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Non-Hermitian descriptions of quantum matter have seen impressive progress recently, with major
advances in understanding central aspects such as their topological properties or the physics of excep-
tional points, the non-Hermitian counterpart of critical points. Here, we use single-photon interferometry
to reconstruct the non-Hermitian Kibble-Zurek mechanism and its distinct scaling behavior for exceptional
points, by simulating the defect production upon performing slow parameter ramps. We report progress
along two axes. First, we realize parameter ramps across higher-order exceptional points, providing exper-
imental access to their theoretically predicted characteristic Kibble-Zurek scaling behavior in the defect
production. Second, we extend the scaling properties to the defect fluctuations, which enables us to extract
the correlation length and dynamical exponents of the underlying the exceptional point (EP) and therefore
to gain direct experimental information about the universality class of the EPs. Our work represents a step
toward increasing the experimental complexity of non-Hermitian quantum time evolution, as part of the
quest to move the frontier from single-particle physics toward increasingly complex settings.
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L. INTRODUCTION

The foundational axioms of quantum mechanics impose
a Hermitian structure on Hamiltonians. However, it is now
appreciated that rich and unconventional phenomena can
arise in settings where the constraints enforced by such
Hermitian structures are absent. This happens rather gener-
ically for systems in touch with an environment; experi-
mental instances occurring in photonics [1,4], cold atoms
[5,9], mechanical systems [10,12], and electric circuits [13,
17] have revealed rich single-particle properties induced
by non-Hermiticity. In particular, the so-called exceptional
points (EPs) [18,22] provide the non-Hermitian [23,27]
counterpart to the familiar critical points [28] in Hermitian
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band structures [29], [30], leading to critical phenomena
unique to non-Hermitian systems. Whereas most previ-
ous studies focus on single-particle properties, we are now
faced with the challenge of extending their experimental
reach, by realizing specific phenomena characteristic of
nonunitary dynamics on the one hand and allowing the
study of more complex problems on the other, shifting the
frontier toward the many-body realm.

In this work, we report progress along both axes using
single-photon interferometric networks as an experimen-
tal platform to simulate many-body dynamics driven by
non-Hermitian Hamiltonians. The nonunitary many-body
dynamics is broken down into the time evolution of dif-
ferent quasiparticle modes, which are then encoded in the
polarizations of photons, detectable through single-photon
interference. Such a framework enables the engineering of
highly tunable non-Hermitian band structures and allows
us to realize different classes of EPs with varying com-
plexity. Mathematically, at an EP, two (or more) complex
eigenvalues and eigenstates coalesce [18]. These eigen-
states then no longer form a complete basis, which in turn
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feeds into distinct properties of the EP compared to those
at Hermitian critical points. We consider various types
of non-Hermitian EPs, culminating in a higher-order EP,
the counterpart of the familiar higher-order critical point,
which generically appears in multidimensional phase dia-
grams upon tuning a pair of parameters. Such a framework
enables us to systematically characterize the novel nonuni-
tary dynamics pertaining to different types of EPs, which
is specifically visible in the dynamics of defect genera-
tion upon passage through the exceptional and/or critical
point in the time domain, as captured by the venerable
Kibble-Zurek mechanism. This theory was originally pro-
posed for domain formation in the early universe [31],
applied to superfluid helium [32], [33], and extended to
dissipative systems [34]. Experimentally, the theory has
been confirmed using optical interferometers [35], super-
conducting qubits [36], Bose-Einstein condensates [37],
self-organized rubidium atoms [38], and Rydberg atoms
[39]. We simulate such ramps in a non-Hermitian many-
body setting and probe the characteristic universal scaling
behavior of the resulting defect density:

0~ vd*u/(zv+1). (1)

Here, v denotes the sweep velocity and v the correla-
tion length exponent. Remarkably, the defect density n
obeys a scaling form even in the non-Hermitian case with,
however, one crucial difference. While for conventional
critical points d* = d is identical to the spatial dimension
d, in the non-Hermitian setting the effective dimension
[19] d* = d + z contains a shift by the dynamical critical
exponent z. We go beyond the conventional Kibble-Zurek
consideration and generalize its scaling behavior to defect
fluctuations, i.e., noise [40]. Our theory predicts that An?
obeys similar scaling with d* = d for the Hermitian case,
while d* = d 4 2z for non-Hermitian dynamics. These
quantities are all accessible in the photon interferomet-
ric networks. Our measurements of n and An? confirm
a power-law dependence, with exponents aligning with
the Kibble-Zurek prediction for both Hermitian and non-
Hermitian cases. For the non-Hermitian case, we take one
crucial step further by recognizing that the modified expo-
nents for n and An? put us in a position to extract from the
experimental data even the individual exponents v and z,
thereby gaining direct information about the universality
class.

With the ability to tune the band structure complex-
ity, we then also address the Kibble-Zurek mechanism
for higher-order EPs and determine their characteristic
properties experimentally. Our approach is based on simu-
lating sets of independent modes, mimicking the dynamics
of effectively noninteracting quasiparticles upon crossing
critical and exceptional points. This technique provides
a flexible framework for realizing and probing nonuni-
tary dynamics with high tunability and control, with the

potential to push the frontier further toward the quantum
simulation of many-body effects.

II. MODEL, OBSERVABLES, AND PROTOCOL

We consider translationally invariant quantum systems
that can be described in terms of independent modes:

H=Y"H,, H,=po,+ Ao, +ilo.. )
p

Here, H, denotes a 2 x 2 matrix represented in terms of
Pauli operators o, (¢ = x,y,z) and parametrized through
the momentum p of the mode and the couplings A, I". This
Hamiltonian exhibits a genuine non-Hermitian character
due to the complex mass term, with I' € R implying H' #
H. The resulting spectrum E4(p) = /p2 + A2 -T2 is
gapless at p? + A2 = I'?, which marks the location of a
second-order EP. It is the key goal of this work to exper-
imentally study the dynamical consequences of such EPs
[41] and to contrast with those of conventional Hermitian
critical points [28], [39].

The model in Eq. (2) is popular in a variety of non-
Hermitian settings. It can be regarded as the continuum
limit of the famous Hermitian Su-Schrieffer-Heeger model,
with p the momentum and A the alternating hopping, sup-
plemented by alternating imaginary, non-Hermitian on-site
energies [42] ', which is also equivalent to a quantum
Ising chain in an imaginary transverse field. Similar non-
Hermitian Hamiltonians can also be realized by optical
waveguides [2], [43], microcavities [44], or electric cir-
cuits [13]. By using a time-dependent A and I', a variety
of relevant protocols can be realized.

Based on the general protocol that we outline below,
the nonunitary dynamics can be further enriched by engi-
neering [, as an enlarged 4 x 4 matrix, enabling us to
access a mode structure of increased complexity, and the
concomitant unconventional higher-order EPs.

For our protocol, we initialize each mode p in its ground
state [W,) with I' = 0. At time # = 0, we then start the
nonequilibrium process by linearly increasing I' o ¢, driv-
ing the system through either a critical or an exceptional
point. The defects in the final state |V, (7)) at time t =7
are quantified via

(W (T) |0z, (7))

=00 = Ty O, ()

(€)

Since the Hamiltonian encompasses 2 x 2 Pauli matri-
ces, its temporal dynamics can be solved exactly, similar
to the Hermitian Landau-Zener problem. However, since
we are mostly interested in the defect production at the
end of the time evolution, it is more illuminating and
straightforward to borrow powerful scaling ideas from
conventional Hermitian critical points and apply them to
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the non-Hermitian case. Such a practice predicts [19] that
the defect density follows a universal scaling form in terms
of the corresponding critical exponents, as

1 zZ. .z v4
0-(p.7) = 05p) = —y/ (T @)

where f (x) is a scaling function characteristic of the cho-
sen protocol and o,%(p) denotes the equilibrium or steady-
state value. The prefactor T =2/V+D on the right-hand side
is only present for an EP and arises due to the fact that the
defect state can decay back to the ground state in the non-
Hermitian case, as discussed in Ref. [19]. This, together
with the fractional critical exponents z and v, represents
the major difference in comparison to the Hermitian case.

