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Recently, there has beenincreasinginterestin the temporal degree of
freedomin photonics due to its analogy with spatial axes, causality and
open-system characteristics. In particular, the temporal analogues of

photonic crystals have allowed the design of momentum gaps and their
extension to topological and non-Hermitian photonics. Although recent
studies have also revealed the effect of broken discrete time-translational

symmetry in view of the temporal analogy of spatial Anderson localization,
the broad intermediate regime between time order and time uncorrelated
disorder has not been examined. Here we theoretically investigate the
inverse design of photonic time disorder to achieve optical functionalities
inspatially homogeneous platforms. By developing the structure factor and
order metric using causal Green’s functions for disorder in the time domain,

we propose an engineered time scatterer, which provides unidirectional
scattering with controlled scattering amplitudes. We also show that the
order-to-disorder transition in the time domain allows the manipulation
of scattering bandwidths, which makes resonance-free temporal colour
filtering possible. Our work could advance optical functionalities without

spatial patterning.

Associating temporal and spatial axes has enriched the perspective
onmanipulating wave phenomena. Owing to the space-time analogy
between the electromagnetic paraxial equation and the Schrodinger
equation, thetemporal axis can be considered an alternative or auxiliary
axis to the spatial dimension. This similarity between temporal and
spatial axes has established the fields of quantum-optical analogy’,
non-Hermitian? topological** and supersymmetric* photonics, and
universal linear optics’. On the other hand, the uniqueness of atemporal
axis hasalsobeenarecentresearchfocus forachieving distinct design
freedom®’ from spatial ones, such as the control of translational, rota-
tional or mirror symmetries. For example, broken time-translational
symmetry results in dynamical wave responses, which require the
open-system configuration: energy or matter exchange with the system

environment. In this context, dynamical wave devices with optical non-
linearity'®" or non-Markovian processes” require the design strategy
to appropriately break the time-translational symmetry. Furthermore,
causality leads to unique scattering distinct fromits spatial counter-
part, completely blocking backscattering along the temporal axis®.
Recent studies utilizing temporal degrees of freedom have thus
focused on exploiting similarities and differences between temporal
and spatial axes. The discrete time-translational symmetry in photonic
time crystals (PTCs)*** has been examined as a temporal analogy of
photonic crystals, revealing the unique phenomena along the tem-
poral axis, such as momentum bandgaps and the localized tempo-
ral peak due to the Zak phase. The concept of disordered photonics
has also been extended to the temporal axis, such as observing the
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statistical amplification and scaling of Anderson localizationin uncor-
related disorder'®". Various wave physics, such as amplification and
lasing'®", effective medium theory?’, Snell’s law", spectral funnel-
ling?, supersymmetry??, parity-time symmetry®, non-reciprocity*
and metamaterials® 2%, have also revealed the unique features and
applications of the temporal axis inspired by its spatial counterparts.
Nonetheless, these intriguing achievements cover only the partial
regimes in microstructural statistics of temporal modulations, such
asorderwith conserved symmetries'>181922232930 and their breaking
with finite defects** or perturbations without any correlations'*".
When considering abundant degrees of freedom in material micro-
structures®, further attention on the intermediate regime between
order and uncorrelated disorder for the temporal axis is mandatory.
In this Article, we propose the concept of engineered time dis-
order, which allows for the designed manipulation of light scatter-
ing. Starting from the theoretical framework for analysing spatial
disorder, we build its temporal analogue by incorporating causality
inthe time axis, which allows for examining the relationship between
the time structure factor, time-translational order metric and wave
scattering. We demonstrate that the moulding of the structure fac-
tor enables the completely independent engineering of forward
and backward scattering. By investigating the order-to-disorder
transition in the temporal modulation of the system, we also enable
bandwidth-engineering of unidirectional scattering, such astime disor-
der for broadband scattering and resonance-free colour filtering. Our
result verifies the spatial-pattern-free design of conventional optical
functionalities and represents a great advantage of time disorder in
bandwidth-engineering with respect to time crystals.

