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‘PT -symmetric theory is developed to extend quantum mechanics to a complex region, but it wins its
great success first in classical systems, for example, optical waveguides and electric circuits, etc., because
there are so many counterintuitive phenomena and striking applications, including unidirectional light
transport, P7 -enhanced sensors (one kind of exceptional-point-based sensor), and wireless power transfer.
However, these phenomena and applications are mostly based on the ability to approach a P7 -symmetric
broken region, which makes it difficult to transfer them to the quantum regime, since the broken quantum
‘PT -symmetric system has not been constructed effectively, until recently several methods have been
raised. Here, we construct a quantum P7 -symmetric system assisted by weak measurement, which can
effectively transit from the unbroken region to the broken region. The full energy spectrum including the
real and imaginary parts is directly measured using weak values. Furthermore, based on the ability of
approaching a broken region, we for the first time translate the previously mentioned P7 -enhanced sensor
into the quantum version, and investigate its various features that are associated to the optimal conditions
for sensitivity enhancement. In this experiment, we obtain an enhancement of 8.856 times over the
conventional Hermitian sensor. Moreover, by separately detecting the real and imaginary parts of energy
splitting, we can derive the additional information of the direction of perturbations. Our work paves the way
of leading classical interesting P7 phenomena and applications to their quantum counterparts. More
generally, since the P7 system is a subset of non-Hermitian systems, our work will be also helpful in the

studies of general exception point in the quantum regime.
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Parity-time (P7)-symmetric theory was developed to
extend the quantum mechanics to a complex region [1,2].
In conventional quantum theory, Hermiticity of the
Hamiltonian is one of the most basic requirements, which
guarantees the physical conditions of real energy and
conserved total probability. Alternatively, Hamiltonians
satisfying P7 symmetry (generally non-Hermitian) also
fulfill these two conditions with the inner product of states
redefined. This is the so-called P7 -symmetric theory. For
some special situations, this theory can collapse to the
conventional quantum theory.

Although designed for the purpose of improving quan-
tum theory, P7 -symmetric theory wins its great success in
classical systems including electronic circuits [3], and
especially optical systems such as the optical waveguide
[4,5], microcavity [6,7], and laser systems [8—10], etc., due
to the similarity between their master equations and the
PT -symmetric Schrodinger equation. The balanced gain-
and-loss mechanism plays a critical role in these systems.
Not only aiming to the goal of studying P7 -symmetric
theory, these systems attracted a lot of interest also because
they exhibit many striking and counterintuitive phenomena
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and indicate a lot of new applications, for example, the
unidirectional invisibility [11-13] and nonreciprocal light
propagation [6,7], the P7 -symmetric single-mode lasers
[9,10] and laser absorber [8,14], and the wireless power
transfer [15], etc. Actually, we want to note that the
PT -symmetric system is only a subset of the larger class
of non-Hermitian systems [16-27], and many unique
features and applications of the P7-symmetric system
are inherited from its non-Hermitian property, but not
restricted to the P7 -symmetric system, for example, the
exceptional-point (EP)-enhanced sensor [19-21] and its
variant applications in microscopic-thermal-mapping sys-
tems [22], wireless-sensing systems [23-25], and the
optical gyroscope [26,27], etc. The P7 -symmetric system
plays as an excellent platform for the studies of EP,
including the EP-enhanced sensor, which in this case we
simply call the P7 -enhanced sensor [20].

However, these fantastic phenomena and applications
cannot be directly introduced into quantum regime where
the P7 -symmetric theory was born. This is primarily due
to that the gain-and-loss configuration is difficult to transfer
to the quantum regime directly since the single photon
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cannot be copied (i.e., no gain here), and most of the
classical P7 applications mentioned above emerge usually
in the P7 -symmetry-broken region which just relies on
gain and loss.