While the exact solution of the time-dependent
Schrodinger equation would also yield f (x), its explicit
form is not needed to obtain the universal scaling of
the defect density; it would only determine nonuniversal
prefactors, which is not the focus of this investigation.
The total defect density n = (27)~! [ dpo.(p,t) accord-
ing to the Kibble-Zurek prediction Eq. (1) shows universal
behavior, when measured with respect to its equilibrium
or steady-state value, neq (see the Supplemental Material
[45]). For ease of notation, we set the velocity of p modes
and £ to unity and the density of states to 1/r.

1. EXPERIMENTAL IMPLEMENTATION

Experimentally, we realize for each mode p the
time-evolution operator of the targeted /, in single-
photon interferometry. The basis states are encoded in
the horizontal and vertical polarizations of single pho-
tons, with |H) = (1,0)” and |V) = (0,1)". The pho-
tons are initialized in the ground state \\Dp (0)) of
H, with T =0 through a series of wave plates with
p-dependent parameters (see the Supplemental Mate-
rial [45]) and are sent to the interferometric network
as illustrated in Fig. 1. The associated time-evolution
operator U, (t) is realized by three successive oper-
ations U, (t) = R(02, 92, 02)L(pu, dv)R(01, @1, 01). Here,
the rotation operators R(6;,¢;,?%;) (j = 1,2) are experi-
mentally implemented using a set of sandwich-type wave
plates involving two quarter-wave plates (QWPs) and a
HWP [Q(0)-H (¢)-Q(¥)], each with three independent
parameters (setting the angles of the wave plates, 0, ¢, and
¥). The polarization-dependent loss operator L(¢y, dy)
contributes the nonunitary dynamics and is experimen-
tally achieved by a Mach-Zehnder interferometer. After
entering the interferometer at a beam displacer (BD),
photons are separated in a polarization-dependent fash-
ion and traverse the interferometer in a superposition of
the upper and lower paths. Finally, the photons interfere
at the second BD. Photons with horizontal (the num-
ber of photons proportional to |sin2¢y|?) and vertical
polarizations (| sin 2¢y|?) are kept for the next operation,

‘\Module
1

| g ——
gl ® NNE

| HWP QWP BD  PBS

»BBO
Trigger

Module -

FIG. 1.

The experimental setup. As a first step, a photon pair is created via spontaneous parametric down-conversion (SPDC). One

of the photons serves as a trigger, while the other is projected into the polarization state |H) or | V) with a polarizing beam splitter (PBS)
and a half-wave plate (HWP) before entering the interferometric network. (a) The experimental setup for the nonunitary dynamics of
a single-qubit parity—time- (P7) symmetric system. (b) The experimental setup for the nonunitary dynamics of a four-level system,
where the qudit is encoded in polarization and spatial degrees of freedom. To prepare the initial state, heralded single photons pass
through a PBS and a HWP with tailored setting angles and are split by a birefringent calcite beam displacer (BD) into two parallel
spatial modes: upper and lower modes. After passing through wave plates inserted into the optical paths of the two spatial modes,
the photons are prepared in the initial state |LIJ,, (0)) or |g0p) (see the main text for definitions), through p-dependent wave plates. The
nonunitary evolution is then realized by three modules involving BDs and wave plates and projective measurements are performed by
a cascaded interferometer and avalanche photodiodes (APDs).
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while the others are lost from the optical setup. Two
HWPs, with setting angles ¢y and ¢y, respectively, are
inserted into the two arms of the interferometer to tune
the parameters of the loss operator. We choose the param-
eters {6, ¢;, 9, 0n, ¢y} such that the sequence of three
operations reproduces the targeted U, (7). Such a scheme
enables us to implement any desired nonunitary operator
for two-level systems [30], with each given set of parame-
ters p, A, " of the Hamiltonian in Eq. (2) determined by a
set of setting angles according to our analytical decompo-
sition protocol (see the Supplemental Material [45]). We
measure o,(p, t) by recording the relative photon counts
in the basis {|H) , |V)} through a PBS and avalanche pho-
todiodes (APDs), with a typical peak count of 160000
photons. In order to estimate the total defect density n, we
utilize Gauss-Legendre quadrature, which uniquely deter-
mines the specific p points once the integration domain is
fixed.

IV. HERMITIAN KIBBLE-ZUREK SCALING

We first validate the setup by reproducing the well-
known Kibble-Zurek scaling for Hermitian quantum crit-
ical points with quantitative accuracy. Concretely, we con-
sider A =0 and I' = —iA¢t/1, yielding a mass term that
increases linearly with time. Figure 2(a) shows the results
for o, (p, T) in scaled units so as to achieve a data collapse
with the predicted exponents: the resulting total defect den-
sity n [see Fig. 2(c)] is consistent with power-law behavior
over more than one decade. From a fit n — neq ~ 7%, we
obtain o = 0.494(2), which, within the error bars, agrees
with the theoretical prediction o = 0.5 for the underly-
ing equilibrium quantum critical point of Ising universality
class with d =z = v = 1. Here, the constant n.q denotes
the expected adiabatic value for o,(p,7) in the 7 — o0
limit.

V. NON-HERMITIAN KIBBLE-ZUREK SCALING

For the central aspect of this work, the non-Hermitian
Kibble-Zurek scaling at EPs, we consider two cases: first,
an exact P7 -symmetric ramp with A = Ay and T =
Apt/T [see Figs. 2(b) and 2(c)], where the energy spec-
trum EL(p) of the system remains real throughout the
ramp approaching an EP at ¢ = t; and, second, a fully
non-Hermitian drive with A = 0, I' = I'g#/7 [see Fig. 3].
To reduce experimental error for the fully non-Hermitian
drive, we sample the mode-resolved defect densities and
analyse the scaling behavior in regions p 2 I'g separately.
Whereas the difference in the integrated densities between
the two regions gives the total integrated density as before,
the smallness of such a difference would lead to small pho-
ton counts and significantly larger error bars. By analysing
the two regions separately, as we show below, a universal
scaling behavior is established, since both regions respect
the same scaling law.

For both cases, the data collapse across the varying
ramp times 7, characteristic of the Kibble-Zurek mech-
anism but now realized for non-Hermitian systems. The
resulting scaling functions, however, differ markedly from
the Hermitian case in Fig. 2(a). In particular, the full non-
Hermitian drive provides a manifestly non-Hermitian fea-
ture: the double-peak structure in Fig. 3(a) implies modes
p with lower occupation than for the purely adiabatic limit,
which is impossible for the Hermitian case [46,48].

