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Space-time-topological events in photonic 
quantum walks
 

Time is, figuratively and literally, becoming the new dimension for 
crystalline matter. In a key recent advance, temporal and spatiotemporal 
crystals that exhibit periodicity in time and space-time, respectively, were 
reported, with unique properties such as spectra containing gaps not 
only in energy but also in momentum. Conversely, the field of topological 
physics, which has led to celebrated discoveries such as topological 
insulators featuring protected conducting surface states with immunity 
to backscattering, has so far been based on the notion of energy gaps and 
spatial boundaries only. Fundamentally rethinking the role of time, which 
in contrast to space exhibits a unique unidirectionality called the ‘arrow 
of time’, thus promises a new dimension for topological physics, setting 
paradigms of time and space-time topology based on the topological 
properties of momentum and energy–momentum gaps. Indeed, previous 
work has shown simulations of states which arise through the topology of 
momentum gaps and localize at temporal interfaces. Here we enter this 
new dimension of time and space-time topology. First, using discrete-time 
quantum walks on synthetic photonic lattices in coupled optical fibre 
loops, we observe such time topological states. We find a time-topological 
invariant and establish its relation to the observed time topological states. 
Transcending the separate concepts of space and time topology, we then 
propose and implement a system with an energy–momentum gap and 
introduce the concept of space-time topology, leading to topological 
states that are localized in both space and time, thus forming space-time 
topological events. We demonstrate that these are associated with unique 
effects such as causality-suppressed coupling or the limited collapse of 
space-time localization. Our study provides a model of time and space-time 
topology, highlighting an interplay of momentum and energy gap topology 
with applicability beyond photonics. In the field of topological physics, 
we anticipate a new role of causality and non-Hermiticity inspired by time 
and space-time topology. These concepts further invite exploration of 
connections to other fields where the arrow of time plays an important role. 
Moreover, our results enable the topological shaping of waves in space 
and time, with applications in spatiotemporal wave control for imaging or 
communication and topological lasers, for example.
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Theory
We start by discussing the most fundamental scenario, that is, a 
one-dimensional two-band model, whose energy and momentum 
gaps can be independently controlled. In a second step, we deliber-
ately close and open the momentum and energy gaps to control their 
corresponding topology. This enables our model to host topological 
states at temporal interfaces, which spectrally reside in the momentum 
gap, but also the well-established space topological counterparts, 
which are instead localized at spatial interfaces and reside in the 
energy gap. Finally, we realize a combined energy–momentum gap 
that features topological states that are localized at a single point in 
(1 + 1)-dimensional space-time, and as such constituting a topologi-
cal event.

Our model is a time-varying implementation of the archetypal 
Su–Schrieffer–Heeger (SSH) model31 with an additional gain–loss 
modulation that corresponds to a time-periodic drive of an imagi-
nary on-site potential. The resulting evolution can be described in 
the framework of discrete-time quantum walks of single particles, as 
detailed in Supplementary Section 3, and then implemented via light 
propagation in coupled optical fibre loops as shown in Fig. 2. The 
experimental implementation uses a temporal encoding of pulse arrival 
times32,33, creating a coupling of light between time bins that yields the 
dynamics of a photonic mesh lattice with a synthetic time (exhibiting 
the characteristic unidirectionality of time) and space dimension, as 
detailed in Supplementary Section 2.

The quantum walk describes the evolution of a quantum particle 
on discrete lattice positions x, which are coupled to neighbouring 
positions in a stepwise protocol along the time axis t. The dynamics 
are governed by the recursive evolution equations

