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Observation of Restored Adiabatic State
Transfer in Time-Modulated Non-Hermitian
Systems

Xiaowei Wang1,5, Ievgen I. Arkhipov 2,5, Quan Lin3, Huixia Gao3, Dengke Qu3,
Lei Xiao3, Franco Nori 4 & Peng Xue 3

Exceptional points (EPs) have attracted extensive research interest due to their
intriguing properties. One of the hallmarks of EP physics is that dynamically
encircling the EPs induces chiral mode switching, arising from the breakdown
of adiabaticity due to the presence of a complex spectrum in the system’s
Hamiltonian. While such chiral mode behavior has been widely observed
experimentally, achieving truly adiabatic, and thus symmetric, state transfer,
regardless of thewinding direction, in time-modulated non-Hermitian systems
has remained elusive. In this work, we demonstrate that this long-sought
adiabatic state dynamics can indeed be restored. By steering a two-mode
photonic setup along specifically designed trajectories in parameter space, we
realize conditions where the associated non-Hermitian evolution operator
acquires a purely real spectrum.Moreover, our experimental platform enables
controlled switching between symmetric (adiabatic) and chiral (non-adiabatic)
state-transfer regimes for the same set of initial modes, thus effectively
implementing a universal symmetric-asymmetric two-mode switch. Our
results therefore open new avenues for harnessing unique topological spectral
properties of non-Hermitian systems, paving the way for the practical design
of versatile opticalwave-manipulationdevices and for advancingboth classical
and quantum information technologies.

Non-Hermitian systems with gain and loss exhibit rich physical phe-
nomena that are fundamentally distinct from Hermitian quantum
systems, attracting broad interest in current research1. Their inherently
complex energy spectra give rise to unique spectral degeneracies
known as EPs2–4, which are characterized by the simultaneous coales-
cence of both eigenvalues and their corresponding eigenvectors. The
topological structure near EPs underlies a variety of counterintuitive
phenomena5–16, ranging from nonreciprocal optoelectronic devices5–7

and unconventional lasing effects9–11 to enhanced sensing12–14, to name
a few (see also reviews17,18).

Exceptional points endow non-Hermitian spectra with a char-
acteristic topological structure that can profoundly affect their state
evolution. In particular, when system parameters trace a closed loop
around an EP, the associated Riemann-sheet topology can induce a
symmetric permutation of eigenstates, such that an eigenmode does
not return to itself after a single cycle and the final state depends solely
on the initial condition, irrespective of the winding direction. This
symmetric state-exchange effect has been predicted theoretically19,20

and observed experimentally21–26 using quasi-static, namely strobo-
scopic, protocols, where eigenstates are independently probed at
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successive points in parameter space without invoking continuous
time evolution.

When the same EP-encircling is implemented dynamically,
however, qualitatively different behavior emerges. A prominent
consequence is chiral mode transfer: when dynamically encircling
an EP, the final state depends solely on the encircling direction
regardless of the initial state27–37. The complex Riemann surface
structure in the system’s spectrum underlies this chiral behavior,
namely, the eigenstate with the larger imaginary part of the
eigenvalue is preferentially populated due to non-adiabatic tran-
sitions (NATs) which occur during the state evolution27. While this
chiral mode behavior has been extensively studied both
theoretically38–40 and experimentally27–32,35,36,41, achieving truly
adiabatic and symmetric state transfer in time-modulated non-
Hermitian systems has remained a formidable challenge.

Adiabatic and symmetric state transfer can be restored in non-
Hermitian systems, as demonstrated by the theoretical study42. In this
context, the restored adiabaticity refers to the absence of dis-
continuous NATs during the state evolution. Such behavior is realized
by dynamically encircling an EP along suitably designed trajectories in
parameter space, for which the non-Hermitian evolution operator
exhibits a purely real spectrum. The resulting suppression of NATs
thus enables smooth and symmetric state transfer. This behavior is in
sharp contrast to previously studied dynamical EP-encircling proto-
cols, where complex spectra generically trigger non-adiabatic jumps
and give rise to chiral, direction-dependent state transfer27,28.

Here, we report the experimental observation of adiabatic and
symmetric state transfer in a time-modulated non-Hermitian photo-
nic platform. By monitoring the polarization state of a laser pulse
under controlled intensity, phase, and polarization modulations, we
realize specific closed loops in the parameter space that dynamically
encircle an EP. Along these specially chosen trajectories, we
demonstrate the full restoration of adiabaticity, independent of the
direction of encirclement.