While the scaling functions appear to have a rather
unconventional form, the integrated total defect density
n robustly exhibits power-law behavior, as illustrated in
Figs. 2(c) and 3(b). The associated exponents follow the
modified scaling law in Eq. (1), with the effective dimen-
sion d*. For the exact P7 ramp, the fit n —neqg ~ 77
yields an exponent o = 0.68(1), consistent with the the-
oretical prediction o = 2/3 for the underlying EP with

(a) (b)
101 & Th, = 2*
0.8l T =25
A, = 28
0.6
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~
T

o,(p, T)+Ao/(A02+p2) 12
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Exact PTramp ]
0.0f 3
5 o 1z 3 4 2 T T T Ty
P(TA0)1/3/A0 A,

FIG. 2. The Kibble-Zurek scaling of defect production for parametric ramps in Hermitian and non-Hermitian exact P7 systems.
The data collapse for the momentum-resolved defect density for (a) the Hermitian case and (b) the exact P7 ramp. The dots with error
bars display the experimental measurements and solid lines refer to numerical simulations. (c) The total defect density # relative to the
adiabatic values 7., for the two considered cases as a function of the ramp time 7. The solid lines show the results for the best power-
law fit n — neq ~ T7* to the experimental data. The fitted exponents o = 0.494(2) for the Hermitian scaling (red) and o = 0.68(1) for
the exact P7 ramp (blue).
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FIG. 3. The Kibble-Zurek scaling of defect production for
parameter ramps across non-Hermitian EPs. (a) The data col-
lapse for the momentum-resolved defect density for the full
non-Hermitian drive. (b) The total defect density relative to the
adiabatic values as a function of the ramp time 7. As discussed
in the main text, we sample the left (p < I'p) and right (p > I'y)
regions separately. The red solid (black dashed) line in (b) shows
the results for the best power-law fits |n — neq| ~ 7% for the
left (right) region, with the fitted exponents « = 0.94(7) in both
regions.

critical exponents d =z = 1, v = 1/2. For the full non-
Hermitian drive, the fitted exponents are both « = 0.94(7)
for the two regions with p 2 I'¢ [see Fig. 3(b)]. These are
in accordance with the d = v = 1 and z = 1/2 exponents,
together with the power-law scaling of the total defect den-
sity from Eq. (1). We note that while other sets of critical
exponents could, in principle, also yield @ = 1, a unique
set of critical exponents are obtained when the scaling of
the defect density is combined with the scaling of defect
fluctuations, as we demonstrate later. These fractional
critical exponents are typical even around noninteracting
exceptional points in non-Hermitian theories, while they
would be rather uncommon in noninteracting Hermitian
critical points. These results demonstrate the high accuracy
with which our experiments can probe the dynamics of
non-Hermitian systems. The increasing experimental error
bars for longer evolution times in the nonunitary dynamics
[Figs. 2(c) and 3(b)] are mainly due to the nonunitary pho-
ton losses: a smaller number of photons implies a larger
statistical error. Importantly, the influence of imperfec-
tions appears weaker for the total defect density # than for
the mode-resolved one o, (p, 7). This happens because the
errors in different modes are statistically independent and
hence suppressed upon integration: the majority of experi-
mental imperfections originate from wave plates and BDs
that are independently tuned in different p sectors.

VI. KIBBLE-ZUREK AT HIGHER-ORDER
EXCEPTIONAL POINTS

The key next step is to increase the complexity of
the non-Hermitian Hamiltonians, accessing previously
unreachable physical properties. Here, we achieve this
by enlarging the mode matrix H, to be of 4 x 4 form,

providing an experimental access to a higher-order EP.
Here,

0 A-T 0 ip
A+T 0 A-T 0

@ _

B,o=1"9 aA+r 0o a-r| ©
—ip 0 A+T 0

For I' = 0, the model is Hermitian, while for I' = A, it
is exact P77 symmetric and it features a fourth-order EP
at p = 0. Here, the spectrum scales as approximately p!/4
due to detuning from the EP, while the gap scales as
approximately /I" — A at p = 0, suggesting critical expo-
nents z = 1/4 and zv = 1/2. Similar to the second-order
EP, the fractionality of dynamical critical exponents is a
direct consequence of the order of the EP. Besides realiz-
ing a fourth-order EP for single-particle physics, this 4 x 4
Hamiltonian also represents a minimal many-body setting,
i.e., a two-body system in terms of two interacting qubits
(see the Supplemental Material [45]), therefore represent-
ing a first step toward developing quantum simulation
and technology for interacting systems in this setting. By
increasing the size of the Hamiltonian matrix, more com-
plex many-body systems can be realized due to the high
tunability of the experimental setup, in spite of the non-
interacting nature of the photons. Further, since we have
full experimental control over the form of the Hamiltonian
that we simulate, it is possible to continuously tune the
couplings between qubits, starting from a noninteracting
block-diagonal form.

The four basis states are now encoded in the polariza-
tions and spatial modes of single photons and given by
{lUH) = (1,0,0,0)7, |UV) = (0,1,0,0)7, |DH) = (0,0, 1,
0)7,|1DV) = (0,0,0,1)7}. Here, |U) and |D) represent,
respectively, the upper and lower spatial modes of the pho-
tons [see Fig. 1(b)]. The experimental implementation of
the calculated Ul(j‘), however, is different from that of U,
for two-level systems, which is realized exactly by BDs
and wave plates. Here, instead, we approximate USY with
a series of modules, each consisting of two BDs and a set
of wave plates (see the Supplemental Material [45]).

We characterize the final momentum-resolved defect
density through M, (p) — My (p), where M, (p) = (¥, (t)
My [0, (D) / (%, (DB, (D)), M) = (g, M, |g,) ~
—V 14+ /2|p|"/* for small p to a very good approxi-
mation, with M, given by M, = i(dH/dT) and |g,)
being the eigenstate of H'" with the largest imaginary
eigenvalue under the condition I' = A.

The measured M, (p) — My (p), for various 7, again
exhibits a scaling collapse [see Fig. 4(a)]. The defect pro-
duction in the presence of a higher-order critical point
exhibits a distinct feature, different from the previously
studied cases in Figs. 2(b) and 3(a). Specifically, M, (p) —
M;%(p) develops a pseudogaplike feature around p = 0
and increases monotonically with the momentum. The
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FIG. 4. The Kibble-Zurek scaling for a higher-order EP. (a)
The data collapse for the momentum-resolved defect density for
different ramp times t. The dots with error bars refer to the
experimental measurements and the solid lines depict the exact
numerical solution. (b) The total defect density as a function of
the ramp time 7 exhibits algebraic behavior. The solid line rep-
resents the best power-law fit to the experimental data, with the
fitted exponent « = 1.80(5). By moving further away from EP4,
deviations from the ideal scaling for larger values of p would
appear. This can be attributed to the additional EP2s at infinity,
which imply levels that are very close to each other pairwise for
any finite p, leading to interlevel tunnelings.

total defect density n, as shown in Fig. 4(b), exhibits
power-law behavior fitted to o = 1.80(5), close to the
Kibble-Zurek prediction, « = 5/3, while the error bars are
larger compared to those of lower-order EPs. Note that
the exact scaling relation depends on factors such as how
various collapsing bands disperse from the EP or the pres-
ence of multicriticality, which become ever more abundant
and complicated with the order of EP. Our experiment
with a fourth-order EP thus demonstrates, on the funda-
mental level, the growing richness of critical phenomena
as the experimental complexity is scaled up toward the
many-body regime.

VIL. DEFECT FLUCTUATIONS

With our highly controllable interferometric photon net-
work, we now take the non-Hermitian Kibble-Zurek sce-
nario one step further by experimentally accessing quanti-
ties beyond what has been investigated before. In general,
fluctuations or noise can be as important as the signal itself
[40], which, for example, has been used to demonstrate
the presence of fractional charge carriers for the fractional
quantum Hall effect via noise measurements [49]. Here, we
show that the combined knowledge of defect densities and
their fluctuations opens up the possibility of gaining further
experimental insights into the nature of the corresponding
EPs, which would not be available from the defect density
n alone. While the scaling of # [see Eq. (1)] provides infor-
mation on a certain combination of the critical exponents
z and v, we find that the additional measurement of the
defect fluctuations allows us to extract the individual expo-
nents itself and thereby to experimentally obtain essential
information about the universality class of the underlying
EPs.