Crystals are matter with the highest degree of spatial order, with their 
structure being arranged in spatially repeating patterns. Recently, 
this pillar of science has been fundamentally rethought1. As spatial 
crystals are defined by their periodicity in space, the highly active 
fields of temporal2–4 and spatiotemporal5–7 crystals refer to struc-
tures that repeat periodically in time and space-time, respectively. 
In photonics specifically, temporal crystals are also referred to as 
time-varying media or photonic time crystals2, and they are remi-
niscent although distinct from Wilczek’s proposal of time crystals8,9. 
In time crystals specifically, continuous time-translation symmetry 
is broken spontaneously, often as a result of (quantum) many-body 
interactions, whereas temporal crystals, as we consider them here, 
generally refer to any system with discrete time-translation symmetry 
only2. Rethinking the role of time also promises a new dimension for 
the celebrated field of topological physics, setting paradigms of time 
and space-time topology. Topological physics has become a unifying 
theme for diverse phenomena from seemingly distant fields, ranging 
from the celebrated quantum Hall effects for electrons10,11 to equatorial 
ocean waves12 and with promising applications such as topological 
quantum computation13 based on the world line braiding of anyons14, 
or topological lasers15–17 enabled by photonic modes that are intrinsi-
cally resistant to scattering18. Yet, these topological features have so 
far relied on energy gap topology at spatial boundaries only, that is, 
the emergence of robust, long-lived states that reside within an energy 
gap while being localized at a spatial topological interface (Fig. 1a), 
which is the change of the relevant topological invariant in space19,20. 
This also includes Floquet topology21, which considers such physics 
in time-periodic systems.

However, time is a new dimension for topology with fundamental 
differences from its spatial counterpart. Its unique unidirectional-
ity, often called the ‘arrow of time’22, endows time with an intrinsic 
asymmetry which space does not exhibit. This asymmetry leads to 
strikingly different physics, for instance, such as time not support-
ing back-reflections but, instead, against all intuition, mandates the 
emergence of a unique notion of time reflections23. Correspondingly, 
unlike the familiar space topology, time topology may lead to topo-
logically protected states that are localized at topological tempo-
ral interfaces (Fig. 1b, bottom), which are formed by the temporal 
change of a time-topological invariant. Previous work had shown 
simulations of such states24. Time topology is based not on energy 
but momentum gaps24,25 (Fig. 1b): these are regions where the energies 
are imaginary-valued, leading to solutions decaying/growing in time, 
similar to evanescent waves in energy gaps, which decay in space. 
Momentum gaps can generically appear in driven and dissipative 
(non-Hermitian26,27) systems, implying an intrinsic connection between 
time topology and non-Hermiticity, unlike space topology for which 
non-Hermiticity is not generally necessary.

Here we demonstrate time-topological states localized at the tem-
poral boundary of two photonic lattices with different momentum gap 
topology. We further introduce a time-topological invariant and estab-
lish a relation between this invariant and the observed time-topological 
states using a transfer matrix approach. Our experiments are based on 
a photonic lattice implemented through light propagation in coupled 
optical fibre loops28–30. The capability to modulate the optical proper-
ties of the fibre loops in time enables us to open and close momentum 
and energy gaps and to control their topology. Transcending the sepa-
rate concepts of space and time topology, we introduce the notion of 
space-time topology by observing a space-time-topological event, that 
is, where a topological state localizes at a single point in space-time 
(Fig. 1c, bottom). The topological event emerges at the intersection 
of energy–momentum gapped photonic lattices whose topology is 
determined by a space-time-topological invariant that we introduce. 
It is of note that this topological state is localized in all available dimen-
sions, including time, thus necessarily requiring the interplay of space 
and time in any causal system.
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Fig. 1 | Space, time and space-time topology. a, Space topology (top) relies  
on energy bands separated by energy gaps (middle). The topology of  
energy gaps is associated with protected states that are localized at spatial 
interfaces (bottom), where the interface is represented by a dashed line, and 
brighter colours indicate a higher intensity. b, Time topology (top) relies on 
momentum bands separated by momentum gaps (middle). Time-topological 
states associated with the topology of momentum gaps may arise that are 
localized at temporal interfaces (bottom). c, Space-time topology (top) relies  
on bands that are gapped in energy and momentum (middle). Space-time- 
topological events, where topological states are localized at space-time 
interfaces (bottom).
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ut+1
x = [cos (β)ut

x+1 + i sin (β) vtx+1] e
iφu

vt+1x = [i sin (β)ut
x−1 + cos (β) vtx−1] e

iφv ,
(1)

where ut
x  and vtx  are the amplitudes of the spin-like degree of freedom 

at lattice point x and time step t, corresponding to, respectively, the 
left- and right-moving paths in the photonic lattice (Fig. 2b). The param-
eter β(t, x) characterizes the splitting ratio of the beamsplitters and, 
thus, mediates the coupling between lattice positions and spins. The 
lattice parameters Re(φν) and Im(φν) are additional real and imaginary 
phase contributions, respectively, for each component ν picked up 
during evolution. By appropriately choosing φν(t, x) as a function of 
the spin ν ∈ {u,v}, lattice position x and time t, all three types of 