Results

Temporal scattering

Consider anon-magnetic, isotropic and spatially homogeneous opti-
cal material with time-modulated relative permittivity £(¢). For the
x-polarized planewave of the displacement field D(r, t) = e ()€™,
wherer, ¢, and k are the position vector, field amplitude and wave-
number, respectively, the governing equation is®**'®

2 212
[% n %]wm -0, M

where cisthe speed of light. Because kis conserved, according to spa-
tial translational symmetry, equation (1) is the temporal analogy of
the one-dimensional (1D) Helmholtz equation for spatially varying
materials, exhibiting space-time duality?® by imposing the role of the
optical potential on £™(¢). To investigate the regime of weak scattering,
we express the real-valued optical potential as a(t) = £(¢) = a [1+ Aar(8)],
where ay is the potential at ¢ > o, With the assumption of weak per-
turbation over afinite temporal range, the time-varying component
ayAa(t) becomes analogous to the weakly perturbed permittivity in
spatial-domain problems'. Notably, as those time-varying systems are
opensystems, the energy provided by the environment, P,,(t) = dug,,°/
dt, resultsin the non-conservative electromagnetic (EM) field energy™*'
U2 (0) = [E*(t) - D(¢) + H*(¢) - B(t)]/4, where E is the electric field, His the
magnetic field, Bis the magnetic flux density and the asterik denotes
the complex conjugation.

For agiven temporal variation of the system, we employ the har-
monic incidence ¢,,.(t) = exp(—iw,t), where w, = a,Y?kc is the optical
frequency at t > +e, Under the first-order Born approximation® with
|Aa(t)| < 1, the time-domain scattering field ¢.,(¢) becomes

Psca = —wﬁf de' Aa(t)in(E)G(E: 1), @

where G(t; t’) is Green’s function for the impulse response of the tem-
poral delta function scatterer 6(t — t’) (Supplementary Note 1).
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Fig.1| Concept of temporal scattering as open-system responses.

a,b, Schematics of temporal and spatial Green’s functions: Re[G(¢; t')e*™] (a) and
Re[G(z; z’)e 1] (b). Shaded lines in a and b indicate the evolution of each Green’s
function. ¢, Schematic of system modulation by signal power P,(¢) from the
environment, representing the system gain and loss for positive and negative
P, respectively. d, Energy alteration from light-matter interactions with the
time disorder drivenby P,,(¢) in c. £(¢) (grey area) and ug,°(¢) (purple line) are

the time-varying permittivity confined inside the temporal range [0, 7] and the
instantaneous electromagnetic energy density, respectively.

Althoughequation (2) isidentical to the 1D scattering problemin
the spatial domain®?, the uniqueness of the time-varying material isin
selecting the mathematical form of the Green’s function amongseveral
candidates: the Feynman, retarded and advanced propagators®. Due to
the unidirectional flow of time, the temporal Green’s function satisfies
causality: G(¢t; t’) = O for t < t’. To fulfil the temporal boundary condi-
tions for the displacement field and magnetic field at t=¢’ (refs. *'*),
the analytical form of the retarded Green’s function for the temporal
impulse becomes (Fig. 1a and Supplementary Note 2)

Gt t') = wib sin[wy(t —t')]0(t - t"), 3)

where O(t) is the Heaviside step function of O(¢ > 0) =1and ©(t< 0) =0
(Supplementary Note 3). The Green’s function in equation (3) can be
separatedinto G(¢; t') = Gry(t; £') + Gy (t; t') for Gy, gw(6 £) = xexplimw,
(t-t)]0(t - t')/(2iw,), where each sign of tw, determines the propaga-
tion direction with the conserved k.

