. d Reconfigurable pulse-shape
transformer: an input pulse propagating along waveguide WGT is spatially
coupled to a T-SUSY temporal photonic lantern (TPL, a moving index
perturbation) running along waveguide WG2. The pulse excites another TPL
mode with a different desired shape, coupled back to WGT.

form:

n(r,t) = ng(0)ne(t) = a0 Jer (Opr (), (2)

where ¢,(r, t) = &(r)er(t) is the medium relative permittivity and
. (r,t) = pg(r)ur(t) its relative permeability, with similar results
for acoustic and elastic waves (T-SUSY can also be found in dis-
persive systems, as discussed below, and in anisotropic and nonlocal
media, as discussed in Supplementary Note 1). In the following, the
T-SUSY formalism is developed for the field of optics, analysing
both the continuous and discrete-spectrum cases, and illustrating its
potential through different applications (sketched in Fig. 1). Finally,
the extension of T-SUSY to transmission line theory, acoustics and
elasticity is discussed, assessing the experimental opportunities
offered by current technological platforms.
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Results

Continuous spectrum. Consider a linear, isotropic, heterogeneous,
time-varying non-dispersive medium with n2(t) = er(t). Apply-
ing separation of variables in the electric flux density D(r,t) =
¢(r)y(t) of Maxwell’s equations, we find that y(f) exactly obeys the
Helmbholtz’s equation:

(517 aND )y =0, ()

where N2(t) :=n? /na(t), n_:=ng(t - —00), and w is the
angular frequency of the field at + — —oo. For a polychromatic
wave, the total field is given by the superposition of the solutions to
Eq. (3) for each spectral component (value of w). Equation (3) is
also obtained for 2 (t) = p(¢) and even for general materials with
na(t) = er(t)p(¢) (in which case, r(¢) and/or p () must vary
slowly in time), see Supplementary Note 1. Equation (3) exactly
matches Eq. (1) taking a =1, relabelling x — ¢, and identifying
Q — V(t) = w’N?(t). Using the eigenvalue Q as a degree of free-
dom, this will allow us to apply 1D SUSY in the time domain, with
two fundamental noteworthy features: (1) T-SUSY is exact for both
all-dielectric and all-magnetic indices #r; (2) T-SUSY is completely
uncoupled from space. Hence, it is valid for all polarisations, all
propagation directions and any 3D spatial medium dependence
nd(r) = eg(r)ys(r). This means that we can generate T-SUSY
partners of devices such as waveguides or structures with any
desired 3D scattering response while keeping the spatial properties
of interest (e.g., ability of guiding or reflecting/refracting the fields in
a specific way for each direction and polarisation; see Supplemen-
tary Note 1 for an example involving an ideal polariser, which
shows that the spatial response associated with a time-invariant
refractive index is preserved by its T-SUSY partner for all polar-
isations simultaneously). Contrarily, 1D SUSYQM is, by definition,
only valid for 1D spatial variations, and only for a specific polar-
isation in the optical case®~!1, Furthermore, T-SUSY can be used to
study temporal scattering in systems with continuous spectra, as
well as time-varying systems supporting discrete-spectrum bound
states. In both cases, its application is not as straightforward as that
of S-SUSY.

First, unlike in S-SUSY, to develop T-SUSY for wave scattering,
the concept of negative frequencies is essential. This comes from
the differences between spatial and temporal scattering, exempli-
fied in Fig. 2 with a simple model having one spatial dimension.
As is well known, when a plane wave traverses a localised spatial
variation in a time-invariant medium, there appear reflected and
transmitted waves of the same frequency (photon energy), with
the wave number (photon momentum) of the incident (k_),
reflected (kg) and transmitted (k) waves fulfilling the Snell’s
relations: kg = —k_ and k_/n_ =k, /n, resulting from spatial
symmetry breaking (Fig. 2a, Supplementary Movie 1). Less
known is the fact that, when a wave propagates through a
homogeneous medium, reflections also appear under a localised
time variation (Fig. 2c, Supplementary Movie 2). In this case,
since only time symmetry is broken, momentum is conserved and
photon energy changes, with the frequency of the incident (w_ =
w), reflected (wgr) and transmitted (w,) waves obeying the
relations?® wp=—w, and n,w, =n_w_. That is, light can
exchange energy with the medium. Notably, the frequencies of
the reflected and transmitted waves have opposite signs. Although
the physical meaning of negative-frequency waves is striking and
controversial?30, mathematically, the Hermiticity of the fields in
k-w space allows reinterpreting a negative-frequency wave as a
counter-propagating positive-frequency one, leading to the
standard use of only-positive frequencies. However, the introduc-
tion of negative frequencies in this work is not a mere convention.
It is a mathematical tool that enables the analysis of temporal
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Fig. 2 Reflectionless all-dielectric (all-magnetic) T-SUSY time-varying
optical media. a Example of spatial reflection for an optical beam going
through a time-invariant spatial step-index medium (see Supplementary
Movie 1). b Normalised refractive index profiles nt(t)/n_ of homogeneous
media characterised by a temporal step-index nystep(t) (always reflective),
a constant index nt1(t) (non-reflective), and its T-SUSY partner ny,(t) (non-
reflective), with Q = Zwé. ¢, d Pulse propagation evolution at w = wg
through the media with index profiles nystep(t) in (€) and nr,(t) in (d)
(numerically calculated for the case n_ =2). Here, A= 1¢/n_ and Ao =
2nco/wo. In contrast to (), the result in (d) demonstrates the reflectionless
nature of nt,. See Supplementary Movies 2 and 3. e Scattering coefficients
T,=|T, = |T,|e® and R, = |R,|e’*® of ny, as a function of w/wq and
Q/wd.

