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Following the evolution under a non-Hermitian Hamiltonian (nHH) involves significant probability
loss. This makes various nHH effects impractical in the quantum realm. In contrast, Lindbladian
evolution conserves probability, facilitating observation and application of exotic effects character-
istic of open quantum systems. Here we are concerned with the effect of chiral state conversion:
encircling an exceptional point, multiple system states are converted into a single system eigenmode.
While for nHH the possible converted-into eigenmodes are pure states, for Lindbladians these are
typically mixed states. We consider hybrid-Liouvillian evolution, which interpolates between a
Lindbladian and a nHH and enables combining the best of the two worlds. We design adiabatic
evolution protocols that give rise to chiral state conversion with pure final states, no probability
loss, and high fidelity. Furthermore, extending beyond continuous adiabatic evolution, we design a
protocol that facilitates conversion to pure states with fidelity 1 and, at the same time, no probabil-
ity loss. Employing recently developed experimental techniques, our proposal can be implemented
with superconducting qubit platforms.

Introduction.—Over the past few years, exceptional
points (EPs) of non-Hermitian Hamiltonians [1–4] have
become an object of intense study in a number of dis-
tinct contexts. From rather abstract studies involv-
ing PT -symmetric nHHs [5–8], adiabatic nHH evolu-
tion [9–18], topological manifestations [19–24], exotic
band structures [25], and properties of non-equilibrium
phase transitions [26, 27] to more practically-oriented
proposals of loss-induced transparency and lasing [28–
33], on-demand directional emission [34–37], optimal en-
ergy transfer [38, 39], and enhanced sensing [40–42].

One of the most striking effects emerging in the vicinity
of an EP is chiral state conversion [9–17]: Under adia-
batic evolution of the system along a trajectory in the
parameter space such that an EP is encircled, all possi-
ble initial states of the system are converted to one final
state. The final state corresponds to one of the system’s
eigenmodes. The directionality of the winding around the
EP (the chirality) determines which eigenmode it is. A
major hindrance in employing this chiral effect for prac-
tical purposes or incorporating it in more complex ma-
nipulation protocols, are the significant losses incurred
under nHH evolution. These may be acceptable in clas-
sical applications; in the quantum context, any loss of
probability is highly detrimental.

While classical lossy systems are often naturally de-
scribed in terms of a nHH, open quantum systems only
allow for such a description in the presence of postselec-
tion, based on monitoring of the environment [43, 44]. In
the presence of a non-monitored Markovian environment,
quantum system evolution is described by the Lindblad
master equation [45–48]. The physics of EPs of Lindbla-
dian superoperators is attracting much attention [49–58],
in particular, in the context of optimal state prepara-
tion and stabilization [50, 56, 58]. Lindbladian evolu-
tion conserves the total probability, eliminating losses

and, naively, opening the way to efficient chiral state
conversion in the quantum realm. However, generically
the eigenmodes involved (i.e., the potential conversion
results) do not correspond to pure states, limiting the
applicability of such protocols [50].

Here we investigate chiral state conversion in a sys-
tem featuring a controllable degree of postselection,
cf. Fig. 1(a). The dynamics is described within the
hybrid-Liouvillian (hL) formalism [52]. Depending on
the postselection parameter, q, the hL interpolates be-
tween nHH (q = 0) and Lindbladian (q = 1) dynamics.
We show that the EPs of the hL form a rich structure
within the parameter space extended by q. This struc-
ture continuously connects the EPs of the Lindbladian at
q = 1 to those of the corresponding nHH at q = 0, open-
ing the way for chiral state conversion with the degree of
postselection being varied during the protocol. This way
the best of the two worlds can be combined: low losses,
inherent to q ≈ 1 evolution, and pure state eigenmodes,
inherent to q = 0.

Below we show that varying q during the evolution
alongside the other parameters significantly reduces the
probability loss, while the mode conversion fidelity (that
quantifies the accuracy of mode conversion) remains al-
most unchanged. We note, though, that even with the
protocol where q is varied during the adiabatic evolution,
the two desired goals: (i) perfect values of unit fidelity
and (ii) no loss due to postselection, are unattainable si-
multaneously. To achieve these two goals together, we
further employ a “hopping strategy”, developed recently
in the context of nHH dynamics [37]: we replace parts of
the adiabatic encircling trajectory by abrupt hops. We
demonstrate that combining the hopping strategy with a
controlled postselection parameter, q, facilitates achiev-
ing both goals mentioned above, cf. Fig. 3.
Model.—We study a single qubit subject to a Hamil-
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Figure 1. (a)—The setup under consideration. A qubit is
subject to a Hamiltonian evolution and relaxation processes.
Whenever a relaxation event takes place, the experimental
run is discarded with a prescribed probability, 1−q. (b)—The
manifold of EPs of the hybrid-Liouvillian Lq, cf. Eqs. (1-4), in
the parameter space of θ (specifying the Hamiltonian), q and
α = γ/2ω (determining the relative strength of the Hamilto-
nian and relaxation). The green point (α = 1, θ = π