Crucially, the same platform also enables us to switch between
symmetric (adiabatic) and chiral (non-adiabatic) state-transfer
regimes for a fixed initial set of eigenstates. This constitutes the
effective realization of a programmable symmetric-chiral state
switch, a capability that was previously considered unattainable in
non-Hermitian two-level systems. Specifically, for a given initial and
final Hamiltonian, the nature of the state transfer (symmetric or
asymmetric) can be selected solely through the proper choice of
parameter modulation within a single physical platform. This work
provides an alternative route for the dynamical control of states in
non-Hermitian systems, providing opportunities for next-generation
optical wave-manipulation devices and advancing both classical and
quantum technologies.

Results
Adiabatic and symmetric state transfer in time-modulated non-
Hermitian systems
In a properly chosen orthonormal basis denoted by fj0i, j1ig, we con-
sider a two-level non-Hermitian Hamiltonian (NHH)42

H0 =
�iv+ ϵ u+ iκ

u+ iκ iv� ϵ

� �
, ð1Þ

where all parameters in Eq. (1) are assumed to be real, and the non-
Hermiticity is introduced by the parameters v and κ43. Accordingly, the
NHHgoverns the state evolution via the Schrödinger equation (in units
ℏ = 1) i∂t jψðtÞi=H0jψðtÞi.

The spectrum of the NHH reads

E ± = ±
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðu� v+ iκ � iϵÞðu + v+ iκ + iϵÞ

p
2 C, ð2Þ

which exhibits EPs when {vEP = ± u, ϵEP = ± κ}42. When κ = 0, the NHH in
Eq. (1) reduces to the standard NHH known to exhibit chiral state
transfer while dynamically encircling the EP27. This chiral behavior
originates from the complex spectrum of the NHH: as the eigenstates
evolve, the system undergoes NATs that drive it toward the least-loss
statewith themaximal imaginarypartof the eigenvalue. Consequently,
the system preferentially evolves into this least-loss state, thus
resulting in the observed chirality17. This mechanism further suggests
that if an NHH could be engineered to host EPs while maintaining a
purely real spectrum, NATs would be suppressed, thus enabling the
long-sought realization of adiabatic and symmetric state transfer that
exploits the unique EP topology.

A theoretical study42 has shown that such adiabatic and therefore
symmetric state transfer, in two-level NHH systems, can indeed be
restored when the system parameters are constrained to a hyperbo-
loid submanifold of the parameter space. An extension of this protocol
to multi-level systems is also discussed in Ref. 44. In particular, by
employing the parametrization:

v =α sinhϕi sinϕr , ϵ=α coshϕi cosϕr ,

u=α coshϕi sinϕr , κ =α sinhϕi cosϕr ,
ð3Þ

with ϕ=ϕr + iϕi = arctan ðx + iyÞ�1 2 C and α = x sinhϕi= sinϕr 2 R,
one transforms the original NHH with complex spectrum into NHH

H0 ! H =α
cosϕ sinϕ

sinϕ � cosϕ

� �
, ð4Þ

which is characterized exclusively by real eigenvalues

E1, 2 =∓α, ð5Þ

in the entire (x, y) plane, and where we arrange the eigenvalues in
descending order, namely E1 ≥ E2. The explicit formof the eigenvectors
of the NHH H is given in “Methods”.

Specifically, the system parameters in Eq. (3) define a two-
dimensional (2D) hyperboloid embedded in the 4D parameter space
(ϵ, u, v, κ) satisfying ϵ2 + u2 − v2 − κ2 = α2 (see also Supplementary
Information for an intuitive geometric visualization of this manifold).
Importantly, by restricting the system parameters to such a 2D mani-
fold within the full 4D parameter space, one can effectively reduce the
NHHH0 in Eq. (1), which generally exhibits complex eigenvalues, into a
parameter regimewhere the spectrumbecomes purely real. Physically,
this restriction enforces a balance between gain and loss that removes
the imaginary part of the spectrum.

Owing to the hyperbolic embedding defined by Eq. (3), each point
(x, y) uniquely determines a single point in (ϵ, u, v, κ) in the full para-
meter space, and hence a unique Hamiltonian. Therefore, the spec-
trum of the NHH H is well defined. More precisely, the representation
of this hyperbolic mapping via Eq. (4) is one-to-one and continuous
throughout the parameter space except at an EP, where the para-
metrization becomes singular due to the defectiveness of the Hamil-
tonian H0. This singularity, however, reflects a breakdown of the
coordinate representation rather than of the Hamiltonian itself, which
remains well-defined in the original parametrization (see below).