We emphasize that causality imposes uniqueness on the temporal
Green'’s function, that is, the coexistence of the forward (or trans-
mitted) and backward (or reflected) waves in ¢ > ¢’ (Fig. 1a). Such a
mathematical form of G(¢; ') isin sharp contrast to the spatial Green’s
function, G(z; 2’) - exp(iklz - 2’]), which exhibits the separate existence
ofthe forward (e***~?’) and backward (e **~*)) wavesinz >z’ andz< 7,
respectively (Fig. 1b). This uniqueness emphasizes the open-system
nature of time-varying systems, despite the fact that the governing
equationofequation (1) ismathematically analogous to the spatial one.
Whenan externalmodulation to the systemis applied by atime-varying
signal power, P,, (Fig. 1c), the unique form of the causal Green’s func-
tioninatime-varying system—interfering forward and backward basis
(Fig. 1a)—breaks the conservation of the EM energy inside the sys-
tem (Fig. 1d). In this context, the independent control of forward and
backward scattering in temporally random heterogeneous materials
compels a design strategy distinct from their spatial counterparts.
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Fig.2|Engineering unidirectional scattering. a, Structure factors S;,(w) (top)
and Sy (w) (bottom) with varying design parameters S, and S,,,, respectively. The
design parameters are represented by gradual colours (A, S, = 0; B, S,=2.95; C,
$5,,=0;D,S,,=1.86).b, Anexample of the As(¢) realizations (grey areas) and the
corresponding scattering intensity |, (£)1* (solid lines) for the A, B and D states
ina.t,=2m/w,.c,d, Comparison of the scattering powers from the structure
factor prediction (solid lines) and rigorous TD-TMM analysis (error bars) for
each ensemble with different design parameters S,and S, in aand b, showing

suppression of the backward (c) and forward (d) scattering. The top and bottom
figures represent the forward and backward power, respectively, after ¢ > 20¢,,.
Filled circles and error bars denote the ensemble average from the TD-TMM
results and the interquartile range (IQR) of each ensemble of 10* realizations,
respectively. Structure factors [ Sy, gw(@), So,2,], Scattering field (¢,.,) and
scattering powers (Pg, ) are normalized with 6%/w,, 6 and &%, respectively, where
6=[C(0)1"

From equations (2) and (3), the scattering field becomes (Sup-
plementary Note 4)

t t
Psea(®) = 02)—;’ [e‘i“’bff de’'Aa(t’) — e““’bff de’e=2iot Aa(t") |.
“4)

Although the thermodynamic limit is an ideal criterion to
characterize the statistical features of wave-matter interactions in
disordered systems*, the non-conservative optical energy (Fig. 1d)
may cause unphysical results, such as the divergence of the energy
in momentum gaps'". Therefore, we assume a finite-range tem-
poral variation Aa(t) with Aa(t < 0) = Aa(t > T) = 0 when examining
equation (4). We also employ the ergodic hypothesis, that is, the
statistical equivalence between the average over all realizations and
the average over one statistically homogeneous realization at the
thermodynamic limit**. Although the relationship between energy
divergence and the common hypothesis of thermodynamic limit
requires further study, the ergodicity allows for the homogeneous
correlation function C(¢,, t,) = (Aa*(t)Aa(t,)) = C(AL) for0 < ¢, , < Tand
At=t - t,, where (.) denotes the ensemble average. We separate the
ensemble-averaged scattering power after the temporal perturbation
(t>T) into the forward ({Pgy)) and backward ({Pg,)) waves (Supple-
mentary Note 5) as

w? T 1 T ’ ’ ’
(Prw) = 2 Sodty [odty €t - 1),
)
wﬁ T 1 o7 ’ ’ 1\ @ 2iwy (& '_¢ ')
(Ppw) = Tfodtl Sodty ' C(t" — £, )e2ent —t2),

With asufficiently broad temporal range, each power approaches
the Fourier transform of C(At), thatis, S(w) = F[C(At)where F denotes
the Fourier transform (Supplementary Note 6):

w>T 2T

(Prw) ~ —5=S(0), (Pow) ~ ——Sa), ©)

where we define S(w) as the ‘time structure factor’ governing scattering
fromtemporal disorder, thatis, the temporal counterpart of the static
structure factor’**, It is worth mentioning that S(w) is the power spec-
tral density of the signal that determines the time-varying perturbation
of an optical potential. While equation (6) allows for engineering for-
ward and backward scatterings, we note that the condition of suppress-
ing the forward wave (Py,) ~ O directly corresponds to the time-domain
realization of the concept of hyperuniformity>***, as S(w > 0) - 0. It
isworth mentioning that, although time-domain hyperuniformity has
been observedinsoft-matter physics, suchas the avalanche size of the
Oslo model*, to our knowledge, the corresponding phenomena and
their engineering in wave physics have remained missing.