2
, q = 0)

corresponds to a 4th order degeneracy (featuring, however,
only a 3rd order EP) — the hybrid-Liouvillian counterpart
of the EP of the nHH H̃, cf. Eq. (3). At q > 0 the degen-
erate manifold splits into two lines (blue) of 3rd order EPs
connected by a surface of 2nd order EPs (purple). Two more
surfaces of 2nd order EPs (orange) are bounded by the blue
lines and continue up to α → ∞; their intersection at q = 0
forms a line of 2nd order degeneracies, which are not EPs.

tonian evolution and spontaneous relaxation processes,
cf. Fig. 1(a). When the qubit is in an excited state,
|↑〉, it can relax to the ground state, |↓〉, by emitting a
photon. Whenever a photon is emitted, the experimental
run is either interrupted and discarded from the statistics
(probability 1 − q) or is allowed to proceed (probability
q) depending on which detector clicks [59]. The resulting
evolution of the qubit density matrix is described by the
following Liouville equation:

dρ

dt
= Lq[ρ] = −i[H, ρ]−

γ

2

(
{L†L, ρ} − 2qLρL†

)
, (1)

with the Hamiltonian

H =
ω

2
(sin θ σx + cos θ σz) ≡

ωx
2
σx +

ωz
2
σz, (2)

the Lindblad jump operator L = |↓〉 〈↑|, and the relax-
ation rate γ. Note that Eq. (1) does not preserve the
probability (density matrix trace) unless q = 1, so it is
not a proper Liouvillian evolution (hence the name of
hybrid-Liouvillian [52]).

In the absence of postselection, q = 1, one recovers
the standard Lindblad equation [45–48]. In the case of
perfect postselection, q = 0, the system evolution can be
described in terms of a non-Hermitian Hamiltonian H̃:

dρ

dt
= −i

(
H̃ · ρ− ρ · H̃†

)
, H̃ = H − iγ

2
L†L. (3)

We consider the range of parameters to be ω ≥ 0 and
θ ∈ [0, π]. We further define a dimensionless parameter
α = γ

2ω ≥ 0.

Hybrid-Liouvillian Exceptional Points.—To model the
chiral behavior marking the hL dynamics of encircling
EPs in parameter space, first we need to investigate the
EPs of the superoperator Lq defined in Eq. (1). The
present, rather technical section, summarizes the steps
taken to obtain Fig. 1(b). For that purpose, it is conve-
nient to write the matrix representation of the superop-
erator:

Lq =


−γ iωx

2 −iωx

2 0
iωx

2 −γ2 − iωz 0 −iωx

2
−iωx

2 0 −γ2 + iωz iωx

2
γq −iωx

2 iωx

2 0

 (4)

in the basis {ρ↑↑, ρ↑↓, ρ↓↑, ρ↓↓}. The superoperator’s
eigenvalues {λ} correspond to zeros of the characteristic
polynomial Cq(λ) = Det(Lq−λ I), where I is the identity
matrix. An nth order EP corresponds to an nth order
degeneracy where n eigenvectors coalesce into a single
eigenvector. We first look for the set of nth order degen-
eracies by requiring Cq(λd) = ... = C(n−1)q (λd) = 0, where
C(k)q (λ) denotes the kth derivative of the characteristic
polynomial. We then check the number of linearly inde-
pendent eigenvectors corresponding to this λd in order to
separate EPs from trivial degeneracies.

Figure 1(b) shows the resulting locations of the EPs
and non-EP degeneracies in the space of protocol pa-
rameters (α, θ, q) [60]. We find a 4th order degeneracy
located at (1, π/2, 0) (green point). At q = 0, the system
can be described by a nHH, H̃ in Eq. (3), which has a
well-studied [11–13, 15, 17, 37] 2nd order EP at α = 1,
θ = π/2. In the language of hL, this nHH EP becomes a
4th order degeneracy. However, it is only a 3rd order EP:
only three eigenvectors of hL coalesce while the fourth re-
mains separate. At (α > 1, π/2, 0), we also find a line of
2nd order degeneracies of Lq, which are not EPs.