topological bandgap may be obtained. A single pulse that is inserted 
into the longer loop splits into two pulses, which acquire different 
delays. The average delay T corresponds to the discrete time steps 
t → t + 1, whereas the relative pulse delays encode the position via x × ΔT. 
In this form of time-multiplexing, the combination of repeated split-
ting, delay and combination of pulses yields the photonic lattice dynam-
ics (see Supplementary Section 2). The resulting photonic lattice is 
shown in Fig. 2b. The coupling alternates between β1 and β2 in a 
two-time-step fashion, thereby realizing the SSH model, being accom-
panied by a four-time-step gain–loss modulation φu(t + 4) = φu(t) with 
[φu(0), φu(1), φu(2), φu(3)] = [ig, 0, 0, −ig], where g is the real gain–loss 
strength, which is antisymmetrically distributed on the spin-like degree 
of freedom, that is, φv = −φu.

The resulting energy spectra are shown in the bottom row of Fig. 1. 
Their calculation is detailed in Supplementary Sections 4 and 5. For 
g = 0, one obtains the Hermitian Floquet SSH model34, which is gapped 
in energy (Fig. 1a). These energy gaps are ranges where the energy is 
real whereas the momentum is imaginary, leading to spatially decaying 
solutions called evanescent waves35. Note that in a crystal, momentum 
becomes the periodic quasimomentum due to discrete spatial transla-
tion symmetry36, whereas here, in addition, energy likewise becomes 
the periodic quasienergy due to the discrete translation symmetry in 
time, as stated by Floquet theory37–39. For g ≠ 0, that is, with the addi-
tion of non-Hermiticity, and β1 = β2 = π/4, there are no energy but only 
momentum gaps (Fig. 1b), that is, regions where the momentum is 
real whereas the energy is imaginary, leading to temporally growing 
and decaying solutions2. Note that in Floquet systems, such as the 
one considered here, the momentum gap condition also allows the 
real part of the energy to be ±π. Finally, for g ≠ 0 and β1 ≠ β2, one can 
find an energy–momentum gap (Fig. 1c), where neither energy nor 
momentum are real5.

The occurrence of gaps in the spectrum of allowed energies plays a 
major role in topological physics19, as demonstrated by the celebrated 
topological states of the SSH model, which may also emerge here. On 
the basis of the eigenstates of the Bloch Hamiltonian, one can calculate 
a topological invariant, that is, an integer winding number that remains 
invariant under perturbations that admit certain symmetries20. Its 
calculation is based on integrating the phase of the eigenstates accu-
mulated along the energy bands, as detailed in Supplementary Section 
6. The so-called bulk-boundary correspondence40,41 then assures the 
emergence of topological states localized at spatial topological inter-
faces, which are defined as a spatial change of this (spatial) winding 
number. Note that the winding number can only change upon closing 
the energy gap, which can here be achieved by altering the couplings 
β1,2. In the following we will show that in the presence of momentum 
gaps, the topological description can be extended to enable the predic-
tion of time-topological states as well as space-time-topological states.

Results
As a starting point, with the Hermitian Floquet SSH model, we experi-
mentally realize a photonic lattice that is gapped in energy and verify 
the emergence of spatial topological states. All parameters relevant to 
our experiments are found in Supplementary Section 1. If the spatial 
winding number changes across the spatial interface one expects topo-
logical states localized at the interface. Our experiments agree with 
previous work34,42, showing the emergence of a spatially localized state 
at the spatial interface (realized through a change in β1,2) only when the 
aforementioned difference is non-zero (Fig. 3a, bottom). Conversely, 
for the trivial case of equal winding numbers across the interface, no 
topological state can be seen (Fig. 3a, top). Note that, owing to the 
imperfect mode overlap between the excitation and the topological 
interface state, propagating bulk modes are also visible on the right.