In the quantum regime, there are its own simulation
methods and striking predictions, but most of these
predicted proposals are in the unbroken region, for exam-
ple, the ultrafast transformation between two orthogonal
states [28], the quantum discrimination with single-shot
measurement [29] and the potential violation of the no-
signaling principle [30,31]. The first experimental simu-
lation of P7 -symmetric evolution in the quantum regime is
realized by Tang et al. in 2016 [31]. Although by using this
method and the later similar variants [32] the broken region
can be reached, these methods are more like the maps that
only consider the initial and final states, but not the whole
evolution. On the other hand, the Naimark-dilation method
is proposed and developed [33,34]. Its main idea is to
embed the P7 -symmetric system into a larger Hermitian
system, and the whole evolution of the Hermitian system
represents the sub-P7 -symmetric system’s evolution, then
the evolved results can be read out by postselection.
The drawback of this method is that it still cannot reach
the broken region, therefore, the purpose to transfer the
splendid phenomena and applications of the classical
regime to the quantum regime is still unachievable.

Until recently, several methods appear to extend the
quantum P7 -symmetric system to the broken region also
by embedding the P7 one into a larger Hermitian system
[35,36]. Among these methods, one theoretical proposal
[36] suggests that the weak measurement is used to read out
the information of the embedded P7 -symmetric system.
As is well known, weak measurement is another powerful
tool to show many striking phenomena and applications,
e.g., directly measuring of the wave function of a photon
[37] or entangled photon pair [38], directly measuring the
density matrix [39], etc.

In this work, we use the weak values to directly
characterize the energy spectrum of the quantum
‘PT -symmetric system through unbroken to broken regions
in experiment. On the basis of this ability to approach the
broken region, we for the first time transfer the P7-
enhanced sensor in the classical regime to the quantum
regime. The classical version of the proposal [19] and the
later experiments [20,21] are based on the microcavities in
the gain-and-loss scheme (note that Refs. [19,21] are not
restricted to a P7 -symmetrical system, and Ref. [20] is
performed in a P7 -symmetrical system), but the EP and
diabolic point (DP) are the common conceptions in both
regimes, which will be further explained later. In our
experiment, we investigate in detail the various influences
of the parameters in the Hamiltonian and perturbation to
the enhancement of sensitivity, and obtain a maximal
enhancement of 8.856 times based on our experimental
conditions.

First of all, we would like to briefly recall some related
conceptions of the P7 -enhanced sensor. The conventional
sensor is based on DP, which means a twofold degenerate
point for the eigenenergies of a Hermitian system, and a
small perturbation ¢ will lift this degeneracy and cause an
energy splitting proportional to € [19]. This splitting then
can be used to sense the small perturbation. Obviously,
the eigenstates here are orthogonal. In contrast, for a
non-Hermitian system, there exists another degenerate
point called EP, which can also be used to construct a
sensor for perturbation € (i.e., an EP-enhanced sensor, or
‘PT -enhanced sensor if it is a P7 -symmetric system).
The difference is that, at this point, not only the eigen-
energies but also the eigenstates coalesce. Moreover, the
(second-order) EP-induced energy splitting is proportional
to the square root of |¢|, whereas the DP-induced splitting
is proportional to |e¢|. This makes the EP sensor more
sensitive. Considering a P7 -symmetric system, as the
perturbations could direct this system to either unbroken
or broken regions, the realization of a P7-symmetry-
breaking case should therefore be very necessary now.

Next, we will discuss the method to construct a
PT -symmetric system with both unbroken and broken
regions using weak measurement. Given a P7 -symmetric
Hamiltonian Hp7 (denoted as H for short below) and a
state |¢), the purpose of this section is to directly measure
the expectation value of H on |p), i.e., (p|H|gp),, where
(¢1|H|@2), = (@1 |nH|p,) represents the y-inner product
[2,36]. Without loss of generality, a two-level P7-
symmetric Hamiltonian can be chosen as

re s
= ( s re_ig)’ M)

where s, r (we set » > 0 here), 0 are real [40]. The
eigenenergies are E, = rcos@ 4 Vs?> —r?sin’6, and
when |s| > |rsin )|, the symmetry is unbroken, otherwise,
it is broken. The point |s| = |rsin 6| is proven to be an EP
as mentioned above.

