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Experimental observation of topological quantum criticality
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We report on a photonic simulator of the critical state forming at the quantum phase transition between
topologically distinct Anderson insulator phases. We observe a time-staggered profile in the circular photon
polarization, which originates from the interplay of a chiral and sublattice symmetry, and has recently been
suggested as a signature for topological Anderson criticality within the setup. We discuss the role of statistical
detuning from criticality and show that the controlled breaking of phase coherence removes the signal, revealing

its origin in quantum coherence.
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I. INTRODUCTION

Quantum phase transitions between individually gapped
topological insulator phases go along with the transient for-
mation of extended critical states. The physical properties of
these states are particularly intriguing in cases where static
disorder is present, and the gaps of the competing phases are
mobility gaps rather than the spectral gaps of clean insulators.
In this case, topology trumps Anderson localization at the
transition point, leading to the emergence of an exotic delo-
calized state. In this paper we report on a direct experimental
observation of signatures of such a state in one dimension,
where the effects of Anderson localization are particularly
strong.

The presence of disorder in one-dimensional (1D) systems
generically causes Anderson localization of single-particle
states at microscopically short length scales [1,2]. The single
known exception to this rule is quantum criticality between
different symmetry-protected topological phases [3.,4]. At
criticality, the number of topological boundary states changes,
and the only way to do so is by hybridization through the bulk
[5-7]. This topologically enforced delocalization stabilizes a
critical state with exotic properties, including logarithmically
slow spreading of wave packages and large sample-to-sample
fluctuations of transport obervables [8—11].

The observation of such a type of topological quantum
criticality is experimentally challenging [12]. It requires pre-
cision control over an internal degree of freedom, or “spin,”
difficult to achieve, e.g., in ultracold atom setups, otherwise
tailored to the observation of Anderson localization [13-15].
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Moreover, in the 1D setting the identification of reluctant
(logarithmically slow) delocalization appears to require sig-
nal observation over exponentially long timescales. We here
show that the toolbox of quantum optics experimentation is
sufficiently versatile to overcome these challenges. Specifi-
cally, we report on the quantum simulation of a 1D fopology
driven localization transition in symmetry class AIII [16,17]
within an optical linear network. This network implements
discrete time quantum walks of a quantum particle, where
the photon polarization defines a spin-1/2 degree of free-
dom. Effectively one-dimensional hopping is introduced by
a time-multiplexing scheme realized through two optical fiber
loops of different length (cf. Fig. 1) [18-20]. Finally, tunable
polarization plates provide the control required for the defi-
nition of topologically nontrivial Anderson insulating phases
[19,21,22]. The principal challenge then lies in the observa-
tion of a characteristic feature identifying the critical state
within the experimentally accessible number of time steps.

In a recent work [23], we defined such a signature, and an
experimental protocol for its measurement. The proposal was
to monitor a time-staggered profile in the photon polarization
as evidence for criticality. We here report on the experimental
realization of this protocol. To anticipate the main results,
we have observed an alternating signal in the circular photon
polarization, demonstrating the presence of a critical state
over the maximum number of 14 resolvable time steps. Con-
trol measurements with incoherent “dynamic” disorder and
numerical control simulations have been performed to exclude
measurement errors. However, the walk is too limited in time
for a systematic scaling analysis of departures off criticality.

II. QUANTUM WALK PROTOCOL

We simulate the 1D quantum walk of a spin-1/2
particle, with a single time-step evolution operator
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FIG. 1. Optical linear network implementation of the quantum
walk (see main text for a discussion). Polarization switches exchang-
ing 1 and | states are required for the active in- and outcoupling and
here suppressed for simplicity (see the Supplemental Material [24]
for details).