Therefore, engineering the power flows Pr, gy using time disorder
isachieved by moulding S(w) near w = 0 and 2w,,. Notably, in the design
of S(w), three conditions should hold for C(At) and S(w): the Hermiticity
C(At) = C*(—At) with real-valued S(w), [Re[C(A?)]| < C(At = 0) from the
maximum of the correlation function, and S(w) > O from the autocor-
relation theorem (Supplementary Note 7). We also note that we set
(Aa(t)) = 0 toremove insuppressible scattering at the zero frequency
limit* S(w = 0), which is the necessary condition to freely engineer the
forward scattering power, Py,

To establish the designed manipulation of light through pho-
tonic time disorder, we demonstrate the engineering of time disorder:
unidirectional scattering for the independent control of (P;,,) and
{Pgw), the order-to-disorder transition for spectral manipulation, and
momentum-selective spectral shaping. We note that there are two dif-
ferent classes of one-to-many correspondence between a scattering
response and the realizations of disorder. First, because scattering
phenomena are governed by S(0) and SQ2w,) for a planewave of w,, a
family of time disorder can be achieved by altering the overall shape of
S(w) while preserving S(0) and S2w,). Second, even for the same S(w),
thereareaninfinite number of realizations of time disorder because the
entire landscapeis essentially uniquely determined by all the orders of
correlation functions®. Therefore, to rigorously study the relationship
between scattering and disorder, a number of different realizations
withagiven S(w) should be examined. In the following discussion, we
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focus on the first origin in examining a family of disorder, as well as
conducting the statistical analysis due to the second origin.

Unidirectional scattering

We demonstrate the unidirectional scattering achieved by suppressing
S(0) or SQQw,). We set a time scale ¢, and assume incident frequency
w, = w,. We set the structure factor functions Sy (w) and Sy (w) for the
forward and backward scatterings, which are designedin the frequency
ranges [-2w,, 2w,] and [-3w,, 3w,], respectively, and zero elsewhere.
The structure factors Sgy, pw(w) in this scenario are modulated by the
design parameters S, = Sy (0) and S,,, = Spw(2w,,), respectively, while
satisfying the continuity and C' smoothness as well as the statistical
bounds for £(t) (Supplementary Note 8).

Figure 2a shows the designed S, (w) and S, (w) for different values
of Spand $,,, respectively. With the corresponding C(A¢) from Sgy, gy (@),
we generate a set of £(¢) realizations through the multivariate Gaussian
process (Supplementary Notes 7 and 9). Three example realizations are
depicted in Fig. 2b for the suppressions of (1) both forward and back-
ward (case A), (2) backward only (case B) and (3) forward only (case D),
which have the corresponding time structure factor shownin Fig. 2a.

For each case, an ensemble of 10* realizations is generated, and
theirscattering responses are examined using the time-domaintransfer
matrix method (TD-TMM)'***, Figure 2c,d shows that the ensemble
average of the rigorous TMM results (error bars) provides good agree-
ment with the S(w)-based prediction with the Born approximation
(lines). Engineering temporal modulation using the time structure
factor allows for completely independent manipulation of temporal
scattering: unidirectional scattering only with forward (case B) or
backward (case D) propagations or scattering-free temporal variations
(casesAandC).

Engineered time disorder for spectral manipulation

The mainadvantage of utilizing disordered systems in wave physics is
the ability to manipulate multiple wave quantities with different sensi-
tivities to material phases®. Such intricate wave-matter interactions
allow for the alteration of the target wave quantity while preserving
other ones, asshownintheindependent manipulation of localization
and spectral responses in spatial domains®**. In this context, we focus
on the independent control of two wave properties—scattering and
spectral responses—using photonic time disorder.

In designing temporal systems through the language of the time
structure factor, ordered systems (for example, photonic time crys-
tals”) are depicted by a set of Bragg peaks, indicating certain harmonic
frequencies at which the systeminteracts withanincidentwave. In con-
trast, time disorder close to the Poisson process* shows abroadband
structure factor that guarantees a continuum frequency response; at
the extreme, the uncorrelated Poisson disorder possesses the structure
factor of an infinite plateau. Using such a clear distinction between
order and uncorrelated disorder and the relationship between the
structure factor and scattering, we explore the intermediate regime
between two extremes in photonic time disorder.