In the following, we consider the defect fluctuations of
n=7>_,0(p), where O(p) = o.(p) for all the considered
cases except n(p) = M, (p) for the higher-order EP. Since
the variance turns out to be always finite after the time
evolution, we measure it with respect to the corresponding
steady-state value in order to determine how fast nonadi-
abatic effects die out upon approaching the steady state,
similarly to the mean, i.e., n. Therefore, we consider

An* = [Var(n), — Var(n)eg]/N, (6)

where the variance, Var(n) = ((n — (n))?), is taken with
respect to the finite time evolved or the steady-state wave
function, respectively, and A/ denotes the number of con-
sidered momentum states.

We find that this quantity also exhibits universal scaling
(see the Supplemental Material [45]), as

A2 ~ V@22 [+ )

Compared to the Hermitian case, it is crucial to note that
An? contains an extra factor of 2z, which puts us in the
position to individually extract v and z. Defining the two
exponents «, and ap via n ~ rQ_ “ and An? ~ ‘L'Q_ 2 we
obtain

oap — 20,
\):—’ =
dlan —a,—1) °

ay — OA

®)

an — 2o,

From the experimental data for An? demonstrated in Fig. 5
(see also the Supplemental Material [45]), a power-law
dependence on the ramp time t can be clearly identi-
fied. Importantly, the obtained exponents are all consistent
with theoretical predictions within the error bars. While for
the Hermitian dynamics, the exponents are already known
[50], in the Supplemental Material [45], we derive the scal-
ing of An? for the non-Hermitian cases. Measuring the
strength of the defect fluctuations relative to the mean via
8n = /|An2|/|n — neg| ~ t"YPE+DI for all considered
Hermitian and non-Hermitian cases, we find that these nor-
malized fluctuations become larger for the non-Hermitian
drive where 8n ~ t!/3 and even 8n ~ t%/* for the higher-
order EP, as compared to the Hermitian case where én ~
t!/4. Consequently, we find that the non-Hermitian Kibble-
Zurek mechanism not only yields modified scaling laws
but also stronger fluctuations in the defect production.
Based on Eq. (8), we can now estimate the critical expo-
nents of the underlying higher-order EP, with «,, = 1.80
and oy = 2.11. This implies v = 2.16 and z = 0.21, which
is close to the theoretically predicted values v = 2 and
z=1/4

VIII. DISCUSSION AND CONCLUSIONS

Our work constitutes the first experimental investi-
gation of non-Hermitian Kibble-Zurek scaling due to
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FIG. 5. The fluctuations of the defect production for different
parametric ramps. The variance in the total defect densities (a) of
the Hermitian case, (b) of the exact P7 case, (c) across the non-
Hermitian, second-order EPs, and (d) across a fourth-order EP,
respectively, as functions of the ramp time 7. The solid lines rep-
resent the results for the power-law fits An? ~ 7% to the exper-
imental data, with the fitted exponents (a) @ = —0.512(2), (b)
a=-0.973), (c) « = —1.2(1), and (d) @ = —2.11(4), which
correspond to the theoretical predictions (a) « = —1/2, (b) a =
—1,(c) x = —4/3, and (d) @« = —2, respectively.

near-adiabatic passage across EPs. We then go beyond the
conventional defect density and generalize the scaling idea
to defect fluctuations. This not only allows us to verify
universal scaling in another important quantity but also
enables the extraction of the correlation length exponent v
and dynamical exponent z individually. Consequently, our
work shows how the non-Hermitian Kibble-Zurek scal-
ing can be used on a general level to experimentally gain
direct information on the universality class of the EPs. The
programmability of our interferometric photon network
allows us to engineer both Hermitian and non-Hermitian
band structures with high tunability. In particular, we
demonstrate that we can also generate multiband models,
which enables us to access higher-order EPs and their dis-
tinctive properties. As a key consequence, we identify a
platform for realizing non-Hermitian dynamics of increas-
ing complexity as a route toward the many-body realm
with higher-dimensional time-evolution matrices.
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APPENDIX A: THEORETICAL BACKGROUND

As detailed in Ref. [19], we consider the time evo-
lution of a (non-)Hermitian Hamiltonian H (f). The ini-
tial state is the ground state of the starting Hamiltonian,
which is always Hermitian. At time ¢ = 0, we start our
time-dependent protocol, governed by

1|V () =H@OIV®), (Al)
with W (1)) = ®, |V, (¥)) for a given mode represented by
the momentum p, and the time dependence of H (f) comes
from I'(¢) and A(¢), always with ['(t = 0) = 0.

Under the nonunitary time evolution, the norm of the
wave function is not conserved, so an additional prescrip-
tion for performing measurements in such states has to be
given. When interpreting such dynamics as a result of dis-
sipation in the framework of a Lindblad master equation
with an additional continuous measurement, the expec-

tation values of an operator O have to be evaluated as
[51,53]

(VO)|O|¥ ()
(WO (@®)

where the left state, (W (¢)], is taken as the Hermitian conju-
gate of the time-evolved right state, | ¥ ()). Since the initial
condition at # = 0 is chosen to be the ground state of a
Hermitian system, the initial right and left states also sat-
isfy this condition. In the following, we quantify the defect
production via

(OW) = (A2)

(W (D]0:|Wp (1)

. (A3)
(W, (¥, (D)

1
=72 0:p), 0:p) =
p
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with A/ denoting the number of considered momentum
states.

The 7 — oo limit of the momentum-resolved defect
density coincides [19] with calculation of the expecta-
tion value of o, for a given p momentum state using the
normalized right eigenfunction of the final Hamiltonian,
corresponding to the smallest eigenvalue for the exact P7
case, or to the complex eigenvalue with the largest imagi-
nary part otherwise. This defines 679(p). Upon integrating
this over momenta, we obtain 7.

The density of states of Eq. (2) with A= =0
is defined as p(E) = (1/N) > pamst S[E — Eq(p)] with
EL(p) = £|p| and §(E) the Dirac delta function. This
becomes energy, E, independent and takes the value
quoted in the main text.

The non-Hermitian time evolution of Eq. (2) can, in
principle, be solved exactly for the two-component time-
dependent wave function in terms of the Whittaker M and
W [54], [55] functions as W (¢) = [W (1), ¥, ()]7, yielding

W () = \i/t |:C2W<—% + z¥,%,ﬂg> +a M (711 +r¥,%,f§)} , (A4)
W, (1) = m |:—c1 (A2 +p? +2£) M (% + r#, %,ﬁg) +c1(A?+p?)

x M (—% + r#, %,ﬁ;) + er(A? +p2)W(—% + r#, %,ﬁ%)

; C24gw(§+z¥,%,ﬂgﬂ, (A3)

where the constants c¢;, are determined from the initial
condition. However, in order to obtain the t dependence
of the defect density, the scaling ansatz represents a more
powerful and illuminating tool.

APPENDIX B: EXPERIMENTAL REALIZATION
OF (NON)UNITARY TIME EVOLUTION FOR A
TWO-LEVEL SYSTEM

In order to simulate the time evolution of these two-
level systems, we encode the basis states in the horizontal
and vertical polarizations of a single photon, with |H) =
(1,0)” and |V) = (0,1)”. We then extend the recipe in
Ref. [56] to implement a time evolution driven by an arbi-
trary non-Hermitian Hamiltonian in the two-dimensional
Hilbert space.