However, this situation changes when closing the energy gap while 
opening a momentum gap (Fig. 1b, middle) to approach the realm of 
time topology. Experimentally, we achieve this by matching the two 
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Fig. 2 | Experimental implementation of topological photonic lattices.  
a,b, Simplified experimental set-up for the realization of photonic lattices 
(a) and schematic of a photonic lattice (b). In a, two optical fibre loops are 
connected by a variable beamsplitter (VBS) that sets the coupling β. Acousto-
optical amplitude modulators (AOMs) and erbium-doped fibre amplifiers 
(EDFA) enable a gain–loss modulation exp(±g). A pulse (red circle) that is 
coupled into the longer loop, splits up into two pulses that are delayed by 
T ± ΔT. They map to the photonic lattice in b where the average roundtrip delay 
T corresponds to time steps t → t + 1, and the relative delay within one roundtrip 
determines the position via multiples x × ΔT. In b, the implemented photonic 
lattices consist of a mesh lattice of beamsplitters and gain–loss modulations, 
with a four-time-step period and a two-step spatial periodicity. The resulting 
Floquet–Bloch unit cell is shaded in grey.
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couplings β1 = β2 and applying a gain–loss modulation with g = 0.1, 
thus turning the system non-Hermitian. Importantly, its topological 
characterization must now be rethought: on the one hand, as the energy 
gap is now closed, the spatial winding number becomes ill-defined; 
on the other hand, however, there are now two momentum bands 
separated by the momentum gap. Momentum bands are potentially 
complex functions of real energies, just as energy bands are potentially 
complex functions of real momenta, as shown in Fig. 1. Their calcula-
tion is detailed in Supplementary Section 5. The eigenstates of the 
system may accumulate a geometric phase along these momentum 
bands, motivating the definition of a temporal winding number. The 
calculation of the temporal winding number is detailed in Supplemen-
tary Section 6. Moreover, using a transfer matrix approach, we show 
that the occurrence of time-topological states localized at temporal 
interfaces is predicted by changes of the temporal winding number in 
time (see Supplementary Sections 7 and 8). Such a time-topological 
interface state can clearly be observed in our experimental results 
(Fig. 3b, bottom), showing an exponential localization of light that 
is centred on the temporal interface (realized through a change in g) 
across which the invariant changes. Note that, unlike in the spatial case, 

there is some regrowth after the temporal interface due to a non-zero 
overlap with a growing mode (see Supplementary Sections 9 and 10). 
This regrowth may be suppressed and in theory even eliminated by 
minimizing the overlap to the growing mode and thus its excitation. 
The inherent growth and decay of the time-topological state points 
at the non-Hermitian nature of time topology. It is, however, distinct 
from conventional non-Hermitian topology as the time-topological 
invariant naturally arises from the consideration of momentum and 
not energy bands. This new type of topology is markedly different 
from concepts in which time is treated as a non-causal synthetic spatial 
dimension43, and correspondingly falls into the category of traditional 
space topology without the unique aspects that arise from causality 
and momentum gap topology. We also note that related preliminary 
simulation results have indicated the existence of time-topological 
states not just in temporal but also in spatiotemporal crystals44, without 
any evidence of space-time topology, however. An analytical derivation 
of the shape of the time-topological interface state that matches our 
experimental observations may be achieved by considering the pro-
jections of the left and right eigenstates before and after the interface 
(see Supplementary Sections 9 and 10). Conversely, for the trivial case 

0

0.1

0.2

0.3

0.4

0.5

–20 0 20
Position, x

0

5

10

15

20

25

Ti
m

e,
 t

Intensity
(a.u.)

–1
0
1

x 
to

po
lo

gy
Space-trivial

interface

t topologyPower (a.u.)

0

5

10

15

20

25

Ti
m

e,
 t

0 0.4 0.8 1.2 1.6

510 –20 0 20

Position, x
–1 0 1

0

0.1

0.2

0.3

–20 0 20
Position, x

Time-topological
interface

0 0.2 0.4 0.6 0.8 1.0

Intensity (a.u.)

–1 0 1
t topology

24
Power (a.u.)

0

5

10

15

20

25

Ti
m

e,
 t

–20 0 20
Position, x

0

5

10

15

20

25

Ti
m

e,
 t

Intensity
(a.u.)

–1

0

1

x 
to

po
lo

gy

Space topology Time topology

a b

Space-topological
interface

Time-trivial
interface

Intensity (a.u.)