The corresponding EPs, in the spectrum of the NHH H, appear as
branchpoints of two intersected real-valuedRiemann sheets located at
(x = 0, y = ± 1). Notably, the eigenvalues of the NHH H remain well-
defined at the EP (αEP = 0), while the eigenvectors given in Eqs. (11) and
(12) become singular (ϕEP → − i∞). This behavior is a direct manifesta-
tion of eigenvector coalescence in the original representation of the
NHH H0 in Eq. (1) (see Supplementary Information for details). We
emphasize that, in our protocol, the EP is only encircled and never
crossed. Consequently, the eigenvectorsofH and their evolution along
the winding trajectories remain well-defined throughout the process.
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Interestingly, the branch cut (x = 0, − 1 < y < 1) coincides with a
diabolic line defined by the condition E1,2 = 0 in Eq. (5). As a result, the
EP-encircling protocol with restored adiabaticity considered here,
illustrated in Fig. 1a and discussed in detail below, necessarily involves
traversing this diabolic degeneracy. This observation motivates a
clarification of the notion of adiabaticity used in the present protocol.
In particular, adiabaticity in the Berry–Kato sense, which is based on
the following instantaneous eigenstate in the presence of a finite
spectral gap, is not directly applicable here. The term “adiabatic” we
use is in the operational sense of the absence of discontinuous non-
adiabatic transitions. This situation differs from conventional EP-
encircling schemes in systems with complex spectra, where branch
cuts do not generally coincidewith extended real-energy degeneracies
and the assumptions underlying the standard adiabatic theorem may
still be fulfilled. Here, “adiabatic” therefore refers exclusively to a
dynamical regime in which sufficiently slow parameter modulation
yields continuous state evolution, with adiabaticity identified oper-
ationally through the absence of NATs. This dynamical behavior is
enabled by the absence of an imaginary component in the spectrumof
the NHH H along the encircling trajectory, which suppresses mode-
selective amplification and thereby prevents discontinuous NATs27. In
what follows, unless explicitly stated otherwise, we use the term
adiabaticity exclusively in this operational sense.

In this respect, the symmetric state-switching protocol based on
dynamical EP encirclement in such systems with a purely real spectrum
echoes the adiabatic rapid passage (ARP) protocol familiar from Her-
mitian systems, where robust state transfer can be similarly achieved
through slow parameter variation by traversing diabolical degeneracies
during the state evolution45. Similar parallels between these Hermitian
and non-Hermitian state-flipping protocols have already been discussed
and experimentally explored in ref. 33. Crucially, however, compared to
ref. 33, the protocol experimentally implemented here operates in a
parameter regime where the diabolic line emerges as the branch cut
terminating at EPs, and where the continuous state evolution remains
entirely free of NATs.

Experimental simulation of adiabatic and symmetric state
transfer
We now demonstrate that the dynamics governed by the Hamiltonian
in Eq. (4) are independent ofNATs, implying that the systemcan evolve

adiabatically along an orbit in parameter space while dynamically
encircling an EP. We first choose the time-evolution trajectory as

xðtÞ = r sinðωt +ϕ0Þ,
yðtÞ = 1� r cosðωt +ϕ0Þ,

ð6Þ

where r, ω, ϕ0 are real constants. Correspondingly, we change H(t) in
Eq. (4) along with x(t) and y(t). This path traces a circle with a radius r
on the plane (x, y), centered at the EP, (x, y)EP = (0, 1). The starting point
corresponds to the phase ϕ0 = π, where the two energy levels E1,2 are
maximally separated. For angular frequencies ω > 0 (ω < 0), the
encircling direction is counterclockwise (clockwise). Note that a loop
in the 2D plane (x, y) corresponds to a loop on a 4D hyperboloid in the
system parameter space, according to the definition of parameteriza-
tion (see also Supplementary Information).

In our experiment, we encode thequbitbasis in thehorizontal and
vertical polarization states of a light pulse, namely, j0i � jHi and
j1i � jV i. The two orthogonal polarization components are coupled to
each other via a polarization controller. Figure 1b shows the experi-
mental optical setup used to simulate the adiabatic dynamics in a non-
Hermitian system described by the NHH in Eq. (4). The experimental
platform consists of three main stages: state preparation, evolution,
and measurement (see also “Methods”).

For a given initial polarization state jΨ0i, the system evolution is
described by

jΨðtÞi =UðtÞjΨ0i, ð7Þ

where jΨðtÞi= ½aðtÞ,bðtÞ�T represents the polarization state at evolu-
tion time t, with a(t) and b(t) denoting the horizontal and vertical field
components, respectively.

