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Abstract We experimentally simulate a parity-time (PT)-symmetric quantum dynamics in a non- Hermitian system
using a single-photon interferometer. We measure quantum final state using quantum state tomography. We observe
the quantum state evolutions ranging from regions of unbroken to broken PT-symmetry using the single-photon
interferometer. We experimentally prove that the eigenvalue of energy changes from real to imaginary corresponding
to the non-Hermitian system from the PT-symmetry unbroken region to the PT-symmetry broken region. To the
best of our knowledge, this is the first work to intuitively show the exceptional points of PT-symmetry non-unitary
quantum dynamics in a single-photon interferometer from the energy perspective.
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1 Introduction
In quantum mechanics， the Hermiticity of

physical observables guarantees the existence of real
eigenvalues of a Hamiltonian. A recent remarkable
discovery revealed that new infinite classes of parity-

time（PT）-symmetry complex Hamiltonians，despite
their non-Hermitian nature， can also have real
eigenvalues. These PT-symmetric theories may be
viewed as analytic continuations of conventional
theories from real to complex spaces［1-3］.

Theoretical studies have been conducted on the
dynamic evolution of quantum systems under the PT-

symmetry Hamiltonian. It was proven that these
Hamiltonians exhibit strange properties.

In many systems，the PT-symmetry Hamiltonian
can be quantum simulated. The PT-symmetric non-

Hermitian system has unconventional characteristics
in classical optical systems［4-13］，microwave cavities［14-16］，
quantum gases［17］，single nitrogen-vacancy centres in

diamonds［18］ ， and single photons［19-21］. Xue et al.
experimentally simulated non-unitary quantum
dynamics using a single-photon interferometer
network and studied the information flow between
a symmetric non-Hermitian system and its
environment［22］. However，direct simulations of the
PT-symmetry Hamiltonians and energy observation
in a single-photon interferometer have not been
studied. In this study，we experimentally simulated
the PT-symmetric Hamiltonians directly instead of
an effective Hamiltonian and obtained the energy
eigenvalues of the simulated system from the
experimental data for the first time. The PT phase
transition is characterised by the observation of
energy more intuitively and profoundly than other
critical phenomena. Understanding the energy
eigenvalues’change in the quantum regime provides
a new and crucial perspective for studying open
quantum systems and is useful for applications in
quantum information.
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In this study， we used a single-photon
interference network to simulate the quantum
dynamics evolution in PT-symmetric non-Hermitian
systems. We observed the exceptional point that the
energy eigenvalues change from a PT-symmetry
unbroken region to a PT-symmetry broken region.
To study exceptional points， long-time quantum
dynamics evolution is necessary. It is difficult to
maintain long-time coherence and measure the long-

time evolution in experiments. However， we
overcame this difficulty by directly implementing non-

unitary time-evolution operators at any given time
and simulated the non-unitary quantum dynamics by
performing non-unitary gate operations on the initial
state. Then， for the quantum final state evolving
over time，we used the quantum state tomography to
obtain all information about the evolved quantum
state. By inputting various initial states and
measuring the final states，all information about non-

unitary operators in the experiment could be
obtained. The energy eigenvalues were extracted
through an interferometric measurement［23］. We
obtained all information on the Hamiltonian in our
quantum simulation using this method. Then，we
obtained the energy eigenvalues of the simulated
system.

To the best of our knowledge，this is the first
time the process of the system from a PT-symmetric
unbroken region to a PT-symmetry broken region
using a single-photon interferometer and the
corresponding energy eigenvalues change from real
to imaginary with the Hamiltonian changing
parameter are described.

2 Theory
The dynamic evolution of the system differed in

the PT-symmetry unbroken and broken regions. The
eigenvalues of the corresponding system were also
different. Considering a two-level system，the parity
operator is P， and the time reversal operator
is T［1，24-27］.