scattering and, more importantly, a necessary ingredient to relate
the reflection and transmission coefficients of T-SUSY index
profiles, which otherwise cannot be decoupled (Supplementary
Note 2). Concretely, for a given system with a temporal index nry,
T-SUSY provides a systematic way of generating a superpartner,
whose index is (see Supplementary Note 2):

n, _
m(t) = ———,
- 2z W/(t)

n (t) @

(4)

where 1, 5+ := 1) 5(t — Zoo) is assumed to be constant. As seen,
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the prescription for nr,(f) depends on w. Since it would be
challenging to realise such a frequency-dependent index in
practice, we consider a more realistic and typical scenario in
which the medium has the same temporal variation for all
relevant frequencies of the electromagnetic field. This variation is
taken to be the one that makes nr;(t) and ny,(t) supersymmetric
at a frequency wy, which will be a free design parameter (it can be,
e.g., the central frequency of the spectral band of interest, or any
other reference frequency providing the desired response). That
is, we suppress the frequency dependence by fixing w to wy in Eq.
(4). Consequently, the two systems will be guaranteed to be exact
T-SUSY partners at w, while they may exhibit different
properties at other frequencies. The same situation is found in
S-SUSY®12. Nevertheless, it can be shown that the T-SUSY
connection generally holds almost exactly in a broad frequency
band, which is a typical feature of supersymmetric optical
systems!®12, This can be verified by calculating the solution to the
wave equation associated with np, at w# wy (Supplementary
Note 1), from which the medium spectral response can be
obtained (an example is given below for a reflectionless system,
see Fig. 2). It is worth mentioning that any system with a given
relative index variation nr(Totn)/n_, with f:=t/Ty and Ty:=
2m/wy, will have the same normalised solution y(Typty), and
therefore the same scattering properties. Thus, for the sake of
generality, the normalised variables ty and nyp/n_ are used
whenever possible.

Note that Eq. (3) admits asymptotic solutions for ny, , in the
form of the following incident, reflected and transmitted plane

waves: yi'?(t — —00) = ¢!, y{?) (£ — 00) = R ,e N1 and

(= 00) = T, ,e™N+@' where N, :=n, _/n, =n, [n, .
The combined use of negative frequencies and T-SUSY then

relates the reflection and transmission coefficients of both media
as (Supplementary Note 2):

W, +iN
= T;\; : -+w0 R27T1 =T, Tz; (5)
_ —iw, W_ —iw,

where W, := W(t — +e0) and W is obtained by solving the first-
order Riccati equation V,,(t) = W*(¢) F W'(t), with
Vy,(t) = Q — wN7,(t). Two important consequences can be
inferred from Eq. (5): (1) it enables us to directly obtain the
reflection and transmission coefficients of numerous intricate
time-varying optical systems (in general, of any T-SUSY partner
of a known-response system), circumventing the resolution of
Maxwell’s equations; (2) |R;| = |R,| and |Ty|=|T, | (as a direct
consequence of the fact that ny; and ny, share the same
eigenvalue Q). As a result, T-SUSY will enable us to
straightforwardly construct families of time-varying media
having the same scattering intensity as another one (with the
desired spatial variation and polarisation response), implemen-
table over the same (n,_=mn;_) or a different (n, #n;_ )
index background, bringing about a variety of applications.

As an example, consider the simplest case: a constant refractive

index n(r, ) =n, . Its T-SUSY partner is n,(r,t) = np,(t) =
ny_[1+2(Q/w} — 1)sech’(1/Q — w3t)]"Y? (Fig. 2b, Supple-

mentary Movie 3). The free parameters n,  and Q allow
tailoring the asymptotic value of n1,, as well as its maximal index
variation An and temporal width At (defined as the required time
interval to obtain An), see Supplementary Note 3. Since nry is
constant, R; =0. Therefore, nr, will also be reflectionless as
demonstrated in Fig. 2d for a quasi-monochromatic pulse. From
our previous discussion, ny, represents a new class of all-
dielectric (all-magnetic), omnidirectional, isotropic, polarisation-
independent, and invisible 3D media with real positive (>1)
permittivity (permeability). No known spatially-varying material

2, W, —iN, w,

possesses all these features simultaneously, including transforma-
tion media3!, complex-parameter materials’?, and S-SUSY
medial?. The only previously reported time-varying reflectionless
media required to concurrently induce temporal modulations in
the permittivity and permeability>3. Our T-SUSY proposal is
totally different, since it is valid for all-dielectric n3(r,t) =
es(r)ep(t) and all-magnetic materials n3(r, t) = pg(r)us(t), see
Supplementary Note 1. The former are particularly important, as
implementing temporal permittivity modulations is extremely
easier than implementing permeability ones.