In the experiment, we simulate the continuous system dynamics,
generated by a time-dependent NHH H(t), by constructing a family of
“static” non-unitary evolution operators U(t), each of which corre-
sponds to the time evolution from t = 0 to a chosen target time t.
Specifically, in the experiment, we select 21 representative target times
that include the initial time. Each target time tq corresponds to an
independently constructed operator U(tq). For example, for ωtq = π,
the operator U(tq) represents the evolution from t = 0 to tq = π/ω. This
operator is then applied to the initial state in a single experimental run

Fig. 1 | Schematic illustration of the experimental implementation. a Schematic
diagram of adiabatic evolution by dynamically encircling the EP in a two-level non-
Hermitian system. We present schematic trajectories with different encircling direc-
tions starting from the two involved Riemann sheets, where the red and blue surfaces
represent the two eigenenergies. The yellow sphere represents the EP point. The state
transfer is observed to be independent of the direction of the encirclement, where the
green/black trajectories denote clockwise/counterclockwise encirclement.
b Experimental setup. The seed pulse module consists of a distributed feedback laser
and an acousto-optic modulator (AOM) for generating pulses, an erbium-doped fiber
amplifier (EDFA) with integrated variable attenuator for pulse amplification, a narrow

bandpass filter (BPF) to suppress the excessive noise introduced by the EDFA, and a
variable polarization controller (VPC) for preparing the initial polarization state. Two
VPCs are then used to couple the polarization components to implement unitary
operations. These non-unitary operations are realized by using the polarized beam
splitter (PBS), EDFAs, the optical delay line (DL), a variable optical attenuator (VOA),
and the polarized beam combiner (PBC), where the horizontal and vertical polariza-
tion components can be independently controlled along two separate optical paths.
Finally, half of the pulses are routed to amonitoringmodule equippedwith an InGaAs
photodetector (PD) and a PicoScope, and the remaining pulses are used for polar-
ization state analysis via a polarimeter.
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(as shown in Fig. 1). As such, hereafter, unless stated otherwise, the
terms “time evolution”, “dynamically encircling”, and “system
dynamics” refer experimentally to this simulated evolution, rather
than to a genuine “in-situ” encircling.

To obtain each U(tq), we first numerically integrate the Schrö-
dinger equation from t = 0 to t = tq. This integration is performed using
N = 5 × 104 time steps, which ensures the convergence of the time-
ordered exponential (see also Supplementary Information). Formally,
the evolution operator is approximated as

UðtqÞ �
YN
n= 1

exp½�iHðtnÞδt�, ð8Þ

where δt = tq/N and tn = ðn� 1
2Þδt denotes the midpoint of each

integration interval. Each such numerically constructed operator
U(tq) is then physically implemented by appropriately configuring
the optical elements, thereby directly mapping the integrated evo-
lution onto the output state. Repeating this procedure for different
target times tq allows us to efficiently simulate the continuous
dynamics of the system without relying on incremental or strobo-
scopic parameter modulation.

In the experiment,we implement this sequenceofoperatorsusing
variable polarization controllers and a split-path gain-loss module
within a two-mode optical platform (see also “Methods”). The non-
unitary operator U(t) is experimentally implemented on the basis of
the singular value decomposition U(t) = R1LR2, where t represents the
time parameter, which refers to a specific moment corresponding to
the point on the trajectory of the parameters that we select in our
experiment. The operators R1 and R2 are unitarymatrices which can be
readily realized using a set of wave plates with two quarter-wave plates
and one half-wave plate at rotatable angles46. The operator L is a real
positive semi-definite diagonal matrix in the following form
L = diag[l1, l2]. The experimental parameters varied for each data point
are the rotation angles in the two variable polarization controllers to
implement two unitary operators, and the gain/loss ratios related to
the attenuation of the variable optical attenuator and the gain of the
erbium-doped fiber amplifier. These are derived explicitly from the
singular value decomposition of U(t), which is calculated using the
parameters of the system’s Hamiltonian. This allows us to reconstruct
the state trajectory with high fidelity, avoiding the cumulative noise of
long-loop light evolution associated with a continuous
implementation.

We choose the initial state of the system as one of the right
eigenstates of the NHH H, namely, jΨ0i= jψkðt =0Þi ðk = 1, 2Þ. To track

the state dynamics, we measure the relative eigenstate population47

PðtÞ= jhη1ðtÞjΨðtÞij2 � jhη2ðtÞjΨðtÞij2P
k = 1, 2jhηkðtÞjΨðtÞij2 , ð9Þ

where ∣〈ηk(t)∣Ψ(t)〉∣2 is thefidelity between the evolving state jΨðtÞi and
the instantaneous left eigenstates jηkðtÞi of the NHH. The relative
eigenstate population can take values within the interval P ∈ [ − 1, 1].
When P approaches 1, the evolving state almost entirely populates the
first eigenstate jψ1ðtÞi. Conversely, as P approaches −1, it converges to
the second eigenstate jψ2ðtÞi. Here, “instantaneous” means that the
eigenvectors of the NHH are calculated independently at each time
step, for the corresponding values of the parameters (x, y).