ì
í
î

PxP=-x and PpP=-p
TxT= x，TpT=-p，and TiT=- i

， （1）

where x and p are the position and momentum
operators，respectively，and i is the imaginary unit.
Canonical commutation relations such as [ ]x，p = iℏ
are invariant under PT. In our experiment，the non-

Hermitian Hamiltonian was given by

HPT= é
ë
êêêê ù

û
úúúúia 1

1 - ia
， （2）

where a is a real number. When 0 < a < 1，the
Hamiltonian was in a PT-symmetry unbroken
region. The two eigenvalues of H were E±=
± 1- a2，and the eigenvalues were real. When
a > 1，the system was in a PT-symmetry broken
region，and the eigenvalues were imaginary.

For each given time t，there is U=exp ( )-iHPT t ，

and HPT is given by Eq. 2. The non-unitary dynamic
evolution of the system was captured by the final
state density matrix：

ρ1，2( t )=
exp ( )-iHPT t ρ1，2( )0 exp ( )iH †

PT t

Tr [ ]exp ( )-iHPT t ρ1，2( )0 exp ( )iH †
PT t

. （3）

Initial density matrix ρ1，2 ( 0 )=
H H ( V V ).
Considering a=0. 9， t=7. 04 as an example，

the first， second， and third columns are the
theoretical values of the final state density matrix
passing through U when the input states are H ，

V ，and ( )H - i V / 2 . The first and second
lines are the real and imaginary parts，respectively.
So，we can calculate the experimental Hamiltonian
from a known input state and the corresponding
measured output state.

3 Experiment
Our experiment encoded the polarisation of a

photon to H =（1 0）T and V = ( )0 1 T. As
shown in Fig. 1，the experimental setup comprised
four modules designed for single-photon source
preparation，initial state preparation，evolution，and
final state measurement. We generated a heralded
single-photon source using a method proposed in a
previous study ［28］. A continuous-wave laser with a
405 nm wavelength and a 20 mW power was used as
the pumping light source. After the pumped laser
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passed through a periodically poled potassium titanyl
phosphate crystal， orthogonal polarisation photon
pairs with a central wavelength of 810 nm were created
via spontaneous parametric down-conversion［29-30］. One
photon was used as a trigger，and another was used
as a signal.

A single-photon source through a polarized
beam splitter (PBS), a half wave plate (HWP), and a
quarter wave plate (QWP) was prepared in the initial
state H or V ，and then sent to a single photon
interferometer such as Fig. 1.

In the experiment，instead of realizing a non-

Hermitian Hamiltonian， we directly implement a
time evolution operator U with any given time，and
obtain a final state of U acting on the initial state. As
shown in Fig. 1， in the experiment Uexp was
decomposed into

U exp= R 2( θ2，ϕ 2) L ( θh，θv) R 1 ( θ1，ϕ 1). （4）
The rotation operator Ri is realized by a QWP of

angle ϕi and an HWP of angle θi. A polarisation-

dependent loss operator L was realized by combining
two birefringent calcite beam displacers（BDs） and
two HWPs with angles θh and θv. Here，six wave
plate angles were determined by U.

The choice of the wave plate between two BDs
is crucial. The offset of BD was 2. 7 mm in our
experiment，and the offset in Ref.［22］was 3 mm.
Because 3 mm or 2. 7 mm offset was small，and the
commonly used framework of the wave plate is too
big to be inserted only in the upper or lower path，
wave plates in Ref.［22］were used without stents.
Different wave plate angles adjusted for all data
points in the experiment caused considerable

difficulty and experimental error. We further studied
the theory and found that there were multiple
combinations of θh and θv that could obtain the same
evolution operator. Therefore， we designed an
algorithm to search multiple groups of angles that
satisfied the theory and selected the same angle of θh
and θv from them to perform experiments，which
reduced the difficulty of the experiment. Considering
a=0. 3 as an example，we could set θh and θv to be
22. 5° in this case. When θh and θv were equal，the
HWP across the two paths was allowed to be used in
the experiment. The algorithm clearly showed the
evolution operator and wave plate angle as well as
revealed the corresponding relationship between
experiment and theory， which is helpful in the
experimental design of the non-Hermitian PT-

symmetric Hamiltonian.
If two paths pass through the same wave plate，

a commercial wave plate can be used in the
experiment. The algorithm had the advantages of
high adjustable precision，and the upper and lower
experimental errors cancelled each other， which

Fig. 1 Experimental setup. (a) Single-photon source preparation; (b) three parts are initial state preparation, evolution, and final
state measurement from left to right in sequence
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reduced the difficulty and improved the accuracy of
the experiment.