As discussed above, another general feature of T-SUSY is that it
is only exact for the design frequency w = wy. Therefore, n, will
be invisible (R, =0, |T,| = 1) for all directions and polarisations
at w, while a reflected wave will appear at other frequencies. The
response of n, at w # wy will be characterised by the value of R,
and T, as a function of frequency, which can be rigorously
obtained by solving numerically Supplementary Equation 8. The
result for the present example is depicted in Fig. 2e, which not
only confirms the expected reflectionlessness of n, at w = w,, but
also demonstrates that this property is almost preserved in a wide
spectral band. For example, for Q = 2w? (which corresponds to a
rapidly-varying index with A#/T;=0.6), the system has a
reflectance |R,|2 <1073 in a fractional bandwidth F= Aw/w, =
30%. Moreover, the spectral span for which #, is almost invisible
(R, =0, |T,| = 1) can also be tailored through Q, enabling us to
generate custom-made transparent temporal windows within 7,
only for desired spectral bands (Figs. 1a and 2). Concretely, F
decreases as Q increases. For instance, |R,|? < 1073 in a fractional
bandwidth F>55% for Q = 1.5w2, while |Ry|> < 1073 in a
bandwidth F= 8% for Q = 6w?. Remarkably, out of the invisible
band, light is (partially) retroreflected along the input path, in
contrast to spatial retroreflectors, in which the reflected path is
parallel to, but different from, the input one34.

Moreover, n, exhibits a singular feature: the phases of the
reflection and transmission coefficients (R, = |R,|e®®, T, =
|T,|e'*2) have a frequency-independent spectral response,
adjustable via Q) (see Fig. 2e and Supplementary Fig. 3). As a
result, n, implements a perfect dynamically-reconfigurable phase
shifter with the property of being reflectionless, polarisation- and
frequency-independent, and of having a short response time
(At < 571/ wy) in the generation of any phase shift €[0, 7] (allowing
a significant reduction of the device length), blazing a trail for
designing ideal ultra-compact optical modulators (Fig. 1b,
Supplementary Note 3). In contrast, optical-path-based phase
shifters usually demand slowly-varying index modulations (and
therefore devices with a higher length) to have a negligible
reflection, and are intrinsically frequency-dependent3>3%. Contra-
riwise, the proposed T-SUSY device may induce the same phase
shift over different spectral channels, which could be of great
utility in, e.g., frequency combs and wavelength-division multi-
plexing technology. Likewise, pulse shaping operations can also
be implemented by taking advantage of the nonlinear spectral
response of @, (see Supplementary Note 3). Additional T-SUSY
media emerge from a constant index (being therefore reflection-
less), such as the hyperbolic Rosen-Morse II (HRMII) potential
(Fig. 3a, and Supplementary Fig. 8), which provides a free design
control over An for a fixed response time (At ~ 207/w,), allowing
a technology-oriented tuning of the index excursion.

It is worth mentioning that the origin of reflectionless time-
varying systems may be explained in terms of the absence of
Stokes phenomenon (here related to the asymptotic behaviour of
the solution to Eq. (3) in the limit w — o0)37, which also explains
the origin of transitionless quantum systems33. The latter can be
obtained through the so-called transitionless tracking algorithm,

which, given a non-adiabatic Hamiltonian H,(t), generates a

4 | (2020)11:813 | https://doi.org/10.1038/s41467-020-14634-0 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

Norm. refr. index @
Norm. refr. index O

Q

Phase (rad)

06 08 10 12 1.4
wlwy

06 08 10 12 1.4
wlwg

Fig. 3 T-SUSY reflectionless isospectral media and frequency converter.
a Two members of the 2-parameter isospectral family n (t; B '72) of the
HRMII index ny(t). Numerical calculations show that, in all the analysed cases
with n_ =2, R(#;,1,) = 0 and T(n;,7,) = € (Supplementary Note 3).
b Normalised supersymmetric refractive index profile ny(t; a;)/n _(a) of
Eq. (6) with a; = 40, B=a?/10, =10, w, = 38 rads~!. The sixth order
normalised index of its corresponding SI chain n(t; a;)/ng _(a;) is also
depicted. Both media induce a reflectionless frequency down-conversion in
any incident optical signal (see Supplementary Movie 4). ¢, d Module (¢)
and phase (d) of the scattering coefficients of np(t;a,) and np¢(t;a;) as a
function of frequency (calculated for n; _(a;) = ng _(a;) = 2). The phase of
R; and Rg cannot be estimated due to the non-reflecting behaviour of
n(t; a;) and nyg (t; a;) in an extremely large optical bandwidth. No reflected
wave is observed in the numerical simulation when propagating wide-band
optical pulses through these time-varying media.

second Hamiltonian F(t) (or a family of them) that drives the
instantaneous eigenstates of H,(t) exactly without transitions
between them. Nevertheless, note that transitionlessness and
reflectionlessness are not equivalent in general. To see this,
consider the case in which H, does not depend on time, and is
hence transitionless (in fact, H = H, from equations 2.7 and 2.9
of ref. 38). If H,, is not reflectionless, H will not be reflectionless
either, showing that transitionlessness does not necessarily imply
reflectionlessness. Although it might be possible to obtain time-
varying reflectionless systems with some version of this kind of
method, we have not found any example in the literature (also
note that the transitionless quantum driving algorithm38 does not
apply to the temporal Helmholtz’s equation). In any case, the
transitionless method and T-SUSY are different formalisms. For
instance, if the original Hamiltonian is the one associated with a
constant potential, the transitionless algorithm just returns the
same system, while T-SUSY can generate infinite non-trivial
reflectionless systems from a constant potential.