To quantify the transition between order and uncorrelated disor-
der, we introduce the transition parameter £ for the structure factor
S(w): from =0 mimicking crystals to §=1for a near-Poisson case. We
set the extreme case of the structure factors Sc(w) and Sp(w) for the
crystal and near-Poisson state, respectively, defining the transition
between them (Fig. 3a and Supplementary Note 10) as

S@) = (1- OSc(@) + % [sp(("_;("°>+sp(“’+€2“’° )] @)

Figure 3b shows the structure factors obtained from different
mixing of S.(w) and S,(w), targeting the suppression of forward power
Pry - 0 with S(0) = 0. As the transition from the A to D states occurs,
the heights of the Bragg peaks from S.(w) at w # 2w, decrease, while

a
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Fig.3|Time disorder for bandwidth-engineering. a, Schematics of the
structure factors for crystalline (left) and near-Poisson disorder (right). is the
transition parameter between order (£ =0) and disorder (£=1).b, Structure
factors S(w) for the order-to-disorder transition with varying £: from crystalline
(navy) to near-Poisson (yellow). A, £=0.025;B,§=0.1;C,§=0.3;D,{=1.

¢, Examples of realizations of Ae(¢) for A, Cand D. d, Statistical relationship
between the backward scattering power and the time-translational order metric 7.
The scattering theory prediction (solid and dashed lines for equations (5) and (6),
respectively) and rigorous TD-TMM (error bars) are compared for each ensemble.
Error bars denote the IQR of each ensemble of 10* realizations. e,f, Spectral
responses of the forward (e) and backward (f) scattering powers near the target
momentum (0.9 < kc/w, <1.1) forensembles A, Band Dind. Solid lines and error
bands denote the ensemble average and IQR of each ensemble of 10* realizations,
respectively. Structure factors [S(w)], order metric (7) and scattering powers
(Pew,sw) are normalized with 6%/w,, 6* and 8%, respectively, where § = [C(0)]"%.

the bumps Sy(w) centred at w = +2w, (Fig. 3b, inset) are continuously
broadened. Equation (7) allows for maintaining the integral of S(w)
over the frequency domain to restrict the average fluctuation in the
time-domain realizations. The designed transition therefore enables
the characterization of time disorder solely depending on the ‘pattern’
of disorder, not on the magnitude of the fluctuation.

Figure 3¢ shows examples of the realization of time disorder for
different {valuesinFig. 3b, all of which are designed to derive backward
scattering only. The transition parameter { qualitatively describes the
temporal material phase transition from nearly crystalline to nearly
uncorrelated disorder. To characterize each disorder more quantita-
tively, we introduce the time-translational order metric 7

2

4wq v)

_ P20}

= tolf_m dw ‘S(w) ~ 0|’ (8)
0

0

where+4w,denotestherange ofnon-zero S(w) (Supplementary Note10).
Analogous to its original definition in the spatial domain®*, T char-
acterizes the distance of a given temporal evolution from the Pois-
son process, describing how much a given £(¢) is ordered in the time
domain. As shown in Fig. 3d, the designed backward scattering from
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of As(t). d,e, Time evolution of a Gaussian pulse D;,.(z, t = 0) = exp[-(z/0,)*/2]
undergoing a tailored temporal perturbation from ¢/t, =10 to 90: total field
amplitude (d) and scattering power (e). Arrows indicate the direction of
propagation for theincident and back-reflected fields. f,g, Spectral responses

e Scattering power f Scattering field
o2 L t/tO It 11 15
- 0] 50 100 200 I'
0 L L y 1 :‘D
02 - = K /’ -1 10 (r:\\\
o 3 / I'f =
0 o 100 / y £
02 - = / Al ‘K— 5 O
0 | .m | | ,’ ,_na/g’ N -
Al 3
02 'Backward o ol A |
‘1—'\7 0 G -0.5 o} 05
.
g 02 r
Q§ S o kc/wqy
- .
L .
02 l ¥ 9
0 60 |
0 S 40
3
02 Q”‘
0] . 20
02
0] 0o
0o 25 50 75 100 o] 0.2 0.4 0.6
z/cty w/w,