At the beginning, we select the initial state as jψ1i on the upper
energy surface of Fig. 1a. As illustrated in Fig. 2a, in the experiment
when the EP is encircled counterclockwise within the time0≤t≤T/2, the
relative eigenstate population PexpðtÞ always approaches 1, indicating
that the evolving state jΨexpðtÞi, governed by the NHH, is always close
to in the first eigenstate jψ1ðtÞi. Meanwhile, the state fidelity
jhψ1ðtÞjΨexpðtÞij2 in this region exceeds 92.91%.

In contrast, during the second half of the cycle, when T/2 ≤ t ≤ T
in Fig. 2a, the relative eigenstate population PexpðtÞ approaches −1,
and the fidelity between jΨexpðtÞi and jψ2ðtÞi is larger than 94.38%,
indicating that the system state successfully switches from jψ1i to
jψ2i. These results imply that after completing the full cycle around
the EP, the eigenstates undergo an exchange from jψ1i to jψ2i. When
reversing the encirclement direction to clockwise in Fig. 2b, the state
dynamics exhibits a similar behavior: the initial eigenstate jψ1i is
successfully switched to the eigenstate jψ2i at the end of the entire
loop around the EP. This confirms that the state transfer is inde-
pendent of the direction of the encirclement, thus demonstrating the
adiabatic nature of the state evolution.

When we consider changing the initial state to jψ2i on the lower
energy surface, a similar phenomenon is observed as demonstrated
in Fig. 2c, d, where the initial eigenstate jψ2i is successfully switched
to the eigenstate jψ1i at the end of the entire loop around the EP. This
result also indicates the occurrence of adiabatic state transfer. We
note that the apparent abrupt change of the projection of the evol-
ving state on the instantaneous eigenstates at t = T/2 in Fig. 2, cor-
responding to the crossing of the diabolical line, arises from the
interchange of the instantaneous eigenstates at this degeneracy, in
accordance with the adopted labeling convention E1 ≥ E2. Impor-
tantly, the state evolution remains fully continuous across this
degeneracy, as further illustrated by complementary fidelity plots
between the evolving and initial states provided in
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Fig. 2 | Experimental observation of adiabatic state transfer while dynamically
encircling around anEP.Thecircle in the inset represents the counterclockwise or
clockwise encircling direction in the (x, y)-plane defined in Eq. (6), as shown in
Fig. 1a. a, b The initial state is chosen as jψ1i on the E1 energy surface. c, d The initial
state is chosen as jψ2i on the E2 energy surface. The region from 0 to π along the
horizontal axis represents uncompleted state switching for times 0 ≤ t ≤ T/2 (sha-
ded light red region), and the region from π to 2π along the horizontal axis, cor-
responding to times T/2≤ t ≤ T (shaded light blue region), represents successful

state switching. The solid circles represent the experimental data, and the solid
lines denote the theoretical prediction. Dashed curves are obtained by numerically
fitting the experimental data, where the fitting values obtained for the uncom-
pleted/completed state switching region of each panel are: a 0.89/−0.88; b 0.90/
−0.86; c −0.89/0.86; d −0.87/0.85. Error bars represent the standard deviation of
the measurement results. The discrepancy between experiment and theory mainly
stems from the uncertainty of the instantaneous eigenstates and unavoidable noise
during the experiment. The other parameters are r = 0.5 and ϕ0 = π.
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the Supplementary Information. The observed continuous adiabatic
behavior thus stands in stark contrast to previously studied non-
Hermitian systemswith EPs, where the presence of complex Riemann
surfaces leads to non-adiabatic transitions during state evolution.

Importantly, the symmetric state-switching protocol demon-
strated here is not restricted to specificwinding periods T or particular
EP-encircling trajectory shapes in the (x, y)-space44. Instead, it remains
effective for a broad range of system parameters in Eq. (6), provided
that the system evolution is sufficiently slow to suppress fast diabatic
effects (see also Supplementary Information). This behavior differs
from the scenario considered in ref. 33, where maintaining the adia-
batic character of the EP-encircling protocol requires additional con-
straints on the system parameters.

We further emphasize that the observed adiabatic symmetric
state transfer remains robust even when the NHHH in Eq. (4) is weakly
perturbed so that its spectrum becomes complex, provided that the
perturbations are sufficiently small to prevent the onset of NATs.
Additional details and supporting analysis are provided in the Supple-
mentary Information.