The two primary bases of this method are (i) the
equivalence of the expectation value of H on |¢) and
the weak value of a specially dilated Hamiltonian A on the

preselected state |@;) = (‘g;) and postselected state |p) =
(“;’7’,/%) that are also specially dilated from |¢@), i.e.,
(@lHp), = @7\ H@:)/ @s|@i) = (H),, [36.41]; (ii) the
derivation of the weak value of the dilated Hamiltonian
H through weakly coupling and detecting a pointer ancilla
(here a qubit). The interaction Hamiltonian of the coupled
systems of the pointer P and the dilated system H can be
written as H,, = H ® P. It is proved that, after the
preselection, weak coupling, and postselection, the real
and imaginary parts of the desired weak value can be
approximately determined by detecting the expectation
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(a) Logic diagram of the construction of P7 -symmetric system. (b) Experimental setup. Both the diagram and setup are

divided into 6 modules: (1) The system preparation and dilation; (2) preselection state preparation; (3) pointer state preparation;
(4) coupling of the pointer and dilated system in which the P7 -symmetric system is embedded; (5) postselection; (6) weak value
readout. Half-wave plate (HWP); quarter-wave plate (QWP); beam splitter (BS); polarizing beam splitter (PBS); phase plate (PP); beam
displacer (BD); periodically poled potassium titanyl phosphate (ppKTP); band-pass filter (BF); single-photon avalanche diode (SPAD).

values of Pauli observables 6, and o, on the coupled and
postselected pointer state, respectively. Details can be
found in the Supplemental Material [41].

Knowing these two basic steps, we can construct our
PT -symmetric system as that shown in Fig. 1. As labeled
in the figures, there are 6 modules. (1) The photon is
generated by spontaneous parametric down conversion
(SPDC), and the path state is dilated from two-dimensional
space to four-dimensional space. (2) The preselection state
;) = (‘zi) is prepared using a four-port interferometer
(note: tﬂis interferometer can realize arbitrary unitary
evolution [41]). (3) The pointer state | P;) is prepared using
a large-size BD. (4) The weak coupling evolution e~/¢"in
[ —igH ® P is performed in a big locked interferometer
containing two small four-port interferometers [50]. (5) The
state after evolution (I —igH @ P)|@;)|P;) is projected
into the postselection state |p;) = (“(%), realized using two
four-port interferometers, and the final pointer state |P) is
derived. (6) The real and imaginary parts of weak value
(H),, (i.e., (p|H |p),) is read out directly by measuring the
expectations of o, and o on |P/), respectively. Details are
found in the Supplemental Material, Sec. I [41].

With this method and experimental setup at hand, we can
now first directly depict the energy spectrum E . (s) of the
PT -symmetric system governed by H(s) [Eq. (1)] with r, 6
being the fixed parameters and s being the variable. It is
easy to prove that the real and imaginary parts of E
provide the upper bounds for the corresponding parts of the
expectation value (@|H|gp),, respectively, when |¢p) is
varied; and the real and imaginary parts of E_ provide
the lower bounds. Therefore, we just need to find the
expectation values with maximal or minimal real and
imaginary parts, denoted as (¢p|H|gp); = (H);, = E. and
(p|H|p), = (H), = E_ (see Supplemental Material for