of the scattering field: time evolution of the k-space field D, (k, £) (f) and the
w-domain field D,.,(z= 0, w) at a fixed point (g). The blue dashed line infdenotes
D,,.(z, t=0).The shaded areain g represents the filtering band S(2ck). The gradual
coloursind-frepresent the time evolutions from ¢ = 0 (black) to 100¢, (yellow).
Structure factors S(w) and fields D,,(2), D, in.(k) and D,(w) are normalized with
6% w,, 8, 5¢/w, and 6/w,, respectively, where §=[C(0)]"?. 0,= ct,ind-g.

equation (6) and the resulting TD-TMM show good agreement, while
better agreement is achieved when we leave out the infinite temporal
range approximation by using equation (5).

The mostimportant difference between crystalsand uncorrelated
disorder canbe foundintheir spectral responses. AsshowninFig.3e,f,
the change in material phases betweenorder and uncorrelated disorder
provides adesigned manipulation of the bandwidth of temporal modu-
lations while preserving the target scattering response: the suppression
of forward scattering. Remarkably, near-Poisson time disorder (case D)
guarantees almost £10% range of spectrum bandwidth for the suppres-
sion of forward scattering and constant backward scattering, improv-
ing the bandwidth 40 times compared to that of the near-crystal one
(caseA). Therefore, the use of randomness in the temporal modulation
enables anotable bandwidth enhancementand thus the noise-robust
signal-processing preserving optical functionalities.

Momentum-selective spectral shaping
Through Figs. 2 and 3 we have demonstrated control of the scattering
directivity under monochromatic conditions, aswell asits spectral engi-
neering through an order-to-disorder transition. Based on this result,
we show a methodology for the filtering of light waves—the temporal
‘resonant-less’ colour filter—using a platform with spatial translational
symmetry. The proposed approachisinsharp contrast to conventional
platforms for light filtering, such as multilayers® or resonators*.
Asanexample of this application, we consider the propagation of
apulse and its interaction with the designed photonic time disorder,
whichleads to unidirectional and bandpass scattering. Because the for-
ward scatteringis governed by S(0) regardless of the light momentum
k, the momentum-resolved operation for forward scatteringis prohib-
ited. We thus focus onthefiltering of backward waves while suppressing
forward waves, which filters out the range of ‘wave’ momenta k by the
corresponding ‘material’ temporal frequencies |w| = 2clk| € [@ yin, Dmax]
(=lwy/2, wylinFig.4a). Notably, the non-zero lower bound w,,,;,, Which
imposes a stricter condition on suppressing the forward wave, com-
prises the temporal realization of the stealthy hyperuniformity**, as
S(lw| < ;i) ~ 0. We also set S(w) ~ w2 dependency inthe target range to
compensateforthew?dependency ofthescattering power (equation (6)).

Thetemporal correlation and asamplerealization of agiven structure
factorare showninFig.4b,c.

The initial displacement field D(z, t = 0) is a real-valued scalar
function that satisfies D(k) = D*(—k). We assume a Gaussian pulse
D(z, t=0) = exp[-(z/0,)*/2]. The time evolution of the field through
the time disorder filter becomes

(o]

dk
2r

—00

Dz, ¢t) = D(k, t = 0)e*2 o (¢; k), )

where ¢ (t; k) is the single-component response of the incident
planewave ¢,..(t) = e"**. Snapshots of the pulse evolution are shown
inFig. 4d, exhibiting +z propagation (pink arrow) and a scattered tail
behindit.

The evolutions of scattered fields in real- and k-space are illus-
trated in Fig. 4e,f, respectively. After the modulation, the generated
backscattered field propagates along the —z-direction (blue arrow).
Figure 4f and its w-axis representation (Fig. 4g) clearly demonstrate
the filtering functionality, which preserves the envelope shape of the
originalincident pulse while suppressing the designed band stop range
ck/w, € [-1/4,1/4] (Supplementary Video 1).