Actually, the results we have presented so far can be extended
via different T-SUSY variants. Firstly, isospectral T-SUSY defor-
mations provide a route to obtain m-parameter index families
g (t;ny, ... ,1,,) with exactly the same scattering properties in
module and phase as another medium nr (Supplementary Note 2).
As an example, Fig. 3a shows a reflectionless two-parameter
family of the HRMII index. Secondly, for some #y, profiles,
shape invariance (SI) allows us to construct T-SUSY index
chains {np(t;a,)}{_, satisfying the relations nr,,(t4a,)
nTl(t; am)’ Rm(al) = Rl (am)’ Tm(al) = Tl (am) and am =
flan_1) = (fof)a, ) =(fofo.. of)(a), with f a real

function. Therefore, we can straightforwardly analyse or design

the temporal scattering properties of a large number of time-
varying media. To illustrate the benefits of SI, consider the
following variation of the HRMII index (« is a real parameter):

”177(“1)

nr(tay) = (6
\/1 B % + %Se(ﬁhz (at) — %tanh(at) (©)

which is also reflectionless in a wide spectral band (Fig. 3c and
Supplementary Fig. 11). Since n;_ #n; , the system performs
a frequency down-conversion with w, = (n;_/n;)w_, where
ny,_/n; ; can be engineered via the design parameters w, and B. A
device exhibiting all these properties has many potential applica-
tions. Unfortunately, the exotic shape (reaching values below n; _)
and large maximal excursion of nr(f; a;) hampers its experimental
implementation. T-SUSY can overcome this drawback by using SI.
Specifically, Eq. (6) satisfies the SI condition with a,,, = a, — (m —
1)a, allowing us to generate different index profiles with the same
reflectionless band as ny(t; a;) (see Fig. 3b, ¢ and Supplementary
Movie 4). Taking m = 6, we find an index ny4(t; a;) = [ng,_(a1)/ny,
_(ag)]nT1(t; ag) with a considerably smoother time variation and a
significantly lower An. As illustrated in Fig. 1c, nrg(t; a;) can be
used to build a polarisation-independent optical isolator with an
ideally unlimited bandwidth (unlike previous time- and spacetime-
modulated isolators and frequency converters!83%40, which, in
addition, usually involve complicated non-omnidirectional imple-
mentations), difficult to achieve by other means (Supplementary
Note 3 includes more details on this device and additional SI
examples). Reflectionless frequency converters can also be designed
via transformation optics, but their implementation requires
extremely complex spacetime-varying bianisotropic materials*!.

Discrete spectrum. Let us now discuss the discrete-spectrum case.
This scenario naturally arises in optical S-SUSY. Specifically, when
applying 1D SUSYQM to a spatial dimension normal to the pro-
pagation direction, the propagation constant enters the wave
equation as an effective energy, which is quantised by the eigen-
value problem?®10, However, since time is unidimensional, there is
no possible quantity playing the role of an energy in T-SUSY,
leading to free-particle systems. Outstandingly, a discrete-spectrum
version of T-SUSY can be developed for time-varying dispersive
media. To this end, we require the concept of temporal waveguide
(TWGQG): two adjacent temporal index boundaries (allowed to move
at a speed vp) defining a position-dependent temporal index
window, which can confine optical pulses by temporal total
internal reflection*2~44, TWGs can be created by inducing a per-
turbation Aneg(t — z/vg) of the effective index n.g of a given mode
in a spatial waveguide. In a co-moving reference frame, the com-
plex envelope of the electric field associated with a TWG can be

written as*®>* A(z,7) = Y, wn(r)ei(Aﬂl/ £:)7eiK2 Tt is then shown
that a TWG supports temporal bound states v, (n=0, 1, 2,...)
fulfilling the discrete-spectrum eigenvalue equation:

(—§+zﬁ§;’)wn<r>=(z’;—: Aﬂ—@w), )

where 7:=t — z/vg, B; and B, are the inverse group velocity and
group-velocity dispersion constant of the perturbed spatial mode,
ABy =1 — 1/vp, Pp(1) =koAne(1), ko= wo/cy, and wy is the
optical carrier angular frequency. We can apply T-SUSY to Eq. (7),
as it matches Eq. (1) for a=1, x— 1, V(v)=2fs(1)/B, and
Q, = 2K, /B, + AB} /B3, expanding the TWG landscape and its
potential applications.

As an example, consider an analytically-solvable TWG with a
step temporal perturbation fBg;. Its unbroken T-SUSY partner is

B (1) = B, (1) — B,(In 1//(()1)(7))”, where wél) is the ground state
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Fig. 4 Supersymmetric TWGs and TPLs. a Temporal index perturbations
Aneg and Angg, of a step-index TWG (2Tg = 660 ps, |Af| =1073 psm~1,
f>=0.06 ps2m~") and its T-SUSY partner. b Normalised dispersion
diagram b-v of the temporal bound states 14/5,” and 1//,(12) of both TWGs,
where b is the normalised phase constant, defined for each n-th order mode
asb, :=1—K,/AB — ABZ/(2ABB,), and v is the normalised frequency, with
V2 = 2T2AB/B, (here, v=16). 1//,52) exhibits a lower slope (is less
dispersive) than 1//,,+1(1>. The grey area is the phase-matching bandwidth,
the interval Av where Ab <0.2 between SUSY bound states. ¢ Index
perturbation of a TPL (blue) constructed from two T-SUSY TWGs with a
time separation Tg/4 (2T = 660 ps), and its temporal supermode (red),
generated from the perfect phase-matching between the states 1//82) and
%(1). d Pulse-shape transformation resulting from the energy transfer
between wéz) and 1//#” in the TPL (Supplementary Movie 5).