Fig. 3 | Experiments on space- and time-topological states. a, Light is injected at 
a topological (bottom) or trivial (top) spatial interface, that is, at the junction of 
two lattices with different or identical space-topological invariants, respectively. 
The familiar spatially localized topological state emerges only at the non-trivial 
interface. b, A spatially broad light field is injected. Here there is no spatial 

interface as in a but instead a topological (bottom) and trivial (top) temporal 
interface. A time-topological state that is localized in time emerges only in 
the case of a non-trivial temporal interface described by the time-topological 
invariant. The lattice parameters and calculation of the topological invariants are 
detailed in Supplementary Sections 1 and 5, respectively.
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of equal temporal winding numbers across the temporal interface, no 
such state can be seen (Fig. 3b, top).

In the final step of our work, we are investigating a possible inter-
twinement of the familiar space topology with the notion of time topol-
ogy. To this end, we probe whether a notion of space-time topology 
emerges in the presence of energy–momentum gaps. On the basis 
of the following results, we answer this question in the affirmative. 
By considering the product of the changes of the spatial and tem-
poral winding number across their respective interfaces, we define 
a space-time-topological invariant for systems with combined 
energy–momentum gaps (see Supplementary Section 6). This invari-
ant predicts the emergence of space-time-topological events, that is, 
where a topological state is exponentially localized on a single point 
in space-time. At this point, space-time regions, which are separated by 
a spatial and a temporal interface with different respective invariants 

across them, meet. We experimentally probe the light dynamics in 
the space-time-topological and -trivial cases, as shown in Fig. 4. In the 
trivial case, the light evolution shows neither the distinct exponential 
spatial localization nor any temporal localization (Fig. 4a). Note that 
the apparent remaining spatial localization in proximity to the injection 
point has no topological origin and can be explained via the complex 
band structure (see Supplementary Fig. 2): strongly growing modes 
inside energy regions with a constant real part of the energy (that is, 
non-dispersive) dominate the overall light distribution. In the topologi-
cal case, the topological invariant correctly predicts the emergence 
of a light field that is exponentially localized along the time and space 
axes, while being located exactly at the designated interface crossing, 
thus forming the space-time-topological event (Fig. 4b).

This intertwinement of space-time with topology gives rise to 
unique effects with no analogue in traditional topology: for instance, 
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trivial case, the light evolution shows neither exponential spatial nor any 
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This is particularly evident for the data in the proximity of the intersection, 
where the evolution is described well by the fits of two growing modes of 
Gaussian shape that belong to different sublattices. b, At the intersection, a 

space-time-topological event, where a topological state localizes at a single 
point in space-time, can be seen. Light is injected at the spatial topological 
interface. Data in the proximity of the intersection are described well by a fit of a 
two-dimensional exponential decay, which is expected for the topological event. 
The lattice parameters and calculation of topological invariants are detailed in 
Supplementary Sections 1 and 5, respectively.
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causality can suppress coupling into the topological event even when 
the excitation has a non-zero overlap with it. If an excitation is within 
its past light cone (Fig. 5a, left), the space-time-topological state 
will be excited when there is any overlap between the excitation and 
the profile of the state. However, if the excitation is not within the 

past light cone (Fig. 5a, right) of the space-time-topological event, 
the topological state will not be populated, no matter how large the 
overlap between the excitation and the state is. Hence, even though 
the overlap is approximately the same in both cases here, the cou-
pling is allowed only when causality is obeyed, enabling a selective 
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Fig. 5 | Experimental demonstration of causality-suppressed coupling and 
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coupling from its future light cone is completely suppressed due to causality 
(right), even for a finite overlap between excitation and the state. The light 
cones are shown as dashed lines. b, Shown here is the behaviour of space-time-
topological events under phase disorder, that is, φu(t,x) → φu(t,x) + δ(x) with 

δ(x) randomly chosen from an interval [−Δφ,Δφ]. The results are averaged over 
multiple disorder realizations. For moderate disorder (left, Δφ = 0.2π), the space-
time localization remains robust. However, for strong disorder (right, Δφ = 0.4π) 
the limited collapse of the localization only occurs in space, whereas owing to the 
unique nature of the energy–momentum gap, which may close only partially, the 
temporal localization persists.
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excitation and hence endowing these states with an additional robust-
ness against stray excitation unique among topological states. By con-
trast, in space topology, energy anywhere in the system will typically 
couple into and between topological states after some time, that is, 
impeding ideal topological protection and reducing their robustness 
in finite systems.