As soon as q 6= 0 we find a more involved spectrum of
EPs. At each q > 0, we find two EPs of 3rd order and
three lines of 2nd order EPs. Taken for all q ∈ (0; 1] the
structure becomes two lines of 3rd order EPs and three
surfaces of 2nd order EPs, cf. Fig. 1(b).
X-adiabatic encircling of the EP structure.—We are

now in a position to discuss chiral state conversion in the
system. We start with some abstract arguments for why
it could be expected and what the caveats are. We then
resort to a numerical investigation and discuss its results
confirming and quantifying the expected behavior.

Consider the EP manifold in the (α, θ, q) space,
cf. Fig. 1(b). Let us for a moment ignore the fact that
the EP manifold extends to α → ∞ and pretend that
one can encircle it. The chirality of chiral state conver-
sion originates in the switching of the system eigenmodes
as one goes around an exceptional point [16]. The switch-
ing itself stems from the spectrum non-analiticity at the
EP. Since the EP manifold is continuous as a function of
q, the effective non-analiticity of the entire EP manifold
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Figure 2. Trajectories encircling the central part of the EP
structure. The tilted trajectories (q 6= const, dotted gray),
defined in Eq. (5), all start at the same point (α, θ, q) =
(0, π/2, 0), but can approach different values of q0 in the mid-
dle of the closed trajectory. Flat trajectories (dashed red),
defined in Eq. (6), correspond to q = q0 plane. The black dots
represent the starting (and end) point of the corresponding
trajectories.

should be the same at any given q. This implies that
the switching of the respective eigenmodes at different q
obeys the same rules. Therefore, one expects the same
chiral state conversion behavior at all q. Note, however,
that the eigenmodes of the hL are q-dependent, i.e., the
final state may depend on the value of q at the begin-
ning/end of the trajectory.

Recall now that the structure extends to α → ∞, so
that encircling the entire structure is impossible. It fol-
lows that it is impossible to encircle even part of the
structure in a completely adiabatic way. For example,
trying to encircle the lines of 3rd order EPs one must
cross the surfaces of 2nd order EPs, cf. Fig. 2. On that
sub-manifold some of the eigenvalues coincide making it
impossible to satisfy the adiabaticity condition [61]. We
call such evolution x-adiabatic, i.e. adiabatic everywhere
except for a few points along the trajectory.

In order to investigate chiral state conversion under
x-adiabatic evolution, we perform a numerical investi-
gation for two families of closed trajectories, cf. Fig. 2.
The first family comprises trajectories that start and end
in the q = 0 plane, with the postselection rate varied
along the trajectory. The second family comprises tra-
jectories with a fixed q, i.e. the postselection rate re-
mains constant along the trajectory. In reference to their
shape, we denote the first family tilted and the second one
flat. The tilted trajectories start at (0, π/2, 0), then reach
(α0, π/2, q0) at the mid-point, and finally return back to

the initial point:

αtilted(t) = 3 sin2
πt

T
, qtilted(t) = q0 sin

2 πt

T
, (5)

θtilted(t) =
π

2
− 3

2
sin

2πχt

T
,

where the evolution takes place within the time interval
t ∈ [0, T ], and χ = ±1 corresponds to different winding
chiralities. The flat trajectories start/end at (0, π/2, q0)
and remain in q = q0 plane at all intermediate times:

αflat(t) = 3 sin2
πt

T
, qflat(t) = q0, (6)

θflat(t) =
π

2
− 3

2
sin

2πχt

T
.

Consider first the tilted trajectories. The q0 = 0
trajectory can be equivalently described by a nHH H̃,
cf. Eq. (3). This problem is well studied [11–13, 15, 17,
37]. At the initial and final point, the system experiences
only the Hamiltonian H, cf. Eq. (2), whose eigenstates
are |±〉 = (|↑〉 ± |↓〉)/

√
2. Adiabatically (T →∞) follow-

ing this trajectory at q0 = 0 in the clockwise direction
(χ = +1) leads to a conversion of any initial system state
to ρχ=+1 = |+〉 〈+|. Following the trajectory in the op-
posite direction (χ = −1) converts any initial state to
ρχ=−1 = |−〉 〈−|. Note that in the hL language this tra-
jectory is x-adiabatic (the trajectory crosses the line of
2nd order degeneracies at (α > 1, θ = π/2, q = 0)). Nev-
ertheless, the outcome of the evolution should coincide
with the prediction of the nHH formalism.

For q0 6= 0, we observe the same conversion behavior:
any initial state is converted into ρχ corresponding to
the respective direction χ, as quantified by the fidelity
F = Tr ρ(T )ρχ, cf. Fig. 3(a). Note that the conversion
fidelity for tilted trajectories is almost independent of the
value of q0.