(fundamental mode) of fp; (Fig. 4a, Supplementary Note 4). From
T-SUSY theory, both TWGs have the same energy spectrum.

Moreover, A~ (A+) maps each state YV (y?)) of By, (Bg,) into a
state of B, (1) having the same eigenvalue Q,,, with the exception
of the ground state ", which is annihilated by A~ (A y{" = 0)
and thus has no equal-energy counterpart in fp,. Particularly,

y?) o Aiw,ﬁl, where A~ :=d/dr — (In 1//(()1)(1))/. In T-SUSY,
energy is related to phase constant, implying that 1//((,1) is not phase-

matched with any y?) and that 1//5,21 and y?) are perfectly phase-
matched. This occurs in an extremely large optical bandwidth
Av ~ 0.5 (v < 1/B, is the normalised frequency), provided that
both TWGs are built on a dispersion-flattened spatial waveguide
(dB,/dw = 0), see Fig. 4b. Furthermore, Fig. 4b reveals that g, is
less dispersive than fg;, ie., T-SUSY enables us to engineer the
dispersion properties of TWGs.

To further unfold the potential of discrete-spectrum T-SUSY,
we propose the concept of temporal photonic lantern (TPL):
close-packed serial T-SUSY TWGs moving at the same speed and
supporting linear combinations of degenerate temporal bound
sates (supermodes)*>. To verify the TPL concept, we have
developed the first version of coupled-mode theory (CMT) for
serial TWGs (Supplementary Note 4). Figure 4c shows an
example of a TPL supermode. Remarkably, TWGs can carry
soliton-like (shape-invariant) optical pulses in a time-varying
dispersive medium, with the advantage of enabling arbitrary pulse
amplitude, phase and duration, as well as a tuneable propagation
speed344. TPLs extend this ability to a serial combination of
modes (each with arbitrary length, amplitude and node number),
yielding solitonic supermodes with almost any desired shape.

Achieving the required perfect phase-matching between modes of
different order in serial TWGs without T-SUSY typically
demands neighbouring TWGs of different width, whilst T-
SUSY permits an independent control over this parameter and
generally presents a much larger normalised phase-matching
bandwidth!?14, inherently implying a higher tolerance to
fluctuations in Ty and An.s More advanced functionalities
emerge by noting that if only one of the TWGs of the TPL is
excited, a periodic energy transfer between adjacent TWGs occurs
(Fig. 4d, Supplementary Movie 5, Supplementary Note 4). Using
two coupled spatial waveguides (WG1, WG2), this effect enables
the construction of a pulse-shape transformer with unprece-
dented versatility and reconfigurable capability (Fig. 1d). Parti-
cularly, the final shape of each pulse propagating along WG1 can
be dynamically chosen among a large gamut by launching the
appropriate TPL over WG2. The proposed T-SUSY TPLs could
also find application in optical wavelet transforms, coherent laser
control of physicochemical and QM processes, spectrally-selective
nonlinear microscopy, and mathematical computing?6-4°. T-
SUSY TWG theory can be extended via temporal analogues of SI,
broken SUSY and isospectral constructions®!4,

Discussion

Overall, these results generalise the foundations of SUSYQM to
the time domain, unveiling the temporal supersymmetric nat-
ure of Maxwell’s equations (which, unlike optical S-SUSY, is a
genuine symmetry with no previous direct analogue) and,
consequently, leading to the emergence of an entire field of
research within physics, as well as to a new photonic design
toolbox. Compared with S-SUSY, T-SUSY relaxes the need for
controlling the polarisation state of light and the medium
spatial index variation, which usually involves complex fabri-
cation steps®10. In addition, as outlined above and as shown in
detail in Supplementary Notes 7 and 8, both sound and elastic
waves satisfy a temporal Helmholtz equation formally equal to
Eq. (3). Hence, T-SUSY can be directly transferred to these
fields of physics.

A possible T-SUSY technological difficulty might arise if high
temporal index excursions and/or index variations with a very
low temporal width are desired (e.g. to achieve a large phase shift
in an ultra-compact optical device). Since the response and
achievable functionalities of the system depend solely on
ny(Totn)/n_, the limits of a given technology will be determined
by the maximum (minimum) allowed values of An/n_ (At/T).
Table 1 summarises the main features of the most suitable
existing platforms for the implementation of T-SUSY index
modulations.

At optical frequencies, strongly-nonlinear epsilon-near-zero
(ENZ) media such as indium tin oxide (ITO) and aluminium-
doped zinc oxide (AZO) provide large values of An/n_ (7.2 and
4.5, respectively, widely exceeding the figures here considered),
but are limited by their high At/T, values (36 and 33, respectively)
and typical linear losses®9>2. Silicon carbide (SiC) is an inter-
esting alternative material that possesses an ENZ band at a
wavelength Apnz = 10.33 um, with a low estimated response
time®2>% At/Ty=5 and a maximum®1>%55 An/n_ =~ 1. Hence,
modulations such as those depicted in Fig. 3 could be potentially
realised with this kind of material. Note that nonlinear ENZ
media with smaller values of At/T, in combination with low
linear losses might emerge with the development of new
materials®2.

Phase change materials (PCMs) also support large values of
An/n_ at high frequencies. As an example, germanium antimony
telluride (GST) alloys provide variations of An=3 (An/n_=0.9)
with very low losses at A =10 um and a controllable degree of
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Table 1 Potential T-SUSY implementation platforms.