Furthermore, space-time-topological events exhibit unique 
behaviour under disorder. Owing to its distinct nature, it is possible 
for the energy–momentum gap to close only partially under disorder, 
leaving behind a momentum gap which maintains the temporal locali-
zation. This is shown in Fig. 5b, where it can be seen that, for moderate 
disorder (Fig. 5b, left), the space-time localization remains robust with 
only small distortions, whereas for strong disorder (Fig. 5b, right), 
the spatial localization collapses. However, this collapse is indeed 
limited to the spatial part of the space-time localization only, with the 
state remaining temporally localized. Such a limited collapse is mark-
edly different from conventional topology, where closing the energy 
gap generally fully collapses all topological states, pointing at a new 
dimension of topological robustness where the collapse of topological 
localization may be limited to some but not all dimensions.

Conclusion
We have experimentally demonstrated time-topological states local-
ized at temporal boundaries on the basis of the time topology of the 
momentum gap of a photonic lattice. The time topological states 
are predicted by a momentum-band-based winding number that we 
proposed. Owing to the growing and decaying nature of such states, 
their description naturally includes non-Hermiticity. We then tran-
scend the separate notions of energy and momentum gap topology 
by demonstrating space-time-topological events, where topological 
states localize at a zero-dimensional space-time boundary. These 
topological events are predicted by a space-time-topological invari-
ant that we defined. Their localization in all available dimensions, 
including time, necessitates a notion of space-time topology, bring-
ing about unique features such as causality-suppressed coupling 
or the limited collapse of event states. Our results set the new para-
digms of time and space-time topology, based on interconnections 
between the celebrated energy gap topology and the introduced 
notion of momentum gap topology. As such, we anticipate that our 
studies will have far-reaching implications. For the field of topologi-
cal physics specifically, our work demonstrates a new avenue away 
from the conventional sole focus on spatial features of topological 
systems, towards the wider scope of space-time topology. The evi-
dent connection of time and space-time topology to non-Hermiticity 
also stimulates the possibility of a connection to the thriving field of 
non-Hermitian topology. Moreover, our work invites the exploration 
of how the concepts of time and space-time topology newly connect 
topological physics to other fields where the arrow of time plays an 
important role, such as thermodynamics. More generally, the ongoing 
efforts to engineer wave systems that are capable of ultrafast temporal 
modulations, with recent successes on implementing time interfaces 
in nonlinear optical media45, ultracold atoms46 and water waves23, 
point towards a wide range of potential future platforms for time- and 
space-time-topological effects. In this vein, controlling momentum 
and energy gap topology may enable the topological shaping of vari-
ous types of wave in space and time, with applications, for example, 
in spatiotemporal wave control for imaging or communication47,48 
and topological lasers49.

Online content
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maries, source data, extended data, supplementary information, 
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Methods
Experimental set-up
Our experiments are based on the propagation of light pulses in cou-
pled optical fibre loops28–30. To obtain a one-dimensional photonic 
lattice, two optical fibre loops containing optical components are 
coupled by a variable beamsplitter (Agiltron). The chosen splitting 
ratio determines the coupling parameter β. The positions of the pho-
tonic lattice are encoded in pulse delays, and for this, the loops are 
chosen to have unequal optical path lengths. Here, the two roundtrip 
times are approximately 26,950 ns and 27,050 ns. The relative delay of 
100 ns defines the width of a time bin in which the lattice positions x 
are encoded and, thus, approximately 270 positions can be encoded. 
Most of the propagation time in each loop is realized using spools of 
single-mode fibre (Corning Vascade LEAF EP). Each measurement starts 
by inserting a 50 ns pulse into the longer loop, that is, the loop that 
contains the spin-like components vtx only, via a fibre-optical beamsplit-
ter. The initial pulse is generated via intensity modulation of a 
continuous-wave distributed feedback laser ( JDS Uniphase, 1,550 nm) 
with a Mach–Zehnder modulator (SDL Integrated Optics). To further 
increase the signal-to-noise ratio an acousto-optical amplitude modula-
tor (Gooch & Housego) is used. During the propagation in the loop 
arrangement, light is periodically split up and combined at the variable 
beamsplitter leading to multi-path interference between the emerging 
subpulses. In each roundtrip (that is, time step t), part of the light is 
coupled out to photodetectors (Thorlabs), enabling a measurement 
of ||ut