The protocol, however, comes with a significant prob-
ability loss. The dependence of the probability P =
Tr ρ(T ) of carrying out the experiment to the end, with-
out having to discard it due to postselection, is presented
in Fig. 3(b). As expected, P increases with q0: for higher
q0 less postselection is applied throughout the trajectory.
Yet, even with q0 = 1, P ≈ 10−2, far from being practi-
cally useful.

For flat trajectories, the postselection probability can
be much higher, cf. Fig. 3(b). In particular, for q0 = 1
there is no probability loss (as no postselection is ap-
plied). However, this comes at the price of a significant
fidelity loss. Let us briefly explain the reasons for the
latter. The initial/final point of the flat trajectory is
(α, θ, q) = (0, π/2, q0), so that γ = 2ωα = 0. There-
fore, the system eigenmodes at the initial/final point of
the trajectory are determined by the same parameters of
H in Eq. (2), independintly of q0. However, as soon as
α 6= 0 the system’s eigenmodes do depend on q0. While
for the system governed by a nHH (q0 = 0) all system
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Figure 3. State conversion fidelity F = Tr ρ(T )ρχ and post-
selection probability P = Tr ρ(T ) for tilted (dotted gray,
Eq. (5)), flat (dashed red, Eq. (6)), and hopping (solid teal,
Eqs. (7-9)) trajectory as a function of the postselection param-
eter q0. For all trajectories we took a maximally mixed initial
state, ρi = 1

2
|+〉 〈+|+ 1

2
|−〉 〈−|, ω = 1 ns−1 for the Liouvil-

lian Lq (cf. Eqs. (1–4)) and a total evolution time T = 100 ns.
For the hopping trajectory, T1 = 0.2T , T2 = 0.6T , αi = 10−5,
and αii = 10. The values of F and P for clockwise (χ = +1)
and counterclockwise (χ = −1) trajectories coincide, hence
only three curves are shown.

eigenmodes (including the one to which all the others
are converted) are pure states, for a system governed by
a hL these are mixed states. Yet, if one aims to obtain
the pure state ρχ, this is achieved with fidelity F & 0.9.
Chiral state conversion with near-unit efficiency.— Re-

cently, Ref. [37] proposed employing the strategy of pa-
rameter hopping for nHH and was able to achieve chiral
state conversion with P ≈ F ≈ 0.9. While this is an
impressive improvement over adiabatic protocols, it is
still not good enough for properly quantum applications.
Here we design a protocol in which both the fidelity F
and the postselection probability P can simultaneously
have values approaching 1 with arbitrarily high accuracy.
This is achieved by combining variable postselection rate
q with parameter hopping.

Consider the following trajectory in parameter space:

(i) t ∈ [0, T1) : αhopping(t) = αi → 0,

θhopping(t) =
π

2

(
1− χ t

T1

)
, qhopping(t) = 0; (7)

(ii) t ∈ (T1, T1 + T2) : αhopping(t) = αii →∞,

θhopping(t) =
π

2
, qhopping(t) = q0; (8)

(iii) t ∈ (T1 + T2, T = 2T1 + T2) : αhopping(t) = αi,

θhopping(t) =
π

2

(
1− χt− T

T1

)
, qhopping(t) = 0. (9)

This trajectory is depicted in Fig. 4. Note the discontin-
uous hops at times T1 and T1 + T2. This trajectory en-
ables chiral state conversion through the following mech-
anism. For the trajectory’s initial point, (0, π/2, 0), the
system’s evolution is goverened by the Hamiltonian H
whose eigenstates are |±〉. During (i) the system evolves
adiabatically for time T1 so that |+〉 and |−〉 are trans-
formed into |↑〉 and |↓〉 respectively (for χ = +1). During
(ii) the system stays at a single point in the parameter
space, and its dynamics is dominated by relaxation, so
that the system eventually ends up in |↓〉. During (iii)
the system is again governed by H, so that |↓〉 is adia-
batically transformed into |+〉. For χ = −1 the roles of
|+〉 and |−〉 are interchanged.

The dependence of the conversion fidelity F and posts-
election probability P on q0 is shown in Fig. 3. With the
parameters used in the numerical simulation, F > 0.999
for all q0 and P > 0.999 when q0 = 1.

In principle, F = 1 and P = 1 can be achieved. For
this, one needs: (a) q0 = 1 and αi = 0, so that no part
of the trajectory involves probability losses, (b) αii →∞
and T2 →∞ for perfect state conversion in step (ii), and
(c) T1 → ∞ for perfectly adiabatic transfer in steps (i)
and (iii). We point out that the locations of hops need
to be chosen carefully in order for unit efficiency to be
possible.
Summary and discussion.—We have investigated the

chiral state conversion under hybrid-Liouvillian dynam-
ics. We have shown that the effect can take place in such
a setting and have designed a protocol for chiral state
conversion with pure target states and no probability loss.