details [41]). In this section, we set r = v/2 and 6 = /4,
and the real and imaginary parts of (H){ (the weak value
with maximal real and imaginary parts that are really
detected in experiment) are shown in Figs. 2(a) and
2(b), respectively. The black circles with error bars are
experimental results of (H); (corresponding to the axis and
black labels on the left), and the errors are obtained using
the Monte Carlo method considering the counting noise
and inaccurate wave-plate angle settings (the detailed
calculation procedure can be found in Sec. VIII of the
Supplemental Material [41]). The red lines are theoretical
values of E, (corresponding to the axis and red labels on
right) calculated from the P7 -symmetric Hamiltonian H
[Eq. (1)]. The situation of E_ is similar and not shown here.
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FIG. 2. Energy spectrum E (s) of the P7 -symmetric system
directly measured by weak value (H(s)){. The black circles with
error bars are real and imaginary parts of the weak value, and the
red lines are the corresponding eigenenergy directly
calculated from the P7 -symmetric Hamiltonian Eq. (1); i.e.,

Eo(5),_ysgons =1+ VeI~ 1.
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When s varies from 2 to 0, we see a continuous transition
from the unbroken region to the broken region, and the EP
appears at s = 1. Namely, when s > 1, the imaginary part
of the energy always vanishes, and only an s-dependent real
part is left (corresponding to the unbroken region); when
s < 1, in contrast, the imaginary part is nonzero and s
dependent, but the real part keeps as a constant (corre-
sponding to broken region).

On the basis of the ability to approach the broken region,
as discussed previously, this method can be used to trans-
late some fantastic P7 -symmetric phenomena and appli-
cations in classical system into quantum regime. One of
these phenomena is the P7 -enhanced sensor, which was
originally proposed [19] and later realized [20] in an optical
microcavity system armed with gain-and-loss configura-
tion. Here we translate it into the quantum regime, namely,
a quantum P7 -enhanced sensor; and study the detailed
features of this kind of sensor on our experimental setup,
which provides good guidance for the concrete applications
on other systems [35], for example, the single defect in
crystal or powder which is small enough to sense local tiny
perturbations of magnetic or electric fields [51].

To study the quantum P7 -enhanced sensor, we need to
determine the DP and EP first as that in the classical regime.
According to the P7 -symmetric Hamiltonian H in Eq. (1),
when 6 = 0 (here we choose 0 < 8 < x), H collapses to a
Hermitian Hamiltonian. By calculating the eigensystem of
this Hamiltonian, one can find that the two eigenenergies
have a cross when s varies, and the cross point is s = 0; the
eigenstates are always orthogonal. Therefore, this cross
point with degenerate energies is just the DP. When 6 # 0,
it is easy to find that at the point s = rsind, i.e., the
transition point from unbroken to broken regions, both
the eigenenergies and eigenstates coalesce. That is also why
we call it EP. Now, we introduce a tiny perturbation
Hamiltonian eo, (o, is Pauli operator) [40] to H at DP
or EP. We will see an energy splitting that is proportional to
€ in the DP case, but not in the EP case. In the EP case, the
splitting is more drastic around the point. These energy
splittings can be regarded as the appearance of the small
perturbation e.

In this section, our purpose is to study the enhancement
of sensitivity by using EP compared to the conventionally
used DP in the quantum regime. The splittings induced by
€ perturbation are denoted as AEgp and AEpp for EP and
DP situations, respectively. Similar as that in Ref. [19], we
use |AEpp| with same ¢ to normalize both the real and
imaginary parts of AEgp. We note that AFEpp is real since it
happens in the Hermitian system. The normalized EP
splitting is denoted as AE(e) = AEgp(€)/|AEpp(€)]
[40]. Obviously, |AE| can be directly regarded as the
enhancement coefficient of EP- to DP-related sensitivities.

As discussed above, in the zone of 0 <8 < z, DP is
unique, i.e., @ = 0, but EP can vary as # changes. How do
the different EPs affect the enhancement of sensitivity?
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FIG. 3. Response of normalized energy splitting AE to ampli-
tude of perturbation . r = v/2 and @ = z/2. Similarly, only one
part does not vanish, and black circles and red lines represent the
experimental results and theoretical values, respectively.