Technology Frequency (wo/27) Maximum normalised index excursion Minimum normalised response time
(An/n_) (At/To)

Nonlinear ENZ50-55 (ITO, AZO, SiC2) 30-242 THz 1-7 5-36

PCMs>6-58 (GST) 30 THz 0.9 12,000

TVTLs6162 0.4-2.4 GHz 25 0.1

Acoustics2564,65 0.5-1.7 kHz >0.1b Not reported

Elasticity27.66 ~5Hz 0.4 0.3

ref. 51 along with the SiC properties reported in refs. 54:55,

2In the case of SiC, the value of At/Ty has been estimated by considering a similar rise time to that of ITO and AZO, while the value of An/n_ has been calculated by using the general theory reported in

bThe value reported in ref. 25 is An/n_ = 0.1. Considerably higher values can be achieved with other approaches, including tuneable metamaterials allowing near-zero mass density values (and thus large
normalised index variations)®# or electronically-controlled active acoustic metamaterials reconfigurable in real time®5.

crystallisation enabling a gradual index variation®®>7. Currently,
the high typical response time of PCMs (Af>400ps, At/T, =
12,000)°8 would be the main drawback of this technology for the
implementation of T-SUSY modulations. Nevertheless, the fem-
tosecond phase transitions achieved in some experiments via
non-thermal mechanisms®® may lead to faster PCM technology at
optical frequencies in the future.

In low-frequency electromagnetism, time-varying transmission
lines (TVTLs) based on a dynamically-tuneable distributed
capacitance constitute an ideal experimental platform to test and
exploit all the proposed T-SUSY concepts, as their effective
dielectric properties can be largely tuned in space and time. In
particular, the capacitance of commercial varactor diodes can be
modified by a factor of 12 (corresponding to An/n_ = 2.5)%,
while their response time can be as low as At/T = 0.1 (see Sup-
plementary Note 6)01:62,

In acoustics, a temporal index modulation can be induced
through variations of the medium mass density (Supplementary
Note 7). There exist a number of strategies to achieve strong
changes of this parameter, including the use of magnetoacoustic
crystals®3, acoustic metamaterials®, or acoustic systems with
moving parts?>. Notably, there exist more sophisticated
electronically-controlled active materials whose local acoustic
parameters can be changed almost arbitrarily in real time®>.

Moreover, T-SUSY systems can be implemented in elastic
beams with a time-varying stiffness Dy, which allow temporal
modulation amplitudes as high as ADt/D_ = 1.4 (corresponding
to An/n_ = 0.4) and normalised response times as low as At/T, =
0.3 (see Supplementary Note 8)27:60,

Finally, note that extremely low index perturbations suffice to
create T-SUSY TWGs, technologically feasible in standard optical
fibres and waveguides via travelling-wave electro-optic phase
modulators or the cross-phase modulation effect30:43:44,

Methods

Numerical calculations. The temporal scattering problem (Figs. 2 and 3) has been
simulated by solving numerically Supplementary Equation 8 with the commercial
software COMSOL Multiphysics. In order to guarantee a low computational time,
we have taken w, = 38 rad-s~! and ¢y = 1 m-s~!. Nevertheless, the results of Figs. 2
and 3 are valid for any value of w, and ¢, (see Supplementary Note 3 for more
details). On the other hand, the discrete spectrum of the TWGs and the TPL
(Fig. 4) has been analysed with the commercial software MATLAB and CST
Microwave Studio by using the analogy between the modes of a TWG and those of
a dielectric slab waveguide reported in ref. 43. Finally, the pulse-shape transfor-
mation depicted in Fig. 4d has been calculated in MATLAB by solving the CMT
reported in Supplementary Note 4 for serial TWGs. See Supplementary Note 5 for
more details about the methods employed in Fig. 4.
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The data that support the findings of this study are available from the corresponding
authors upon reasonable request.

Code availability
The codes generated during the current study are available from the corresponding
authors upon reasonable request.

Received: 30 April 2019; Accepted: 20 January 2020;
Published online: 10 February 2020

References

1. Gol'fand, Y. A. & Likhtman, E. P. Extension of the algebra of Poincare group
generators and violation of P invariance. JETP Lett. 13, 452 (1971).

2. Ramond, P. Dual theory for free fermions. Phys. Rev. D. 3, 2415 (1971).

3. Neveu, A. & Schwarz, ]. H. Factorizable dual model of pions. Nucl. Phys. B 31,
86 (1971).

4.  Wess, ]. & Zumino, B. Supergauge transformations in four dimensions. Nucl.
Phys. B 70, 39 (1974).

5. Freedman, D. Z., van Nieuwenhuizen, P. & Ferrara, S. Progress toward a
theory of supergravity. Phys. Rev. D. 13, 3214 (1976).

6. Cooper, F., Khare, A. & Sukhatme, U. Supersymmetry and quantum
mechanics. Phys. Rep. 251, 267 (1995).

7. Ulmer, K. A. Supersymmetry: experimental status. Preprint at https://arxiv.
org/abs/1601.03774 (2016).

8. Chumakov, S. M. & Wolf, K. B. Supersymmetry in Helmholtz optics. Phys.
Lett. A 193, 51 (1994).

9. Miri, M.-A.,, Heinrich, M., El-Ganainy, R. & Christodoulides, D. N.
Supersymmetric optical structures. Phys. Rev. Lett. 110, 233902 (2013).