Experimental simulation of chiral state transfer
To confirm that the above parameter modulations indeed restore
adiabaticity, we further present an experimental analysis of chiral state
transfer realized in the same optical setup. For this purpose, we
introduce another NHH H0 that can directly induce the chiral state-
switching behavior in the system’s dynamics, namely

H0 =C½ðix � yÞbσz + ibσx �, ð10Þ

where C =
ffiffiffiffiffiffiffiffiffiffiffiffiffi
y20 � 1

q
sinðarctanhð y�1

0 ÞÞ is a scaling factor with
y0 = const, and the system parameters (x, y) are time-modulated in
the samemanner as in Eq. (6). This particular choice of C ensures that
at t = 0, when (x = 0, y = y0), the NHH H in Eq. (4) and the NHH H0 in
Eq. (10) coincide, namely, they possess identical eigenspectra at the
initial time. Moreover, the real spectrum of H0 is similar to that of H,
including the EP at the same location (x = 0, y = 1). Importantly, the
spectrum of H0, compared to H, exhibits the imaginary part, which
plays the key role in inducing the NATs and therefore the chiral mode
behavior occurs (see Supplementary Information for details). Thus,
by implementing both NHHs, H and H0, using the same experimental
setup enables a controlled switching between adiabatic (symmetric)
and non-adiabatic (chiral) mode-transfer regimes for the same set of
eigenstates, as we demonstrate below.

We also implemented an experiment analogous to that described
in the previous section on adiabatic state transfer. Here, we select the
winding speed of ω = π/500. As illustrated in Fig. 3, starting from
different initial states jψ0

ki (identical to jψki at t = 0), a complete
counterclockwise encirclement of the EP drives the relative eigenstate

population PexpðtÞ toward −1, indicating that the final state always
evolves into jψ0

2i, as shown in Fig. 3a, c. Conversely, clockwise encir-
clement always results in the final state jψ0

1i, we can see the final rela-
tive eigenstate population PexpðtÞ always approaching 1 in Fig. 3b, d.
This experimental observation thus confirms the established results on
chiral mode switching in a two-level non-Hermitian system while
dynamically encircling an EP17. This chirality arises because of NATs
due to the nonzero difference in the imaginary parts of the two
eigenenergies27. Contrary to the adiabatic dynamics, the observed
asymmetry indicates that, in this case, the encircling direction rather
than the initial conditions determines the final state.

Discussion
Although the protocol presented here has been implemented using a
classical optical platform, its extension to the quantum regime, for
instance, using single photons, is in principle feasible36,37 and repre-
sents a promising direction toward the realization of robust quantum
gates. In the classical setting with coherent light, optical losses can be
compensated by amplifying elements, which may also provide con-
trolled gain along the propagation path. In contrast, in the quantum
regime, linear amplification unavoidably introduces quantum noise,
which degrades coherence and fidelity of fragile quantum states48. To
circumvent this limitation, relative gain can instead be implemented
using purely passive attenuation, thereby avoiding noise injection49.
This approach is inherently probabilistic, as not all photons survive the
evolution, and consequently requires post-selection to discard loss
events.While such a passive strategy increases overall losses and limits
practical scalability, it nevertheless provides a viable route for
experimentally accessing the quantum regime without compromising
state coherence.

The non-Hermitian state transfer protocol implemented here can
also be understood as a natural extension of the ARP protocol known in
Hermitian systems33,45. An important conceptual distinction between
the two is the role played by dissipation. In Hermitian settings, dis-
sipation and decoherence are typically detrimental and must be mini-
mized to preserve adiabatic state transfer. By contrast, in the non-
Hermitian framework experimentally realized here, dissipation is not
merely assumed but directly exploited as a control resource. Specifi-
cally, the engineered non-Hermitian dynamics give rise to parameter-
space trajectories along which the spectrum of the effective Hamilto-
nian becomes purely real, thus suppressing mode-selective amplifica-
tion and preventing discontinuous NATs during the EP encirclement.
As a result, dissipation plays a constructive role in stabilizing the
adiabatic dynamical state evolution and enabling symmetric, direction-
independent state transfer. Our experimental findings thus further
highlight how non-Hermitian control can transform dissipation from a
limiting factor into a functional element for stable statemanipulation in
real-world dissipative photonic architectures.
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Fig. 3 | Experimental observation of chiral state transfer while dynamically
encircling an EP. a, b The initial state is chosen as jψ0

1i. c, d The initial state is
chosen as jψ0

2i. The circle in the inset represents the counterclockwise or clockwise
encircling direction in the (x, y)-plane defined in Eq. (6), and the corresponding
trajectory in the Riemann surface is shown in the Supplementary Information. The

moment when the relative eigenstate population switches between +1 and −1
represents the occurrence of the state transfer.b, c The non-adiabatic jumps occur
in the first interface near the starting point. The other descriptions are the same as
those in Fig. 2.
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In this work, we report experimental evidence that adiabatic state
evolution is fully restored during an EP-encircling protocol, which is
realized through a sequence of individual evolution operators that scan
the parameter space. This is achieved by selecting trajectories in para-
meter space along which the evolution operator attains a real spectrum.
Using a two-mode optical platform, we realize adiabatic evolution by
manipulating the polarization state of a laser pulse through precisely
controlled intensity and phase modulation operations.