The mechanism of the suggested temporal colour filter is funda-
mentally distinct from conventional optical filters, which utilize the
bounded momentum responses through spatial inhomogeneity (for
example, using mirrors, scatterers or resonators) and the following
constraint on spectral responses through dispersion relations. In
contrast, the proposed temporal colour filter does not require spatial
inhomogeneity. Although the momentum of light is preserved through
spatial translational symmetry, the spectral responses are filtered
through broken temporal translational symmetry, whichis the nature
of time-varying open systems.

Discussion

Recently, several important studies have explored time disorder
revealing the growth of the statistical intensity of waves with log-normal
distributions and temporal Anderson localization, both of which are
obtained with uncorrelated disorder. In contrast, theimportance of our

16,17
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result is the bridging of temporal light scattering and correlated time
disorder, which allows for the deterministic engineering of scattering
direction, bandwidth and spectral shaping.

In terms of time-dependent perturbation theory, our statistical
approach corresponds to aweak perturbation with the spectral transi-
tionamplitude S(w) that givesrise to the transition fromincident (initial
state, w,) to forward or backward scattering (first-order perturbations,
+w,) with energy differences S(Aw = —2w, or 0), respectively, similar
to Fermi’s golden rule. This is consistent with the so-called time cor-
relation function in the Green-Kubo relationship**® that describes
the transport coefficientin fluid* or thermal*® systems. Although the
listed phenomenaall share the universal linear response theoryinboth
classical and quantum physics, direct application of the essence of the
Green-Kuborelation to temporallight scattering is demonstrated, and
itserves as a toolkit for dynamical photonic systems.

Notably, time-varying wave systems can be realized experimen-
tally through time-varying transmission lines (TVTLs)*'**"* in the
microwave regime. Because transmission lines are ideal platforms
for describing 1D wave propagations, TVTLs with temporal modula-
tions achieved vialoaded LCresonators or varactor diodes allow for
reproducing intriguing phenomena in time-varying wave systems.
TVTLs are also expected to be a suitable platform for the practical
implementation of our disordered systems, as they only require
free-form control of time-varying parameters. Notably, the realiza-
tion of photonic time disorder beyond the microwave regime is a
much more challenging issue. Although the unidirectional scattering
with suppressed forward scattering can be realized independently
of the modulation speed (5(0) = 0), the engineering of backward
scattering S(2w,) requires ultrafast modulations, which is a contro-
versial topic in recent studies on photonic momentum gaps®>. For
example, to achieve considerable modulation of backward scat-
tering in the infrared or visible range, femtosecond modulation of
optical refractive indices is necessary. All-optical modulation based
on second-order® or third-order optical nonlinearity is a possible
mechanism. To increase the effective material perturbationin strong
light-matter interactions, the use of two-dimensional materials*®,
plasmonic platforms®” or epsilon-near-zero metamaterials® can be
candidate platforms.

To summarize, we have developed the patternless realization of
EM scattering in temporally disordered media. Starting from the ana-
lytical formulation of wave scattering with the time structure factor,
we have demonstrated moulding of structure factors for engineered
scattering. This top—down approach enables the design of modula-
tion signals for unidirectional scattering in spatially homogeneous
systems. By examining the order-to-disorder transition in the tem-
poral domain, we have also developed bandwidth-engineering while
preserving unidirectional scattering, which enables the realization of
resonance-free colour filters. To develop amore concrete theoretical
foundation of disordered photonics in the time domain, exploring
the uniqueness and criteria of photonic time disorder, such as the
energy non-conservative nature of momentum gaps with hyperuni-
formity® and stealth® and its relation to the thermodynamic limit
and the necessity of finite-temporal-range analysis, will be a further
research topic. In terms of engineered disorder, unidirectional scat-
tering achieved with photonic time disorder will provide extended
design freedom in realizing optical non-reciprocity*°. To break Lor-
entzreciprocity®®, the generalization of photonic time disorder to the
spatio-temporal domain will be necessary. Bandwidth-engineering
through the order-to-disorder transition, as shown in our work, will
then be applicable for the realization of broadband optical isolation.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions

and competinginterests; and statements of dataand code availability
areavailable at https://doi.org/10.1038/s41567-023-01962-3.
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