x||
2

 and ||vtx||
2

. The output voltages of the photodetectors are loga-
rithmically amplified (FEMTO, HLVA100) and subsequently acquired 
using an oscilloscope (Rohde & Schwarz, RTO6). With the two propaga-
tion timescales, that is, the mean roundtrip time and the relative loop 
delay, it is possible to map the measured pulse intensity distribution 
onto a double-discrete (1 + 1)-dimensional photonic lattice. To realize 
the gain–loss modulation, in a first step, an acousto-optical amplitude 
modulator (Brimrose Corporation) is added to each loop. Then, in a 
second step, to also realize gain and to compensate for global losses 
(for example, insertion loss or propagation losses in the optical fibre), 
an erbium-doped fibre amplifier (Thorlabs) is added to each loop. The 
amplifiers are optically gain-clamped by a distributed feedback laser 
( JDS Uniphase, 1,538 nm) that is coupled to the amplifiers input via 
wavelength division multiplexing couplers (AC Photonics). This 
continuous-wave laser signal is removed directly after the amplification 
process by optical bandpass filters (WL Photonics), which also reduce 
the level of amplified spontaneous emission. Different photonic lattices 
are created by applying different modulations to the variable beam-
splitter and the acousto-optical modulators. The required voltage 
signals are generated by arbitrary waveform generators (Keysight 
Technologies). All optical components are designed for operation at 
a wavelength of 1,550 nm and use standard single-mode fibre (Corning 
SMF28 or comparable). The optical polarization is aligned via manual 
polarization controllers (Thorlabs), for instance, before passing 
through polarization-sensitive components.

Experimental error and power calibration
In the following, we discuss the main sources of systematic and statis-
tical errors and their influence on the measurements. The systematic 
error results mainly from the limited experimental accuracy of β and 
g due to bias drifts and tolerances in their respective lookup tables. On 
the basis of calibration measurements, we assume that in our experi-
ments the relative accuracy of both parameters is smaller than 1%. In 
the chosen experimental parameter regimes, such small deviations 
are expected to have no considerable influence, as we confirmed via 
numerical simulations. There is another important error contribution 
related to the gain–loss modulation g: constant, loop-independent 
excess gain or loss can easily lead to an exponential growth or decay 
in power as function of the time step t. This can be desired, as it does 
not influence the interference, but—in the case of power growth—only 

scales up the field distributions in each time step. However, to clearly 
distinguish this scaling from the topological power growth and decay, 
we always immediately perform a calibration measurement based on 
a simple homogeneous Hermitian system, that is, β = constant and 
g = 0, for which one can derive the power scaling as the deviation from 
constant power. The statistical error originates mainly from phase 
and polarization fluctuations of the pulses, which are acquired, for 
instance, by acoustic noise coupling to the fibre spools. However, 
owing to the common-path interference condition, its influence on 
the measurements within the shown propagation distance is negligi-
ble compared with the systematic errors. This is well reflected in very 
small variations in the pulse intensities upon repeating the experiment. 
Nevertheless, to reduce the impact of statistical errors even further, in 
each experiment the measured intensities are averaged over at least 
20 realizations. We numerically confirmed that the resulting overall 
errors can explain most of the discrepancies between the experimental 
and the theoretical data.

Broad excitation in the time-edge state measurement
In conventional space topology, topological states are confined in space 
but—as eigenstates—extended in time. Conversely, time-topological 
states are confined in time but extended in space. To highlight this 
difference, we used a spatially broad excitation for measurement of 
the time-topological state (Fig. 3b) instead of a single-site excitation. 
To create the spatially broad excitation, one cannot simply insert mul-
tiple optical pulses as one would expect from the temporal encod-
ing of neighbouring positions of the photonic lattice. To maintain 
the common-path interference condition and imprint a stable phase 
relation on all circulating pulses, the experiments must always start 
with a single-site excitation. Therefore, in the measurement of the 
time-topological state, there are 87 time steps of propagation in the 
fibre loops in different tailored lattices before the shown light evolu-
tion. In this time window, the broad spatial profile is created from a 
single optical pulse based on a non-Hermitian diffusion protocol50,51. 
This signal generation requires a phase modulator in the fibre loops, 
which is not shown in Fig. 2 for the sake of clarity.

Data availability
All experimental data that were used to produce the results reported in 
this Article are available via the Rostock University Publication Server 
at https://doi.org/10.18453/rosdok_id00004717 (ref. 52).
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