First, we numerically estimate the time-evolution oper-
ator, which, in general, is given by a 2 x 2 matrix 7 =
(i 2y with complex elements #; = |t;; |7, ¢; € R. To

21 1222, !
proceed, we define the rotation (S) and phase-shift (P.)

operators:
cosf  sinf e? 0
50) = ( cos 0) » Py= ( 0 1) ’

—sinf

1 0
P = (0 ei9> ‘

Following Ref. [56], we then decompose the matrix 7 into
a series of rotation and shift operators, as well as a loss

(B1)

(

operator L, which accounts for the nonunitarity of the time
evolution. Specifically,

T=P_(21)P1 ($11)S (arctan "

) P_(argty,)
1

x Py (argt),)S(y1)Rawp (77 /4)LS(y2) P4 (— argt},),

(B2)
where we have
/ 1 ) 1
7;, = |ti| cos | arctan |-—| ) + || sin ( arctan —1)
1 1
t .
t/12 = |f12] cos (arctan t2_1 ) o P21=¢11)
11
: t o
+ |t22] sin (arctan tz—l ) &#2=921)
11
’ i 11\ o)
t, = —|t12| sin | arctan e
11
1 L
+ |t22] cos (arctan P ) o/ @2=¢21)
11
Here, the loss operator is given by
0
L= (Ml :L(L)Z) , (B3)
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where

\/ 1P+ P+ P17 Jq7 +4p}

Hj = 2 >
|ti1| cos (arctan ) + |tp1| sin (arctan

1
1

1
1531

1
1

1y = —|t1»] sin (arctan ) e'12791) L || cos (arctan

Finally, we group the operators in Eq. (B2) into three parts,

T = P_(¢a)P+(11)S (arctan el

11

pj = ltiz—jti-j2l,

), 1y = |t12] cos (arctan

- >P— (arg ty,) P (arg £,,)S(y1)Ruwp (7 /4) L S(y2) P (— argt},),

- - - -
g =lml? — [P+ (1Y =

) 012791 4 £, | sin (arctan

1
i

1
1531

) ellen—e),

) el —p1)

(B4)

R(02,902,972)

thus reproducing the time-evolution operator in the main
text.

Experimentally, the unitary operators R(6;,¢;, ;) (j =
1,2) are realized by the sandwich-type wave plates
0@;) — H(g;) — O(9;) [57]. The loss operator L is real-
ized by a Mach-Zehnder interferometer involving two
beam displacers (BDs) and HWPs, with the setting angles
(¢m, dr) [30]. As a result of this process, for each given set
of (p, A,T") in Eq. (2) of the main text, a set of mutually
independent setting angles (0y, ¢1, U1, ¢u, dv, 02, 2, U2)
are determined. While the choice of setting angles is not
unique (due to the extra degrees of freedom), our proto-
col chooses the analytically available one, according to
Ref. [56].

In our experiment, we generate heralded single pho-
tons via type-I spontaneous parametric down-conversion,
with one photon serving as the trigger and the other as
the signal. The signal photon is initialized in the ground
state |W,(0)) of H, with I' = 0 via a PBS, a QWP, and a
HWP, with p-dependent parameters. We then send the sin-
gle photon to the interferometric network as illustrated in
Fig. 1.

To simulate the nonunitary dynamics, driven by a time-
dependent H (¢) up to a time 7, we decompose the dynam-
ics into different momentum sectors and directly imple-
ment the time-evolution operator U, (7). Specifically, we
first numerically calculate U, () through

N
Uy(x) = [ [e @™, (BS)
k=1

where f#, = (k—1/2)8t, §t=1/N, with N e N. We
assume H,(#;) to be time independent within each & and
take sufficiently large NV such that Eq. (B5) converges.
As illustrated in Fig. 1, we implement U, (7) according
to
Uy = R(02, 02, 02) L(Pn, $r)R(61, 91, D), (B6)
where the rotation operator R(6;,¢;, ;) (j = 1,2) is real-
ized using a sandwich-type wave-plate set, including a

R(01,91,91)

(

HWP at the setting angle ¢; and two QWPs at 6; and
v;, respectively. The polarization-dependent loss operator
L= <sing b Smg ¢V> is realized by a combination of
two BDs and two HWPs with setting angles ¢y and ¢y.
The setting angles {0;, ¢;, ¥;, ¢u, ¢y} are fixed according
to the numerically calculated U, (). We note that Eq. (B6)
enables us to implement arbitrary nonunitary operators for
a two-level system with different setting angles [30].

After performing the time evolution, we measure the
expectation value of o, through projective measurements.
Specifically, we measure the probability of photons in the
basis {|H),|V)} through a PBS and APDs. The outputs
are recorded in coincidence with trigger photons. Typical
measurements yield a maximum of 160 000 photon counts.
We then construct the momentum-resolved defect density
through

0.(p,7) = (W, (1)|0.|W,(v)) Ny — Ny

(W, (DY, (1)) Ny +Ny’

(B7)

where Ny and Ny are the photon counts with horizontal
and vertical polarizations, respectively.

For the variance of the total defect densities, first we
construct the variance of o (p, t) through

Ny
Ny + Ny
Ny Ny Ny \?
“No+ Ny <NH N, Ny —|—NV> ‘
(BY)

Var(o,) = (02) — (0.)* = 1* x +(=1)?

Similarly, we can also construct the variances of M, and
M. Then, we can obtain data collapse for the momentum-
resolved variance and the variance in the total defect
densities for various cases including the Hermitian case,
the exact P7 case, across non-Hermitian second-order
EPs and across a fourth-order EP. The momentum-resolved
variance of different cases are shown in Fig. 5, from which
the universal scalings in Fig. 8 are extracted.
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APPENDIX C: SPECTRUM OF Hp(") WITH A FOURTH-ORDER EP

The 4 x 4 Hamiltonian, H1§4) in Eq. (5) can be diagonalized analytically, yielding four bands as

1
Eup(p) = az\/Z,B\/p“ — 2I'2p2 4 2p2A2 4 5T — 1002A2 + 5A% + 8ip[3 + 24iTp A% + 2p2 — 6I'2 + 6A2, (Cl)

with @« = £, B = +£. The evolution of the instantaneous
spectrum is depicted in Fig. 6. For I' = A, it reduces to

Eus(p) = %\/p2 + BvVp*+32iA3p,  (C2)

which is dominated by the term 32iA3p under the double
square root for small momenta, thus realizing an EP4.

As mentioned in the main text, this Hamiltonian can also
be rewritten in terms of the Pauli matrices of two interact-
ing spins, denoted by t; and o; with i = x, y, z. Such a
minimal many-body model reads

ng“) =ip(tyo.—1_0_) + Ao, —il'o,

+ 1.0 (A—T)+1_0.(A+T). (C3)
APPENDIX D: TIME EVOLUTION OF THE
FOUR-LEVEL SYSTEM

Similar to the case with two-level systems, we numer-
ically calculate the time-evolution operator USP(t) at the
final time 7 for each p sector. More explicitly, we calculate

(a) (b)

’ r=o0 ° r=A/3
E — ++
2] e ST
§ Nl i 7 O p=SZizzise.. oo, .-oootiizisg
= - =
3
w
% 5 0 s s 0 5
S (© (d)
‘s s r=A
3
3 —

5 0 5
p/A p/A

FIG. 6. The evolution of the instantaneous spectrum of H®.
The real and imaginary parts as a function of I" are shown in solid
and dashed curves, respectively. The evolution starts from the
Hermitian case with I' = 0 (a), through the 7?7 -broken regions
(b) and (c), and ends at I' = A (d), where the EP4 appears at
p=0.