After signal photons passed through the
interferometric setup，the final state density matrix，
represented by Uexp，was

ρ1，2( t ) = U exp ρ1，2( )0 H †
exp

Tr [ ]U exp ρ1，2( )0 H †
exp

. （5）

Initial density matrix ρ1，2 ( 0 )=
H H ( V V ). Using the quantum state
tomography technology，we could reconstruct the
final state density matrix. The theoretical and
experimental values of the final state density matrix

are shown in Fig. 2 and Fig. 3，respectively.
Measurement was implemented with a combination
of HWP， QWP， and PBS. In fact， in this
experiment， owing to the particularity of the
simulated Hamiltonian，only two initial input states
H and V were necessary，and the measurement of
their H and V bases could fully describe the process.
We measured the probabilities of photons in the only
two bases { }H ， V . In this process，all photon
countings were consistent with the trigger photon.
The experimental coincidence count was about 2500
counts per second.

By inputting different initial states，such as H
and V ，we reconstructed the time-evolution matrix
Uexp according to Eq. 5. Hexp could be obtained from
Uexp using U= exp ( - iHPT t ). aexp could be obtained
from Hexp using Eq. 2. The energy eigenvalues of the
experimental system could be obtained by

substituting E exp±=± 1- a2exp . The eigenvalues
obtained from this method are shown in Figs. 4
and 5.

a > 0 guaranteed non-Hermitian， and when
a = 0，Hamiltonian became Hermitian. When 0 <
a < 1， the system was in the PT-symmetry
unbroken region. As shown in Figs. 4 and 5，

eigenvalue E+ remained real and gradually decreased
as a approached 1 from 0. When a > 1，the system
was in the PT-symmetry broken region. The real
part of eigenvalue E+ equalled zero and the imaginary
part appeared as a approached 1. 5 from 1. The
exceptional point was located at a = 1. E− is the
opposite of E+，so their change rules were similar.

4 Conclusion
The phase transition can be described by the

eigenvalues of the PT-symmetric Hamiltonian from
experimental data［18］. In this study，we used a single-
photon interference network to simulate the
symmetric non-unitary quantum dynamics evolution.
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We directly built the time-evolution matrix U for any
given time using a combination of optical elements.
Then，the final state density matrix was obtained by
quantum state tomography.

The time-evolution matrix U was reconstructed
by inputting different initial states. The PT-

symmetric Hamiltonian was obtained from
experimental data. Finally，the eigenvalue of the PT-

symmetric Hamiltonian in the experiment was
obtained，which intuitively showed the phenomenon
that the energy changes from real to imaginary during
the system maintenance from PT-symmetry
unbroken region to PT-symmetry broken region.
The experimental results showed excellent
agreement with the corresponding theoretical
predictions and proved the correctness of PT-

symmetry theory.
We intuitively showed the exceptional points of

PT-symmetric non-unitary quantum dynamics in a
single-photon interference network from the energy
perspective. We also proved that a linear optical
system with single-photon source could sim ulate the
non-Hermitian system，which could be used to study
the physical problems in non-Hermitian systems，
such as new topological invariants［31-34］ ， quantum
thermodynamics［27］ and information criticality［35］. Our
experimental system provides a platform for studying
open systems with dissipation and loss.
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Fig. 4 Experimental observation of the breaking of the PT-

symmetry (real part of eigenvalue E+ decreases when
0<a<1 and equals zero when a>1)

Fig. 5 Experimental observation of the breaking of the PT-

symmetry (imaginary part of eigenvalue E+ equals
zero when 0<a<1 and increases when a>1)
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