Furthermore, we experimentally demonstrate the ability to switch
between symmetric (adiabatic) and asymmetric (non-adiabatic) state
transfer regimes for the same set of initial eigenmodes by appro-
priately varying the system parameters. In other words, we realize a
fully programmable symmetric-asymmetric two-mode switch which
has been thought impossible to implement in such two-level systems.
This is in striking contrast to previous studies50, where the realization
of a programmable state switch requires high-dimensional multimode
systems and relies on the nontrivial interplay between exceptional and
diabolic points in the Hamiltonian spectrum.

These results open new avenues for non-Hermitian state-control
protocols in both classical and quantum photonic platforms, with
potential implications for topological quantum computation51–55 and
related areas of classical and quantum information processing. In
particular, the symmetric state-switching protocol demonstrated here
in a minimal two-level photonic building block can, in principle, be
scaled to implement controlled topological state permutations in
multi-qubit systems44; for example, in integrated photonic archi-
tectures or networks of coupled waveguides and/or cavities, where it
could realize SWAP-type quantum gate operations56. The controlled
implementation of symmetric group operations in the non-Hermitian
qubit eigenspace may enable topological quantum-computation
schemes, where resulting holonomies generated by encircling EPs
can be exploited as robust logical operations52,57,58.

Methods
Eigenvectors of the NHH H
The eigenvectors of the NHH H in Eq. (4) can be readily derived as

jψ1i= � sin
ϕ
2
, cos

ϕ
2

� �T
, jψ2i= cos

ϕ
2
, sin

ϕ
2

� �T
, ð11Þ

and the corresponding left eigenvectors

jη1i= � sin
ϕ*

2
, cos

ϕ*

2

" #T
, jη2i= cos

ϕ*

2
, sin

ϕ*

2

" #T
, ð12Þ

where T stands for transpose, and the right eigenvectors and corre-
sponding left eigenvectors form the biorthogonal basis59,60, namely,
〈ηj∣ψk〉 = δjk.

The right eigenvectors satisfy Hjψki= Ek jψki, and the corre-
sponding left eigenvectors jηji are defined via the equation
Hyjηji= E*

j jηji. The set of left and right eigenvectors forms the bior-
thonormal basis

hηjjψki= δjk , ð13Þ

along with the closure relationX
j

jψjihηj j= I: ð14Þ

It is important to note that the right eigenstates alone are, in
general, non-orthogonal. The introduction of the left eigenstates,
which span the dual vector space, is therefore essential. The non-
orthogonality of right eigenvectors can be interpreted as a

manifestation of the “non-flatness” in the NHH-Hilbert space. Such a
curved space must be endowed with a metric tensor ν, where the left
eigenvectors enable us to define a consistent tensor ν =

P jηmihηmj.
The metric ν is essential for properly defining inner products
between arbitrary (right) vectors in this non-flat space, jψm,ni as
hψmjψniflat ! hψmjνjψninonflat, ensuring norm preservation and
probabilistic interpretation throughout the time evolution42,61,62.

Experimental implementation: state preparation, evolution,
and measurement procedure
In our experiment, as mentioned above, we simulate the continuous
system dynamics by appropriately constructing the corresponding
operator U(t), which effectively mimics the induced time evolution.
This is achieved as follows. At the beginning, by restricting the system
parameters to the 2Dmanifold within the full 4D parameter space, one
reduces the NHH H0(t) → H(t), which generally exhibits complex
eigenvalues, into a parameter regime where the spectrum becomes
purely real. For a given point on the trajectory, the Hamiltonian
parameters {v(t), ϵ(t), κ(t), u(t)} are determined by {x(t), y(t)}. After that,
we compute the target cumulative evolution operator U(t), according
to Eq. (8), and decompose this target operator into the form
U(t) = R1LR2 via the singular value decomposition.

In practice, these four parameters {v(t), ϵ(t), κ(t), u(t)} collectively
contribute to each element of thematrixU(t). However, for coherence
parameters (detuning ϵ, coherent coupling u), the unitary parts of the
evolution, which mix the polarization modes (basis rotations), are
mainly encoded in the rotation matrices R1 and R2. These are imple-
mented by adjusting the waveplate angles in the two variable polar-
ization controllers. For non-Hermitian parameters (gain/loss v,
dissipative coupling κ), the non-unitary feature is primarily encoded in
the diagonal matrix L. This is physically implemented by controlling
the gain/loss ratio between the two split optical paths using the vari-
able optical attenuator and erbium-doped fiber amplifiers together
with the optical delay line.