U (t) through UY =[],
large N.

To simulate the dynamics of the four-level system gov-
emed by H®, we encode the four basis states in the
polarizations and spatial modes of single photons, with
the basis states given by {|UH) = (1,0,0,0)7,|UV) =
0,1,0,0)7,|DH) =(0,0,1,0)7, [IDV) = (0,0,0, 1)T}. Here,
|U) and |D) represent, respectively, the upper and lower
spatial modes of the photons [see Fig. 1(b)]. The exper-
imental implementation of the calculated U;f‘) , however,
is different from that of U, for two-level systems, which
is realized exactly by BDs and wave plates. Instead, we
approximate US" with a series of modules, each con-
sisting of two BDs and a set of wave plates. Specifi-
cally, each module features two sets of sandwiched wave
plates (QWP-HWP-QWP) and a sandwiched set of BDs
and wave plates (BD-HWP-BD). The QWP-HWP-QWP
configuration realizes a controlled-rotation |U) (U] ® Ry +
|D){D| ® Rp and the BD-HWP-BD structure introduces
the nonunitary operator

- ,
ey ot for sufficiently

0 sin 2¢y 0 0
1@ _ sin 2¢y, 0 0 — COS 29y
| cos2¢py 0 0 sin 2¢y,
0 0 sin 2¢y, 0

(D1)

where ¢, is the setting angle of the HWPs between two
BDs.

To estimate the deviation of the implemented nonunitary
time-evolution operator U with respect to the ideal USY, we
define the distance

|
\/Tr [f]fﬁ] Tr [f]ff) @4)?]

d=1-

: (D2)

where U := U/Tr [UU "]. The distance varies between 0
and 1, with 0 indicating a perfect implementation of US?.
As shown in Fig. 7, the distance is already below 10~ for
the experimentally relevant parameters when we use three
sets of modules. In principle, we can achieve even smaller
distances by increasing the number of modules.
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FIG. 7. The distance between the implemented nonunitary
operators and the ideal ones. The calculated distance d for all
sampled p and 7, with different numbers of modules in the imple-
mentation of U,(f). We plot the distance for all sampled p with
TA = 2" in the x-axis range (10n — 40, 10n — 30).

In order to test the Kibble-Zurek scaling around EP4
experimentally, we probe M, (p) via projective measure-
ments of the time-evolved state |V, (7)). More specifi-
cally, we implement the transformation O = |UH){o;| +
|UV){0z| + |DH){03| 4+ |DV){04] through cascaded inter-
ferometers consisting of BDs and wave plates. Here,
loj) (i=1,...,4) are eigenstates of M,, with M, =
Y _;0iloj)(oi|, where o, are the eigenvalues of M,. A PBS is
then used to map the basis states {|UH), |UV), |DH), |DV)}
to four distinct spatial modes, where photons are collected
by four APDs. It follows that M,,(p) = Z?: | 0iP;, where P;
is the photon count from the corresponding APD. We note

—4 -2 0 2 4 -1.0 -0.5 0.0 0.5 1.0
(p-T o) (T ()23, p(AT*RIA

FIG. 8. The fluctuations of the defect production for different
parametric ramps. The data collapse for the momentum-resolved
variance (a) for the Hermitian case, (b) for the exact P7 case,
(c) across the non-Hermitian second-order EPs, and (d) across a
fourth-order EP.

that M, is measured in a similar fashion, by performing
projective measurements directly on the state |¢,).

APPENDIX E: ERROR ANALYSIS

The difference between the experimental data and the
theoretical predictions is mostly caused by the inaccuracy
of the wave-plate parameters, as well as the dephasing of
BDs in the cascaded interferometric network. Since both
wave plates and BDs are tuned independently in differ-
ent p sectors, experimental errors in different p sectors are
uncorrelated.

For the data shown in Fig. 2(a), the unitary time evo-
lution is realized by three HWPs and without any inter-
ferometers (hence no BD). In contrast, for the data shown
in Figs. 2(b), 3(a), and 4(a), the nonunitary time evolutions
therein require more wave plates as well as BDs. This is the
reason for the more apparent experimental imperfections
in the case of nonunitary time evolutions. However, since
the imperfections in each p are independent (see the above
discussion) and the data shown in Figs. 2(c), 3(b), and 4(b)
are obtained by integrating over p, the differences between
the experimental data and the theoretical predictions are
smaller for the total defect densities.

APPENDIX F: SCALING OF DEFECT
FLUCTUATIONS

For the sake of simplicity, we consider a second-order
EP. Using the fact that the wave function factorizes for
different momenta and the expectation values can thus be
taken independently for different momenta, this is rewrit-
ten as

A =N oo, 0F = [o9)}.
p

Let us first discuss the case with o 9(p) = 0 for all p,
which is the case for the exact P7 ramp. Using the scaling
form, we obtain

A = / jﬁ[oz@,mz
g

1 1 ) ;
—_ z_zv/(zv+1)
- 27 fdp .L—sz/(zv+l)f (p T )

%~ _L_—v(d+22)/(zv+l).

(F2)

For the other case with a finite 0%(p), we can rewrite
[0:(p, D) — [629()]* = [0:(p, T) — 029 (P)][0=(p, T) +

o;4(p)] = [0:(p,7) — 0/%(p)]20;(p), where |o.(p,7) —
o(p)| <K |o4(p)| close to the adiabatic, T — oo limit.
From the calculations for all EPs, it turns out that
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o 4(p) ~ |p|?, which allows us to write

An? %/;i—i[az(p,r)—azeq(p)]ZG;q(p)

N./d_P lp I f(pzl,zv/(zv—b—l))

27 .[zv/(zv+l)

~ _L,—v(d+22)/(zv+]), (F3)

recovering the previous expression.

For a conventional Hermitian critical point, the pref-
actors 72"/t as well as the additional momentum-
dependent terms in the integrals are missing; thus we
recover the An? ~ t="¥@+D gcaling for that case.

[1] R. El-Ganainy, K. G. Makris, M. Khajavikhan, Z. H.
Musslimani, S. Rotter, and D. N. Christodoulides, Non-
Hermitian physics and PT symmetry, Nat. Phys. 14, 11
(2018).

[2] J. M. Zeuner, M. C. Rechtsman, Y. Plotnik, Y. Lumer, S.
Nolte, M. S. Rudner, M. Segev, and A. Szameit, Obser-
vation of a Topological Transition in the Bulk of a Non-
Hermitian System, Phys. Rev. Lett. 115, 040402 (2015).

[3] L. Xiao, X. Zhan, Z. Bian, K. Wang, X. Zhang, X. Wang, J.
Li, K. Mochizuki, D. Kim, N. Kawakami, W. Yi, H. Obuse,
B. C. Sanders, and P. Xue, Observation of topological edge
states in parity—time-symmetric quantum walks, Nat. Phys.
13, 1117 (2017).

[4] X. Zhan, L. Xiao, Z. Bian, K. Wang, X. Qiu, B. C.
Sanders, W. Yi, and P. Xue, Detecting Topological Invari-
ants in Nonunitary Discrete-Time Quantum Walks, Phys.
Rev. Lett. 119, 130501 (2017).

[5] J.Li, A. K. Harter, J. Liu, L. de Melo, Y. N. Joglekar, and L.
Luo, Observation of parity-time symmetry breaking tran-
sitions in a dissipative Floquet system of ultracold atoms,
Nat. Commun. 10, 855 (2019).