Designing this protocol is facilitated by the fact that
the EPs of a hL form a structure that continuously con-
nects the EPs of a Lindbladian and the respective nHH.
This continuity implies that the chiral state conversion
effect, which is known for nHH and, separately, for Lind-
bladians persists even when the degree of postselection is
varied during the protocol.

Our findings regarding the continuity of the EP struc-
ture are applicable to generic single-, few-, and many-
body systems governed by hL. This follows from the con-
tinuous dependence of the superoperator Lq and its char-
acteristic equation Cq(λ) on q. The EP structure continu-
ity is a main ingredient for our near-unit-efficiency chiral
state conversion protocol. Therefore, it appears likely
that our protocol can be generalized to other systems as
well.

With efficient many-body chiral state conversion, one
might envision applying it for quantum-annealing-like
computations. That is, encircling an EP structure in
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Figure 4. The hopping trajectory with q0 = 1 and χ =
+1, cf. Eqs. (7–9), involves continuous adiabatic evolution
at q = 0 [(i), (iii)] and a relaxation-dominated evolution at
q = 1 (ii), as well as and the instantaneous hops between
them. This minimizes the probability loss, while optimizing
the conversion fidelity. The black dot shows the initial (and
final) point of the trajectory. The entire part (ii) corresponds
to the red dot (α = 10, θ = π

2
, q = 1), cf. Eq. (8).

order to convert the system to a state that represents a
solution for some problem.

The setup considered here is closely related to re-
cent experiments investigating EPs in a superconducting
qubit experiencing nHH [43] and Lindbladian [44] dy-
namics. Continuous variation of the postselection pa-
rameter, needed for our x-adiabatic protocols, can only
be done in the range q = 0.8 − 1, as current efficiency
of single-photon detection, which is needed for postselec-
tion, is . 20% [62]. However, our hopping protocol does
not suffer from this restriction and is amenable to ex-
perimental test by discontinuous switching between nHH
and Lindbladian evolutions in the course of experiment.

We thank Adi Pick for useful discussions. The au-
thors acknowledge the following financial support: the
Deutsche Forschungsgemeinschaft (DFG, German Re-
search Foundation) - Projektnummer 277101999 -TRR
183 (project C01) (PK, KS, YG) , GO 1405/6-1 (KS),
EG 96/13-1 (PK and YG), the Israel Science Foundation
(ISF) (YG), the National Science Foundation through
award DMR- 2037654 and the US-Israel Binational Sci-
ence Foundation (BSF) (YG), Jerusalem, Israel, and the
Helmholtz International Fellow Award (YG).

P.K. and K.S. contributed equally to this work.

[1] Tosio Kato, Perturbation Theory for Linear Operators,
Classics in Mathematics, Vol. 132 (Springer Berlin Hei-
delberg, Berlin, Heidelberg, 1995).

[2] M.V. Berry, “Physics of Nonhermitian Degeneracies,”
Czechoslovak Journal of Physics 54, 1039–1047 (2004).

[3] W. D. Heiss, “The physics of exceptional points,” Journal
of Physics A: Mathematical and Theoretical 45, 444016
(2012).

[4] Yuto Ashida, Zongping Gong, and Masahito Ueda,
“Non-Hermitian Physics,” (2020), arXiv:2006.01837.

[5] Carl M Bender and Stefan Boettcher, “Real Spectra
in Non-Hermitian Hamiltonians Having PT Symmetry,”
Physical Review Letters 80, 5243–5246 (1998).

[6] Carl M. Bender, “Making sense of non-Hermitian Hamil-
tonians,” Reports on Progress in Physics 70, 947–1018
(2007).

[7] Demetrios Christodoulidess and Jianke Yang, Parity-
time Symmetry and Its Applications, edited by Demetrios
Christodoulides and Jianke Yang, Springer Tracts in
Modern Physics, Vol. 280 (Springer Singapore, Singa-
pore, 2018).

[8] Carl M Bender, “Basics of PT Symmetry,” in PT Symme-
try: In Quantum and Classical Physics (World Scientific
(Europe), 2019) Chap. 1.

[9] Alexei A. Mailybaev, Oleg N. Kirillov, and Alexander P.
Seyranian, “Geometric phase around exceptional points,”
Physical Review A 72, 014104 (2005), arXiv:0501040
[quant-ph].

[10] M. V. Berry and R. Uzdin, “Slow non-Hermitian cycling:
exact solutions and the Stokes phenomenon,” Journal
of Physics A: Mathematical and Theoretical 44, 435303
(2011).