U@©)=R(6/2)T R(0/2). It is composed of the step operator,

T=Y (g+1LMNtal+lg—1,1.qD, (D
q

translating spin-up and spin-down states by one lattice site to
the right and left, respectively, and the coin operator,

RO)=Y"lg) (fs‘)ifl%i] oin 9‘/) W @
q

cos b,
in the eigenbasis | 1, |) of the Pauli matrix o3. The operator
R describes spin rotations around the 1-axis, where 6, is an
angle randomly drawn at each site from the binary distribution
0, € {0 £ 0}.

A schematic of the optical network implementation of
U (0) is shown in Fig. 1 (for a more detailed account of the
experimental realization, see the Supplemental Material [24]):
A state |—) = \%(M) —i]J)) with left circular polarization
(an eigenstate of o) is injected into the circuit and split into
components of horizontal and vertical polarization (£1 eigen-
states of 03, | 1), and | |)) by the polarization beam splitter
[Fig. 1(a)]. The traversal of fiber loops of different lengths
leads to a time delay [Fig. 1(b)], and after recombination

[Fig. 1(c)], a train of two states. An electro-optic modulator
(EOM), which acts as a polarization plate with a fast switching
rate (hatched box) performs individual polarization rotations
R(6), for the two consecutive pulses of the train, thus complet-
ing the first time cycle of the protocol [Fig. 1(d)]. The process
is then reinitialized, and after a repeated traversal of loops
[Fig. 1(e)] and recombination [Fig. 1(f)], a fourfold superpo-
sition is generated. In this way [Fig. 1(g)], repeated traversal
of the loop generates a spin-resolved signal and identification
of discrete time with a lattice coordinate realizes the quantum
walk.

III. SYMMETRIES

The operator U possesses the two symmetries,

oUoy, =UT, SUS=-U, 3)

with § = Zq |q)(—1)%(g|. The first of these is a consequence
of the definitions Eqs. (1) and (2), and it puts our walk in
the chiral symmetry class AIII [25,26]. The second relation
states that U is block off-diagonal in site space. A convenient
way to combine the two symmetries is to define the opera-
tor V = iU which likewise is chiral, but with regard to the
symmetry operation (0,5)V (02S) = V. The consequence of
a chiral symmetry is the mirror symmetry of the quasienergy
spectrum around the points 0 and 7 [27]. Since the operators
U and V are identical up to a shift of their spectrum by —m /2
induced by the factor i, we conclude that the spectrum of
our walk is organized around four mirror symmetric points
—m /2,0, 7 /2, m. Inthe absence of the coin operation, §, = 0,
we have quasienergy band closings at all four of these ener-
gies. It is straightforward to check that finite values 6, = 6
“gap out” the points 0 and 7 (viz., open a gap at the respec-
tive quasienergy), and a finite staggering profile 6, = 6,(—1)?
those at —m /2 and 7 /2.

IV. QUANTUM CRITICAL DYNAMICS

Consider a topological phase transition of the operator V.
We recall that in a topological phase defined by a finite value
of 6; the system supports states at the critical energies £ /2.
(We use “critical energy” as shorthand for quasienergy of a
critical state with corresponding quasienergy). They are at
the same time eigenstates of the chiral symmetry operator,
0,8, with eigenvalues +1 and localized at the two opposite
boundaries. Upon tuning into a critical configuration, these
states leak into the bulk. The same is true in the presence
of disorder, where a competition between the topologically
enforced state hybridization and Anderson localization leads
to an extremely slow type of dynamics known as Sinai diffu-
sion [8,28]. While Sinai diffusion due to its logarithmically
slow spreading of the wave packets is beyond observabil-
ity by currently available means, we here put the emphasis
on a different signature of the hybridization process. The
eigenstates of our chiral operator 0,S have a definite circu-
lar polarization profile ---co4—112g — 1)|F) + c2412¢) | ) +
Cog+112q + 1)|F) + - -+ [29]. In the presence of coin disor-
der, this rigid correlation between orbital and spin degrees of
freedom is not conserved. However, referring to Ref. [23] for
microscopic calculations, a finite correlation between circular
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polarization and spatial position remains present in the full
system of eigenstates of the disordered time-evolution opera-
tor at energies close to the critical ones, € = £ /2. Critical
states near € = 0, 7, on the other hand, are eigenmodes of o7,
and show a spatially homogeneous circular polarization pro-
file - -~ c2g—112g — D)) + c2412g) 1) + 204112 + 1)|£) +
-++. On this basis, we expect correlation profiles with either
homogeneous or alternating circular polarization supported by
states close to the above critical quasienergies. The statistical
observation of these correlation profiles defines our approach
to the detection of topological quantum criticality.