[6] S.Lapp, J. Ang’ong’a, F. A. An, and B. Gadway, Engineer-
ing tunable local loss in a synthetic lattice of momentum
states, New J. Phys. 21, 045006 (2019).

[7] M. Lebrat, S. Hausler, P. Fabritius, D. Husmann, L. Cor-
man, and T. Esslinger, Quantized Conductance through a
Spin-Selective Atomic Point Contact, Phys. Rev. Lett. 123,
193605 (2019).

[8] L. Corman, P. Fabritius, S. Hausler, J. Mohan, L. H. Dogra,
D. Husmann, M. Lebrat, and T. Esslinger, Quantized con-
ductance through a dissipative atomic point contact, Phys.
Rev. A 100, 053605 (2019).

[9] Y. Takasu, T. Yagami, Y. Ashida, R. Hamazaki, Y. Kuno,
and Y. Takahashi, PT-symmetric non-Hermitian quantum
many-body system using ultracold atoms in an optical
lattice with controlled dissipation, arXiv:2004.05734.

[10] C. M. Bender, B. K. Berntson, D. Parker, and E. Samuel,
Observation of P7 phase transition in a simple mechanical
system, Am. J. Phys. 81, 173 (2013).

[11] E. Rivet, A. Brandstotter, K. G. Makris, H. Lissek, S. Rot-
ter, and R. Fleury, Constant-pressure sound waves in non-
Hermitian disordered media, Nat. Phys. 14, 942 (2018).

[12] T. Yoshida and Y. Hatsugai, Exceptional rings protected by
emergent symmetry for mechanical systems, Phys. Rev. B
100, 054109 (2019).

[13] T. Stehmann, W. D. Heiss, and F. G. Scholtz, Observation of
exceptional points in electronic circuits, J. Phys. A: Math.
Gen. 37, 7813 (2004).

[14] J. Schindler, A. Li, M. C. Zheng, F. M. Ellis, and
T. Kottos, Experimental study of active LRC circuits
with P7 -symmetries, Phys. Rev. A 84, 040101(R)
(2011).

[15] R. Fleury, D. Sounas, and A. Alu, An invisible acoustic
sensor based on parity-time symmetry, Nat. Commun. 6,
1 (2015).

[16] M. Ezawa, Electric-circuit simulation of the Schrodinger
equation and non-Hermitian quantum walks, Phys. Rev. B
100, 165419 (2019).

[17] T. Yoshida, T. Mizoguchi, and Y. Hatsugai, Mirror skin
effect and its electric circuit simulation, arXiv preprint
arXiv:1912.12022 (2019).

[18] W. D. Heiss, The physics of exceptional points, J. Phys. A:
Math. Theor. 45, 444016 (2012).

[19] B. Déra, M. Heyl, and R. Moessner, The Kibble-Zurek
mechanism at exceptional points, Nat. Commun. 10, 2254
(2019).

[20] H. Hodaei, A. U. Hassan, S. Wittek, H. Garcia-Gracia, R.
El-Ganainy, D. N. Christodoulides, and M. Khajavikhan,
Enhanced sensitivity at higher-order exceptional points,
Nature 548, 187 (2017).

[21] S. Ozdemir, S. Rotter, F. Nori, and L. Yang, Parity-time
symmetry and exceptional points in photonics, Nat. Mater.
18, 783 (2019).

[22] R. Hanai and P. B. Littlewood, Critical fluctuations at a
many-body exceptional point, arXiv preprint arXiv:1908.
03243 (2019).

[23] C. M. Bender and S. Boettcher, Real Spectra in Non-
Hermitian Hamiltonians Having P7 Symmetry, Phys. Rev.
Lett. 80, 5243 (1998).

[24] B. T. Torosov and N. V. Vitanov, Pseudo-Hermitian
Landau-Zener-Stiickelberg-Majorana model, Phys. Rev. A
96, 013845 (2017).

[25] B. T. Torosov, G. D. Valle, and S. Longhi, Non-Hermitian
shortcut to adiabaticity, Phys. Rev. A 87, 052502 (2013).

[26] S. Yin, G.-Y. Huang, C.-Y. Lo, and P. Chen, Kibble-Zurek
Scaling in the Yang-Lee Edge Singularity, Phys. Rev. Lett.
118, 065701 (2017).

[27] Y. Ashida, S. Furukawa, and M. Ueda, Parity—time-
symmetric quantum critical phenomena, Nat. Commun. 8,
15791 (2017).

[28] S. Sachdev, Quantum Phase Transitions (Cambridge Uni-
versity Press, Cambridge, 1999).

[29] K. Kawabata, Y. Ashida, and M. Ueda, Information
Retrieval and Criticality in Parity—Time-Symmetric Sys-
tems, Phys. Rev. Lett. 119, 190401 (2017).

[30] L. Xiao, K. Wang, X. Zhan, Z. Bian, K. Kawabata, M.
Ueda, W. Yi, and P. Xue, Observation of Critical Phenom-
ena in Parity—Time-Symmetric Quantum Dynamics, Phys.
Rev. Lett. 123, 230401 (2019).

[31] T. W. B. Kibble, Topology of cosmic domains and strings,
J. Phys. A9, 1387 (1976).

[32] W. H. Zurek, Cosmological experiments in superfluid
helium?, Nature 317, 505 (1985).

020313-12


https://doi.org/10.1038/nphys4323
https://doi.org/10.1103/PhysRevLett.115.040402
https://doi.org/10.1038/nphys4204
https://doi.org/10.1103/PhysRevLett.119.130501
https://doi.org/10.1038/s41467-019-08596-1
https://doi.org/10.1088/1367-2630/ab1147
https://doi.org/10.1103/PhysRevLett.123.193605
https://doi.org/10.1103/PhysRevA.100.053605
http://arxiv.org/abs/arXiv:2004.05734
https://doi.org/10.1119/1.4789549
https://doi.org/10.1038/s41567-018-0188-7
https://doi.org/10.1103/PhysRevB.100.054109
https://doi.org/10.1088/0305-4470/37/31/012
https://doi.org/10.1103/PhysRevA.84.040101
https://doi.org/10.1038/ncomms6905
https://doi.org/10.1103/PhysRevB.100.165419
http://arxiv.org/abs/arXiv:1912.12022
https://doi.org/10.1088/1751-8113/45/44/444016
https://doi.org/10.1038/s41467-019-10048-9
https://doi.org/10.1038/nature23280
https://doi.org/10.1038/s41563-019-0304-9
http://arxiv.org/abs/arXiv:1908.03243
https://doi.org/10.1103/PhysRevLett.80.5243
https://doi.org/10.1103/PhysRevA.96.013845
https://doi.org/10.1103/PhysRevA.87.052502
https://doi.org/10.1103/PhysRevLett.118.065701
https://doi.org/10.1038/ncomms15791
https://doi.org/10.1103/PhysRevLett.119.190401
https://doi.org/10.1103/PhysRevLett.123.230401
https://doi.org/10.1088/0305-4470/9/8/029
https://doi.org/10.1038/317505a0

NON-HERMITIAN KIBBLE-ZURECK MECHANSIM. ..

PRX QUANTUM 2, 020313 (2021)

[33] A. Polkovnikov, K. Sengupta, A. Silva, and M. Ven-
galattore, Colloquium: Nonequilibrium dynamics of closed
interacting quantum systems, Rev. Mod. Phys. 83, 863
(2011).

[34] P. Hedvall and J. Larson, Dynamics of non-equilibrium
steady state quantum phase transitions, arXiv preprint
arXiv:1712.01560 (2017).