[11] Thomas J. Milburn, Jörg Doppler, Catherine A. Holmes,
Stefano Portolan, Stefan Rotter, and Peter Rabl, “Gen-
eral description of quasiadiabatic dynamical phenomena
near exceptional points,” Physical Review A 92, 052124
(2015), arXiv:1410.1882.

[12] Jörg Doppler, Alexei A. Mailybaev, Julian Böhm, Ulrich
Kuhl, Adrian Girschik, Florian Libisch, Thomas J. Mil-
burn, Peter Rabl, Nimrod Moiseyev, and Stefan Rotter,
“Dynamically encircling an exceptional point for asym-
metric mode switching,” Nature 537, 76–79 (2016).

[13] Absar U. Hassan, Bo Zhen, Marin Soljačić, Mercedeh
Khajavikhan, and Demetrios N. Christodoulides, “Dy-
namically Encircling Exceptional Points: Exact Evolu-
tion and Polarization State Conversion,” Physical Review
Letters 118, 093002 (2017), arXiv:1706.09938.

[14] Adi Pick, Bo Zhen, Owen D. Miller, Chia W. Hsu, Fe-
lipe Hernandez, Alejandro W. Rodriguez, Marin Soljačić,
and Steven G. Johnson, “General theory of spontaneous
emission near exceptional points,” Optics Express 25,
12325 (2017), arXiv:1604.06478.

[15] Xu-Lin Zhang, Shubo Wang, Bo Hou, and C. T.
Chan, “Dynamically Encircling Exceptional Points: In
situ Control of Encircling Loops and the Role of the
Starting Point,” Physical Review X 8, 021066 (2018),
arXiv:1804.09145.

[16] Qi Zhong, Mercedeh Khajavikhan, Demetrios N.
Christodoulides, and Ramy El-Ganainy, “Winding
around non-Hermitian singularities,” Nature Communi-
cations 9, 4808 (2018).

http://dx.doi.org/10.1007/978-3-642-66282-9
http://dx.doi.org/ 10.1023/B:CJOP.0000044002.05657.04
http://dx.doi.org/10.1088/1751-8113/45/44/444016
http://dx.doi.org/10.1088/1751-8113/45/44/444016
http://dx.doi.org/10.1088/1751-8113/45/44/444016
http://arxiv.org/abs/2006.01837
http://arxiv.org/abs/2006.01837
http://dx.doi.org/10.1103/PhysRevLett.80.5243
http://dx.doi.org/10.1088/0034-4885/70/6/R03
http://dx.doi.org/10.1088/0034-4885/70/6/R03
http://dx.doi.org/10.1007/978-981-13-1247-2
http://dx.doi.org/10.1007/978-981-13-1247-2
http://dx.doi.org/10.1142/q0178
http://dx.doi.org/10.1142/q0178
http://dx.doi.org/10.1103/PhysRevA.72.014104
http://arxiv.org/abs/0501040
http://arxiv.org/abs/0501040
http://dx.doi.org/ 10.1088/1751-8113/44/43/435303
http://dx.doi.org/ 10.1088/1751-8113/44/43/435303
http://dx.doi.org/ 10.1088/1751-8113/44/43/435303
http://dx.doi.org/10.1103/PhysRevA.92.052124
http://dx.doi.org/10.1103/PhysRevA.92.052124
http://arxiv.org/abs/1410.1882
http://dx.doi.org/ 10.1038/nature18605
http://dx.doi.org/ 10.1103/PhysRevLett.118.093002
http://dx.doi.org/ 10.1103/PhysRevLett.118.093002
http://arxiv.org/abs/1706.09938
http://dx.doi.org/10.1364/OE.25.012325
http://dx.doi.org/10.1364/OE.25.012325
http://arxiv.org/abs/1604.06478
http://dx.doi.org/10.1103/PhysRevX.8.021066
http://arxiv.org/abs/1804.09145
http://dx.doi.org/ 10.1038/s41467-018-07105-0
http://dx.doi.org/ 10.1038/s41467-018-07105-0


6

[17] Mohammad-Ali Miri and Andrea Alù, “Exceptional
points in optics and photonics,” Science 363, eaar7709
(2019).

[18] Wenquan Liu, Yang Wu, Chang-Kui Duan, Xing Rong,
and Jiangfeng Du, “Dynamically Encircling an Excep-
tional Point in a Real Quantum System,” Physical Re-
view Letters 126, 170506 (2021), arXiv:2002.06798.

[19] Zheng Wang, Yidong Chong, J. D. Joannopou-
los, and Marin Soljačić, “Observation of unidirec-
tional backscattering-immune topological electromag-
netic states,” Nature 461, 772–775 (2009).