10. Miri, M.-A., Heinrich, M. & Christodoulides, D. N. SUSY-inspired one-
dimensional transformation optics. Optica 1, 89-95 (2014).

11. Heinrich, M. et al. Supersymmetric mode converters. Nat. Commun. 5, 3698
(2014).

12. Macho, A., Llorente, R. & Garcia-Meca, C. Supersymmetric transformations
in optical fibers. Phys. Rev. Appl 9, 014024 (2018).

13. Hokmabadi, M. P., Nye, N. S., El-Ganainy, R., Christodoulides, D. N. &
Khajavikhan, M. Supersymmetric laser arrays. Science 363, 623 (2019).

14. Macho, A. Multi-core fiber and optical supersymmetry: theory and
applications. PhD Thesis, Universitat Politécnica de Valéncia (2019).

15. Baggrov, V. G. & Samsonov, B. F. Supersymmetry of a nonstationary
Schrodinger equation. Phys. Lett. A 210, 60 (1996).

16. Schulze-Halberg, A. & Jimenez, J. M. C. Supersymmetry of generalized linear
Schrédinger equations in (1 4+ 1) dimensions. Symmetry 1, 115-144 (2009).

17. Yanik, M. F. & Fan, S. Time reversal of light with linear optics and
modulators. Phys. Rev. Lett. 93, 173903 (2004).

18. Sounas, D. L. & Al, A. Non-reciprocal photonics based on time modulation.
Nat. Photon 11, 774-783 (2017).

19. Koutserimpas, T. T. & Fleury, R. Nonreciprocal gain in non-hermitian time-
Floquet systems. Phys. Rev. Lett. 120, 087401 (2018).

20. Vezzoli, S. et al. Optical time reversal from time-dependent epsilon-near-zero
media. Phys. Rev. Lett. 120, 043902 (2018).

21. Lustig, E., Sharabi, Y. & Segev, M. Topological aspects of photonic time
crystals. Optica 5, 1390-1395 (2018).

22. Law, C. K. Effective Hamiltonian for the radiation in a cavity with a moving
mirror and a time-varying dielectric medium. Phys. Rev. A 49, 433 (1994).

23. Kord, A, Sounas, D. L. & Alu, A. Magnet-less circulators based on
spatiotemporal modulation of bandstop filters in a delta topology. IEEE Trans.
Microw. Theory Tech. 66, 911-926 (2018).

24. Zhang, L. et al. Space-time-coding digital metasurfaces. Nat. Commun. 9, 4334
(2018).

| (2020)11:813 | https://doi.org/10.1038/s41467-020-14634-0 | www.nature.com/naturecommunications 7


https://arxiv.org/abs/1601.03774
https://arxiv.org/abs/1601.03774
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Wang, Q. et al. Acoustic asymmetric transmission based on time-dependent
dynamical scattering. Sci. Rep. 5, 10880 (2015).

Fleury, R., Khanikaev, A. B. & Alu, A. Floquet topological insulators for sound.
Nat. Commun. 7, 11744 (2016).

Trainiti, G. et al. Time-periodic stiffness modulation in elastic metamaterials
for selective wave filtering: theory and experiment. Phys. Rev. Lett. 122,
124301 (2019).

Mendonga, J. T. & Shukla, P. K. Time refraction and time reflection: two basic
concepts. Phys. Scr. 65, 160-163 (2002).

Horsley, S. A. R. & Bugler-Lamb, S. Negative frequencies in wave propagation:
a microscopic model. Phys. Rev. A 93, 063828 (2016).

Philbin, T. G. et al. Fiber-optical analog of the Event Horizon. Science 319,
1367 (2008).

Leonhardt, U. & Philbin, T. G. Geometry and Light: The Science of Invisibility.
(Dover Publications, New York, 2010).

Horsley, S. A. R., Artoni, M. & La Rocca, G. C. Spatial Kramers-Kronig
relations and the reflection of waves. Nat. Photon 9, 436-439 (2015).

Xiao, Y., Maywar, D. N. & Agrawal, G. P. Reflection and transmission of
electromagnetic waves at a temporal boundary. Opt. Lett. 39, 574-577 (2014).
Ma, Y. G, Ong, C. K, Tyc, T. & Leonhardt, U. An omnidirectional
retroreflector based on the transmutation of dielectric singularities. Nat.
Mater. 8, 639-642 (2009).

Wang, C. et al. Integrated lithium niobate electro-optic modulators operating
at CMOS-compatible voltages. Nature 562, 101-104 (2018).

Haffner, C. et al. All-plasmonic Mach-Zehnder modulator enabling optical
high-speed communication at the microscale. Nat. Photon 9, 525-528 (2015).
Berry, M. V. Fake Airy functions and the asymptotics of reflectionlessness. J.
Phys. A: Math. Gen. 23, L243-1246 (1990).

Berry, M. V. Transitionless quantum driving. J. Phys. A: Math. Theor. 42,
365303 (2009).

Shi, Y., Han, S. & Fan, S. Optical circulation and isolation based on indirect
photonic transitions of guided resonance modes. ACS Photonics 4, 1639-1645
(2017).

Lee, K. et al. Linear frequency conversion via sudden merging of meta-atoms
in time-variant metasurfaces. Nat. Photon 12, 765-773 (2018).

Cummer, S. A. & Thompson, R. T. Frequency conversion by exploiting time
in transformation optics. J. Opt. 13, 024007 (2010).

Plansinis, B. W., Donaldson, W. R. & Agrawal, G. P. What is the temporal
analog of reflection and refraction of optical beams? Phys. Rev. Lett. 115,
183901 (2015).