[35] X.-Y. Xu, Y.-J. Han, K. Sun, J.-S. Xu, J.-S. Tang, C.-F.
Li, and G.-C. Guo, Quantum Simulation of Landau-Zener
Model Dynamics Supporting the Kibble-Zurek Mecha-
nism, Phys. Rev. Lett. 112, 035701 (2014).

[36] M. Gong, X. Wen, G. Sun, D. Zhang, D. Lan, Y. Zhou, Y.
Fan, Y. Liu, X. Tan, H. Yu, Y. Yu, S.-L. Zhu, S. Han, and P.
Wu, Simulating the Kibble-Zurek mechanism of the ising
model with a superconducting qubit system, Sci. Rep. 6,
22667 (2016).

[37] M. Anquez, B. Robbins, H. Bharath, M. Boguslawski, T.
Hoang, and M. Chapman, Quantum Kibble-Zurek Mech-
anism in a Spin-1 Bose-Einstein Condensate, Phys. Rev.
Lett. 116, 155301 (2016).

[38] G. Labeyrie and R. Kaiser, Kibble-Zurek Mechanism in the
Self-Organization of a Cold Atomic Cloud, Phys. Rev. Lett.
117, 275701 (2016).

[39] A. Keesling, A. Omran, H. Levine, H. Bernien, H. Pichler,
S. Choi, R. Samajdar, S. Schwartz, P. Silvi, S. Sachdev, P.
Zoller, M. Endres, M. Greiner, V. Vuleti¢, and M. D. Lukin,
Quantum Kibble-Zurek mechanism and critical dynamics
on a programmable Rydberg simulator, Nature 568, 207
(2019).

[40] R. Landauer, The noise is the signal, Nature 392, 658
(1998).

[41] J. Doppler, A. A. Mailybaev, J. Bohm, U. Kuhl, A.
Girschik, F. Libisch, T. J. Milburn, P. Rabl, N. Moi-
seyev, and S. Rotter, Dynamically encircling an exceptional
point for asymmetric mode switching, Nature 537, 76
(2016).

[42] S. Longhi, Convective and absolute P7 -symmetry break-
ing in tight-binding lattices, Phys. Rev. A 88, 052102
(2013).

[43] T. E. Lee, Anomalous Edge State in a Non-Hermitian
Lattice, Phys. Rev. Lett. 116, 133903 (2016).

[44] T. Gao, E. Estrecho, K. Y. Bliokh, T. C. H. Liew, M. D.
Fraser, S. Brodbeck, M. Kamp, C. Schneider, S. Hofling, Y.
Yamamoto, F. Nori, and Y. S. Kivshar et al., Observation of
non-Hermitian degeneracies in a chaotic exciton-polariton
billiard, Nature 526, 554 (2015).

[45] see Appendix for details.

[46] W. D. Heiss, M. Miiller, and 1. Rotter, Collectivity, phase
transitions, and exceptional points in open quantum sys-
tems, Phys. Rev. E 58, 2894 (1998).

[47] T. J. Milburn, J. Doppler, C. A. Holmes, S. Portolan, S.
Rotter, and P. Rabl, General description of quasiadiabatic
dynamical phenomena near exceptional points, Phys. Rev.
A 92,052124 (2015).

[48] H. Xu, D. Mason, L. Jiang, and J. G. E Harris, Topolog-
ical energy transfer in an optomechanical system with an
exceptional point, Nature 537, 80 (2016).

[49] L. Saminadayar, D. C. Glattli, Y. Jin, and B. Etienne,
Observation of the e/3 Fractionally Charged Laughlin
Quasiparticle, Phys. Rev. Lett. 79, 2526 (1997).

[50] J.-M. Cui, F. J. Gémez-Ruiz, Y.-F. Huang, C.-F. Li, G.-C.
Guo, and A. del Campo, Experimentally testing quantum
critical dynamics beyond the Kibble-Zurek mechanism,
Commun. Phys. 3, 44 (2020).

[51] Y. Ashida and M. Ueda, Full-Counting Many-Particle
Dynamics: Nonlocal and Chiral Propagation of Correla-
tions, Phys. Rev. Lett. 120, 185301 (2018).

[52] E. M. Graefe, H. J. Korsch, and A. E. Niederle, Mean-Field
Dynamics of a Non-Hermitian Bose-Hubbard Dimer, Phys.
Rev. Lett. 101, 150408 (2008).

[53] H. Carmichael, An Open Systems Approach to Quantum
Optics (Springer-Verlag, Berlin, 1993).

[54] L. Gradshteyn and I. Ryzhik, Table of Integrals, Series, and
Products (Academic Press, New York, 2007).

[55] V. M. Akulin and W. P. Schleich, Landau-Zener transition
to a decaying level, Phys. Rev. A 46, 4110 (1992).

[56] N. Tischler, C. Rockstuhl, and K. Stowik, Quantum Optical
Realization of Arbitrary Linear Transformations Allowing
for Loss and Gain, Phys. Rev. X 8, 021017 (2018).

[57] B. Neethi Simon, C. M. Chandrashekar, and Sudhavathani
Simon, Hamilton’s turns as a visual tool kit for designing
single-qubit unitary gates, Phys. Rev. A 85, 022323 (2012).

020313-13


https://doi.org/10.1103/RevModPhys.83.863
http://arxiv.org/abs/arXiv:1712.01560
https://doi.org/10.1103/PhysRevLett.112.035701
https://doi.org/10.1038/srep22667
https://doi.org/10.1103/PhysRevLett.116.155301
https://doi.org/10.1103/PhysRevLett.117.275701
https://doi.org/10.1038/s41586-019-1070-1
https://doi.org/10.1038/33551
https://doi.org/10.1038/nature18605
https://doi.org/10.1103/PhysRevA.88.052102
https://doi.org/10.1103/PhysRevLett.116.133903
https://doi.org/10.1038/nature15522
https://doi.org/10.1103/PhysRevE.58.2894
https://doi.org/10.1103/PhysRevA.92.052124
https://doi.org/10.1038/nature18604
https://doi.org/10.1103/PhysRevLett.79.2526
https://doi.org/10.1038/s42005-020-0306-6
https://doi.org/10.1103/PhysRevLett.120.185301
https://doi.org/10.1103/PhysRevLett.101.150408
https://doi.org/10.1103/PhysRevA.46.4110
https://doi.org/10.1103/PhysRevX.8.021017
https://doi.org/10.1103/PhysRevA.85.022323

	I.. INTRODUCTION
	II.. MODEL, OBSERVABLES, AND PROTOCOL
	III.. EXPERIMENTAL IMPLEMENTATION
	IV.. HERMITIAN KIBBLE-ZUREK SCALING
	V.. NON-HERMITIAN KIBBLE-ZUREK SCALING
	VI.. KIBBLE-ZUREK AT HIGHER-ORDER EXCEPTIONAL POINTS
	VII.. DEFECT FLUCTUATIONS
	VIII.. DISCUSSION AND CONCLUSIONS
	. ACKNOWLEDGMENTS
	. APPENDIX A: THEORETICAL BACKGROUND
	. APPENDIX B: EXPERIMENTAL REALIZATION OF (NON)UNITARY TIME EVOLUTION FOR A TWO-LEVEL SYSTEM
	. APPENDIX C: SPECTRUM OF H(4)p WITH A FOURTH-ORDER EP
	. APPENDIX D: TIME EVOLUTION OF THE FOUR-LEVEL SYSTEM
	. APPENDIX E: ERROR ANALYSIS
	. APPENDIX F: SCALING OF DEFECT FLUCTUATIONS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