As a time-resolved observable for their detection, we
consider

AP(t) =Y [P (t,q) — Py_(t, )], “
q

where

P,_(t,q) = (l{g, a1U'10, =) |*)a,

is the probability for a photon initialized in |0, —) to be found
after ¢ time steps at a distance ¢q in state ¢ = £. The average
(--+)¢ is over randomly drawn binary configurations {6,}.
Note that in each time step the walk hops between nearest-
neighbor sites. A spatially staggered polarization supported
by states at energies £ /2 will thus show as a temporally
staggered contribution P(t) = (—1)'|P(¢)|, or a peak in its
Fourier spectrum at w = 7. By contrast, the critical states
with uniform circular polarization are expected to provide an
approximately static excess contribution to P(¢), and a peak at
w=0.

While the linear optical network provides access to these
data, the measurement remains challenging. One reason is
that Eq. (4) effectively samples over all quasienergy states,
including polarization-uncorrelated states far off the critical
energies. We thus anticipate our spectral peaks to sit on a
background of data distributed over Fourier space. Second,
the small number 7 of simulated time steps complicates the
fine tuning to the critical point: A random walk of # time steps
typically extends over N, ~ +/t different sites, g € walk. For
small numbers of time steps, averages over the corresponding
set of random angles {0,},cwaix drawn from the binary distri-
bution {£6}, are dominated by fluctuations. That is, averages
over angles, ¥ = 1%, > 6,4, and staggered background,

o ==, 5)

gewalk
Oy = Nl, quwlk(_l)q@q’ are both roughly proportional to
~0/+/N; [30]. We therefore realize an ensemble of states
distributed around the critical point (8, 6,) = (0, 0).

In view of the limited statistics, we did not try to systemat-
ically analyze farther departures from criticality and instead
benchmark our measurement data against random noise, in
which the rotation angles are randomly drawn in each step.
In this way, we generate effectively time-dependent disorder,
for which we expect the dephasing of quantum interference
and a reduction to a trivially diffusive walk.

V. EXPERIMENT AND RESULTS

We obtain the polarization-resolved probability distribu-
tion Eq. (5) by recording measurements for 500 realizations
of the walk generated by drawing from the binary distribution
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FIG. 2. Total probability distributions P(q,t) =P__(t,q) +
P, _(t, q) of a critical quantum walker with static (violet/green) and
dynamic (orange/brown) disorder for + = 14 time steps and upon
averaging over 500 different disorder realizations. The experimental
distributions (upper panel) are compared to numerical simulations
(lower panel) using the same parameters.

0, € {£m /8}. Figure 2 shows the total probability distribution
P(t,q)=P__(t,q)+ P,_(t, q) for the noise and the static
randomness protocol, respectively, at t = 14. The number of
time steps that can be simulated is limited due to photon
losses, and t = 14 is the limit of the present setup for which
we were able to provide reliable data. The quantity P(t, q)
describes the space- and time-dependent probability distribu-
tion of the walker, which, at the short time t = 14, does not
show major differences between the two realizations of the
protocol. However, closer inspection reveals a different enve-
lope function of the probability distribution, an exponential
one indicating the onset of Anderson localization in the static
case versus the Gaussian profile of a classical random walk
for random noise [19]. (The peaks at g = %14 are due to a
small fraction of quasiballistically propagating photons, and
disappear for larger numbers of time steps [24].)