As illustrated in Fig. 1b, our experimental platform consists of
three main stages: the state preparation, the evolution, and the
measurement.

In our work, the initial states we select are two right eigenstates
in Eq. (11). After normalizing each of them, we encode the two
orthogonal components of each state onto the horizontal and vertical
polarizations of the polarized light, whichmatches well with the Jones
vector63,64. This is conducive to a better experimental implementa-
tion. Experimentally, the initial eigenstate can be encoded in the
polarization state of the light pulse~J = ½a0,b0�T = jψkðt =0Þi ðk = 1, 2Þ,
where the state jψki is normalized. Here, the horizontal and vertical
components of a light pulse are represented by a0 and b0, respec-
tively. As illustrated in Fig. 1b, a 266.7 ns laser pulse at a wavelength of
1550 nm (generated by a distributed feedback laser diode and an
acousto-optic modulator) featuring an original state of polarization
goes through the variable polarization controller. The variable
polarization controller can realize the required 2 × 2 unitary trans-
formation. This is because it is equivalent to a sandwiched combi-
nation of two quarter-wave plates and one half-wave plate (Q–H–Q)
by controlling the phase delay amount47,65,66. The Jones matrix form
for a half-wave plate at the setting angle φ is37

Uh =
cosð2φÞ sinð2φÞ
sinð2φÞ � cosð2φÞ

� �
, ð15Þ

and the Jonesmatrix form for a quarter-wave plate at the setting angle
ς is

Uq =
cos2ς + isin2ς ð1� iÞ sin ς cos ς

ð1� iÞ sin ς cos ς sin2ς + icos2ς

 !
: ð16Þ
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Therefore, by controlling the rotation angle of the tunable polariza-
tion controller, we can prepare the desired initial state47. After mea-
surement with a polarimeter, we can verify the quality of the state
preparation. The polarimeter we use can obtain the normalized power
split ratio and the phase difference of the horizontal and vertical
polarization components, which can determine the form of the
polarization state.We calculate thefidelity between the experimentally
prepared initial states and the theoretically designed initial states as:
99.92%±0.04% for jψ1i and 99.72%±0.05% for jψ2i, indicating that the
prepared initial states are highly consistent with the theory. Then the
pulse with the prepared initial state is injected into the main optical
path, and subsequent operations are carried out.

After the initial state preparation, by employing two such vari-
able polarization controllers, we realize the unitary matrices R1 and
R2. A polarization beam splitter then separates the horizontal and
vertical polarization components of a light beam into two indepen-
dent modes. Each mode undergoes a distinct gain or loss modula-
tion, enabling the realization of a real diagonal matrix L, where l1 and
l2 are respectively regarded as the gain and loss coefficients related
to an erbium-doped fiber amplifier and the variable optical attenua-
tor, and appropriately scaling both modes simultaneously by the
same global gain or loss factor does not alter the normalized evol-
ving state. Additionally, if needed, phase modulation can also be
applied to each mode via phase modulators. Here, the optical delay
line is also deployed to balance the length of the two modes. Then,
the two modes are subsequently recombined using a polarization
beam combiner. To compensate for the insertion losses introduced
by electro-optical and fiber components, an additional erbium-
doped fiber amplifier is inserted into the two-mode rail optical sys-
tem to prevent pulse attenuation.

At the end of the evolution path, half of the optical pulses are
directed to a polarimeter for polarization state analysis. The remaining
pulses are used for monitoring purposes via an oscilloscope. In the
experiment, we select the discrete time points ðωtÞm = ðmΔN � 1

2Þ× 2π
N

with ΔN = N/20,m = 1,…, 20, δt = t/N, ω = π/50000 and N = 5 × 104, as
shown in Fig. 2. Here, N refers to the number of steps in the numerical
integration (the total number of segments as mentioned above) used
in the theoretical calculation of the target operatorU(t). We use a large
N to ensure the theoretical matrix is computed with high precision,
rather than feed the signal back 5 × 104 times in the experiment. Then,
we experimentally measure the polarization state of the system, pro-
jected onto the instantaneous left eigenstates, and thereby obtain the
relative eigenstate population P(t). The deviations are dominated by
experimental imperfections in implementing the non-unitary evolu-
tion operator and measurement uncertainties, which include con-
tributions from instrument instability, environmental fluctuations, and
disturbances introduced by the optical fibers.

Data availability
The data that support the findings of this study are available via
Zenodo at https://doi.org/10.5281/zenodo.19604811.

Code availability
The code that supports the findings of this study is available via
Zenodo at https://doi.org/10.5281/zenodo.19604811.
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