[20] R. Lefebvre, O. Atabek, M. Šindelka, and N. Moi-
seyev, “Resonance Coalescence in Molecular Photodisso-
ciation,” Physical Review Letters 103, 123003 (2009).

[21] Raam Uzdin, Alexei Mailybaev, and Nimrod Moiseyev,
“On the observability and asymmetry of adiabatic state
flips generated by exceptional points,” Journal of Physics
A: Mathematical and Theoretical 44, 435302 (2011).

[22] Mikael C. Rechtsman, Julia M. Zeuner, Yonatan Plot-
nik, Yaakov Lumer, Daniel Podolsky, Felix Dreisow, Ste-
fan Nolte, Mordechai Segev, and Alexander Szameit,
“Photonic Floquet topological insulators,” Nature 496,
196–200 (2013), arXiv:1212.3146.

[23] Long Chang, Xiaoshun Jiang, Shiyue Hua, Chao Yang,
Jianming Wen, Liang Jiang, Guanyu Li, Guanzhong
Wang, and Min Xiao, “Parity–time symmetry and vari-
able optical isolation in active–passive-coupled microres-
onators,” Nature Photonics 8, 524–529 (2014).

[24] Ramy El-Ganainy, Konstantinos G. Makris, Mercedeh
Khajavikhan, Ziad H. Musslimani, Stefan Rotter, and
Demetrios N. Christodoulides, “Non-Hermitian physics
and PT symmetry,” Nature Physics 14, 11–19 (2018).

[25] Bo Zhen, Chia Wei Hsu, Yuichi Igarashi, Ling Lu,
Ido Kaminer, Adi Pick, Song-Liang Chua, John D.
Joannopoulos, and Marin Soljačić, “Spawning rings of
exceptional points out of Dirac cones,” Nature 525, 354–
358 (2015), arXiv:1504.00734.

[26] Alexander Altland, Michael Fleischhauer, and Sebas-
tian Diehl, “Symmetry classes of open fermionic quantum
matter,” (2020), arXiv:2007.10448.

[27] Matteo Soriente, Toni L. Heugel, Keita Arimitsu, R. Chi-
tra, and Oded Zilberberg, “A distinctive class of
dissipation-induced phase transitions and their universal
characteristics,” (2021), arXiv:2101.12227.

[28] A. Guo, G. J. Salamo, D. Duchesne, R. Morandotti,
M. Volatier-Ravat, V. Aimez, G. A. Siviloglou, and D. N.
Christodoulides, “Observation of PT -Symmetry Break-
ing in Complex Optical Potentials,” Physical Review Let-
ters 103, 093902 (2009).

[29] B. Peng, . K. Ozdemir, S. Rotter, H. Yilmaz, M. Liertzer,
F. Monifi, C. M. Bender, F. Nori, and L. Yang, “Loss-
induced suppression and revival of lasing,” Science 346,
328–332 (2014).

[30] Hui Jing, S. K. Özdemir, Xin-You Lü, Jing Zhang,
Lan Yang, and Franco Nori, “PT -Symmetric Phonon
Laser,” Physical Review Letters 113, 053604 (2014),
arXiv:1403.0657.

[31] M. Brandstetter, M. Liertzer, C. Deutsch, P. Klang,
J. Schöberl, H. E. Türeci, G. Strasser, K. Unterrainer,
and S. Rotter, “Reversing the pump dependence of a laser
at an exceptional point,” Nature Communications 5, 4034
(2014).

[32] Pei Miao, Zhifeng Zhang, Jingbo Sun, Wiktor Walasik,
Stefano Longhi, Natalia M. Litchinitser, and Liang Feng,

“Orbital angular momentum microlaser,” Science 353,
464–467 (2016).

[33] Jing Zhang, Bo Peng, Şahin Kaya Özdemir, Kevin Pich-
ler, Dmitry O. Krimer, Guangming Zhao, Franco Nori,
Yu-xi Liu, Stefan Rotter, and Lan Yang, “A phonon laser
operating at an exceptional point,” Nature Photonics 12,
479–484 (2018).

[34] Minkyung Kim, Kyungmook Kwon, Jaeho Shim,
Youngho Jung, and Kyoungsik Yu, “Partially directional
microdisk laser with two Rayleigh scatterers,” Optics Let-
ters 39, 2423 (2014).

[35] Jan Wiersig, “Chiral and nonorthogonal eigenstate pairs
in open quantum systems with weak backscattering be-
tween counterpropagating traveling waves,” Physical Re-
view A 89, 012119 (2014).

[36] Bo Peng, Şahin Kaya Özdemir, Matthias Liertzer, Wei-
jian Chen, Johannes Kramer, Huzeyfe Yılmaz, Jan Wier-
sig, Stefan Rotter, and Lan Yang, “Chiral modes and di-
rectional lasing at exceptional points,” Proceedings of the
National Academy of Sciences 113, 6845–6850 (2016).