The left panel of Fig. 3 shows the spin polarization
Eq. (4) extracted via the same protocol for times between
t =5 and 14 and static disorder. The data (purple) shows
the expected tendency to staggering in qualitative agree-
ment with numerical simulation (green). (We checked that
other choices of time windows lead to similar results.)
The middle panel of Fig. 3 shows the resulting power
spectrum, S(w) = |[AP(®)1?/ Y., |AP(w)|?, where AP(w) =
Zt]is e (AP(t))y. For comparison, we show in the right
panel of Fig. 3 the corresponding power spectrum for dynamic
binary disorder. The latter has a structureless random pattern
with contributions of the same order from all frequencies,
as expected for a noisy circular photon polarization. In con-
trast, the circular polarization for static disorder shows the
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FIG. 3. Circular photon polarization AP(¢) as a function of time steps, Eq. (4), for a quantum walk with static disorder (left panel), and
the resulting power spectrum +/S(w) (middle panel). In both panels the experimental polarization (purple) is compared to simulation using the
same parameters (green). Right panel: Power spectrum for a quantum walk with dynamic disorder from experiment (orange) and simulation
(gray). All data are obtained from averaging over 500 realizations of random binary angle configurations.

time-staggering predicted for the topological quantum crit-
ical state. The time-staggering is also witnessed by the
pronounced peak at @ = m in the power spectrum. The con-
tribution at w = 0 observed in experiment and simulation, on
the other hand, is smaller than expected, which reflects the
limited statistics, i.e., is a manifestation of fluctuations. To
further elaborate this point, we repeated numerical simula-
tions of ensembles of 500 random binary static and dynamic
angle configurations for 1000 times. We confirm that the re-
sulting distribution of values S(0), S(;r) is centered around
large values, either at w = 0, w = 7, or both. The average
power spectrum for the entire ensemble of 1000 x 500 binary
angle configurations exhibits the expected two-peak structure,
with peaks at @ = 0, 7 dominating over an otherwise ap-
proximately flat background (see Supplemental Material for
details [24]).

VI. DISCUSSION

We have realized a photonic simulator that provides the
direct experimental probe of the critical states at a 1D topolog-
ical Anderson localization phase transition. Our optical linear
network simulates the 1D quantum walk of a spin-1/2 particle
in a class AIIIl system. The role of spin is taken by the photon
polarization and the architecture allows to fully access and
monitor the latter. Upon tuning to the critical point separat-
ing two topologically distinct Anderson insulating phases, we
observe a time-staggered circular polarization of the photons.
The latter is supported by critical states in systems with sublat-
tice symmetry, and has been recently suggested as a signature
of quantum critical dynamics. We do not observe a static
contribution to the circular photon polarization, also predicted
as a signature for topological criticality. We relate its absence
to large statistical fluctuations due to a limited number of
time steps, and requiring averaging over ensembles orders
of magnitude larger than the present. To reveal the peak’s
origin in quantum coherence we repeated the experiment for

time-dependent noise, or “dephasing disorder.” In this case,
the power spectrum has a structureless random pattern with
contributions of the same order from all frequencies, as ex-
pected for a noisy circular photon polarization.

A crucial step for future experiments is to increase the
number of simulated time steps. This should allow for an
observation of the two peak structures already in smaller
ensembles. Ideally, one would then like to monitor scaling
phenomena induced by controlled detuning from criticality
and symmetry breaking, for which the currently realizable
signal times are still too short for a reasonable statistical
analysis. Irrespective of these limitations, we believe that
the current experiment shows the possibilities offered by
reconfigurable optical linear networks with fast switchabil-
ity, promising interesting perspectives for the simulation of
topological quantum matter in the presence of engineered
randomness.

Data-analysis, and codes used in the generation of the
figures are available in Zenodo with the identifier 10.5281/
zenodo.12799226 [32].
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