Plansinis, B. W., Donaldson, W. R. & Agrawal, G. P. Temporal waveguides for
optical pulses. J. Opt. Soc. Am. B 33, 1112-1119 (2016).

Zhou, J., Zheng, G. & Wu, J. Comprehensive study on the concept of temporal
optical waveguides. Phys. Rev. A 93, 063847 (2016).

Birks, T. A., Gris-Sanchez, I, Yerolatsitis, S., Leon-Saval, S. G. & Thomson, R.
R. The photonic lantern. Adv. Opt. Photonics 7, 107-167 (2015).

Vazquez, J. M., Mazilu, M., Miller, A. & Galbraith, I. Wavelet transforms for
optical pulse analysis. J. Opt. Soc. Am. A 22, 2890-2899 (2005).

Dantus, M. & Lozovoy, V. V. Experimental coherent laser control of
physicochemical processes. Chem. Rev. 104, 1813-1860 (2004).

Weiner, A. Ultrafast optical pulse shaping: a tutorial review. Opt. Commun.
284, 3669-3692 (2011).

Silva, A. et al. Performing mathematical operations with metamaterials.
Science 343, 6167 (2014).

Alam, M. Z., De Leon, I. & Boyd, R. W. Large optical nonlinearity of indium
tin oxide in its epsilon-near-zero region. Science 352, 6287 (2016).

Caspani, L. et al. Enhanced nonlinear refractive index in e-near-zero materials.
Phys. Rev. Lett. 116, 233901 (2016).

Reshef, O., De Leon, 1., Alam, M. Z. & Boyd, R. W. Nonlinear optical effects in
epsilon-near-zero media. Nat. Rev. Mater. 4, 535-551 (2019).

Kim, J. et al. Role of epsilon-near-zero substrates in the optical response of
plasmonic antennas. Optica 3, 339-346 (2016).

Cheng, C.-H. et al. Strong optical nonlinearity of the nonstoichiometric silicon
carbide. J. Mater. Chem. C. 3, 10164-10176 (2015).

Leonardis, F. D., Soref, R. A. & Passaro, V. M. N. Dispersion of nonresonant
third-order nonlinearities in silicon carbide. Sci. Rep. 7, 40924 (2017).
Michel, A.-K. U. et al. Using low-loss phase-change materials for mid-infrared
antenna resonance tuning. Nano Lett. 13, 3470-3475 (2013).

57. Wang, Q. et al. Optically reconfigurable metasurfaces and photonic devices
based on phase change materials. Nat. Photon 10, 60-65 (2016).

58. Wang, W. J. et al. Fast phase transitions induced by picosecond electrical
pulses on phase change memory cells. Appl. Phys. Lett. 93, 043121 (2008).

59. Tinten, K. S. et al. Dynamics of ultrafast phase changes in amorphous GeSb
films. Phys. Rev. Lett. 81, 3679 (1998).

60. Findchips, https://www.findchips.com/parametric/Diodes/Varactors (2019).
61. Qin, S., Xu, Q. & Wang, Y. E. Nonreciprocal components with distributedly
modulated capacitors. IEEE Trans. Microw. Theory Tech. 62, 2260-2272

(2014).

62. Wang, Y. E. Time-varying transmission lines (TVTL)—a new pathway to non-
reciprocal and intelligent RF front-ends. in IEEE Radio and Wireless
Symposium, 148-150 (2014).

63. Brysev, A. P., Krutyanskii, L. M. & Preobrazhenskii, V. L. Wave phase
conjugation of ultrasonic beams. Phys.-Uspekhi 41, 793-805 (1998).

64. Chen, Z. et al. A tunable acoustic metamaterial with double-negativity driven
by electromagnets. Sci. Rep. 6, 30254 (2016).

65. Popa, B.-I, Shinde, D., Konneker, A. & Cummer, S. A. Active acoustic
metamaterials reconfigurable in real time. Phys. Rev. B 91, 220303(R) (2015).

66. Airoldi, L. & Ruzzene, M. Design of tunable acoustic metamaterials through
periodic arrays of resonant shunted piezos. N. J. Phys. 13, 113010 (2011).

Acknowledgements

This work was supported by Spanish National Plan projects TEC2015-73581-JIN
PHUTURE (AEI/FEDER, UE) and MINECO/FEDER UE XCORE TEC2015-70858-C2-
1-R, as well as Generalitat Valenciana Plan project NXTIC AICO/2018/324. A.M.O.’s
work was supported by BES-2013-062952 F.P.I. Grant.

Author contributions

C.G.-M. conceived the idea of temporal SUSY. C.G.-M. and A.M.O. developed the
theory, performed the numerical simulations and analysed the data in equal contribution.
R.L.S. supervised the work. All authors contributed to write the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-14634-0.

Correspondence and requests for materials should be addressed to C.G.-M. or A.M.O.

Peer review information Nature Communications thanks Simon Horsley and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

| (2020)11:813 | https://doi.org/10.1038/s41467-020-14634-0 | www.nature.com/naturecommunications


https://www.findchips.com/parametric/Diodes/Varactors
https://doi.org/10.1038/s41467-020-14634-0
https://doi.org/10.1038/s41467-020-14634-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Supersymmetry in the time domain and its applications in optics
	Results
	Continuous spectrum
	Discrete spectrum

	Discussion
	Methods
	Numerical calculations

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