By varying 0 and detecting the normalized splitting AE, we
find that when 6 = z/2 the enhancement will get a
maximum; details are introduced in Sec. IX of the
Supplemental Material [41]. Therefore, in the following
we will fix 8 = /2, and specially investigate the response
ability of the quantum P7-enhanced sensor over the
Hermitian sensor when the perturbation amplitude e is
varying, especially the case of tiny e, which attracts quite a
lot of interest. The results are shown in Fig. 3, where only
the nonvanished parts of AE in the unbroken [e > O,
Fig. 3(a)] or broken [¢ < 0, Fig. 3(b)] regions are presented
[52]. The black circles are experimental results, and the red
lines are theoretical predictions. Particularly, the blue
dashed lines and corresponding light-blue shadows are
the numerical-simulation results considering the effect of
counting noise and inaccuracy of wave-plate angle settings,
with the dashed lines representing the expectation values
of 50 simulated enhancement results and the shadows
representing the standard deviations. Details can be found
in the Supplemental Material [41]. For relatively large e,
typically |e| > 0.05, the enhancement of sensitivity (i.e.,
|AE|) increases monotonically as |¢| decreases. For small ¢,
ideally, this enhancement can reach infinity when the
perturbation € becomes very tiny, as shown by the red
theoretical lines in Fig. 3, since the second-order-EP-
induced energy splitting is proportional to the square root
of |e|, while the DP-induced splitting is proportional to ||,
however, this is obviously counterintuitive. The experi-
mental results for |e| < 0.05 in Fig. 3 have indicated this
point, where we get a maximum of AE of 8.594 £ 0.803 for
real part and 8.856 +0.791 for imaginary part, but not
infinity. The answer is the noises. When e is small enough
compared to the noise strength, the values of AFEgp
and AEpp are never dominated by +/|e] or |e| any longer,
but the noise-induced errors. Even if € goes to zero, the
noise will not, therefore, the arbitrary increasing of the
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enhancement with arbitrarily small ¢ will be terminated by
the noises. Similar discussions are also debated in the
classical regime [45-48], with which our conclusion for
quantum P7 sensor is coincident. In the Supplemental
Material [41], we adopt the numerical-simulation method
to study this subject in detail, including the effect of
counting noise and inaccurate angle settings (results also
shown in Fig. 3 with blue dashed lines and light-blue
shadows). The maximal real part of enhancement in the
simulation result is 9.055 4 0.845 at ¢ = 0.0171, which
approximately coincides with the previously mentioned
experimental result within errors.

In summary, we have experimentally constructed a
weak-measurement-assisted P7 -symmetric system in the
quantum regime, and using weak values the energy
spectrum of this system is directly measured, from which
we can observe the transition from the unbroken region to
the broken region. Using this ability of approaching the
broken region, we for the first time translate the striking
phenomena and applications of a classical P7 -symmetric
system into the quantum regime. Concretely, we
experimentally investigate a quantum version of the
‘PT -enhanced sensor, whose classical counterpart was
proposed and later realized in a coupled microcavity system
with gain and loss. In our experiment, the sensitivity is
enhanced 8.856 times compared to the conventional
Hermitian sensor. Besides the single photons, other quan-
tum systems, including spins in the defects of crystals or
nanopowders, can also be used to construct quantum P7°
systems [35,49], and hence the quantum EP sensor. These
sensors, especially single spin, usually have small sizes
compared to classical EP-based sensors, therefore, they can
be used to detect the local physical quantities at the single-
or few-atom level, such as the magnetic field of single
molecule [51]. Our work will provide guidance for the
design of this type of high-sensitivity quantum sensors.
Moreover, based on the quantum nature of our experiment,
entanglement and other quantum resources can be intro-
duced into the P7 -enhanced sensor, which will help to
further improve the capabilities of this sensor, especially,
sensitivity (see the Supplemental Material for details [41]).
Our platform can also be used to investigate the quantum
versions of other classical P7 phenomena.
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