[37] Aodong Li, Jianji Dong, Jian Wang, Ziwei Cheng, John S
Ho, Dawei Zhang, Jing Wen, Xu-lin Zhang, C. T. Chan,
Andrea Alù, Cheng-wei Qiu, and Lin Chen, “Hamil-
tonian Hopping for Efficient Chiral Mode Switching in
Encircling Exceptional Points,” Physical Review Letters
125, 187403 (2020).

[38] H. Xu, D. Mason, Luyao Jiang, and J. G. E. Harris,
“Topological energy transfer in an optomechanical sys-
tem with exceptional points,” Nature 537, 80–83 (2016),
arXiv:1602.06881.

[39] Sid Assawaworrarit, Xiaofang Yu, and Shanhui Fan,
“Robust wireless power transfer using a nonlinear
parity–time-symmetric circuit,” Nature 546, 387–390
(2017).

[40] Weijian Chen, Şahin Kaya Özdemir, Guangming Zhao,
Jan Wiersig, and Lan Yang, “Exceptional points enhance
sensing in an optical microcavity,” Nature 548, 192–196
(2017).

[41] Hossein Hodaei, Absar U. Hassan, Steffen Wittek,
Hipolito Garcia-Gracia, Ramy El-Ganainy, Demetrios N.
Christodoulides, and Mercedeh Khajavikhan, “En-
hanced sensitivity at higher-order exceptional points,”
Nature 548, 187–191 (2017).

[42] Mengzhen Zhang, William Sweeney, Chia Wei Hsu, Lan
Yang, A. D. Stone, and Liang Jiang, “Quantum Noise
Theory of Exceptional Point Amplifying Sensors,” Phys-
ical Review Letters 123, 180501 (2019).

[43] M. Naghiloo, M. Abbasi, Yogesh N. Joglekar, and K. W.
Murch, “Quantum state tomography across the excep-
tional point in a single dissipative qubit,” Nature Physics
15, 1232–1236 (2019).

[44] Weijian Chen, Maryam Abbasi, Yogesh N. Joglekar,
and Kater W. Murch, “Quantum jumps in the non-
Hermitian dynamics of a superconducting qubit,” (2021),
arXiv:2103.06274.

[45] Howard J. Carmichael, Statistical Methods in Quantum
Optics 1 , Vol. 1st (Springer Berlin Heidelberg, Berlin,
Heidelberg, 1999).

[46] Crispin W. Gardiner and Peter Zoller, Quantum noise:
A handbook of Markovian and non-Markovian quantum
stochastic methods with applications to quantum optics,
3rd ed. (Springer-Verlag Berlin Heidelberg, 2004).

[47] Serge Haroche and Jean-Michel Raimond, Exploring the
Quantum: Atoms, Cavities, and Photons (Oxford Uni-

http://dx.doi.org/ 10.1126/science.aar7709
http://dx.doi.org/ 10.1126/science.aar7709
http://dx.doi.org/10.1103/PhysRevLett.126.170506
http://dx.doi.org/10.1103/PhysRevLett.126.170506
http://arxiv.org/abs/2002.06798
http://dx.doi.org/10.1038/nature08293
http://dx.doi.org/10.1103/PhysRevLett.103.123003
http://dx.doi.org/10.1088/1751-8113/44/43/435302
http://dx.doi.org/10.1088/1751-8113/44/43/435302
http://dx.doi.org/ 10.1038/nature12066
http://dx.doi.org/ 10.1038/nature12066
http://arxiv.org/abs/1212.3146
http://dx.doi.org/ 10.1038/nphoton.2014.133
http://dx.doi.org/10.1038/nphys4323
http://dx.doi.org/10.1038/nature14889
http://dx.doi.org/10.1038/nature14889
http://arxiv.org/abs/1504.00734
http://arxiv.org/abs/2007.10448
http://arxiv.org/abs/2007.10448
http://arxiv.org/abs/2007.10448
http://arxiv.org/abs/2101.12227
http://arxiv.org/abs/2101.12227
http://arxiv.org/abs/2101.12227
http://arxiv.org/abs/2101.12227
http://dx.doi.org/ 10.1103/PhysRevLett.103.093902
http://dx.doi.org/ 10.1103/PhysRevLett.103.093902
http://dx.doi.org/ 10.1126/science.1258004
http://dx.doi.org/ 10.1126/science.1258004
http://dx.doi.org/10.1103/PhysRevLett.113.053604
http://arxiv.org/abs/1403.0657
http://dx.doi.org/10.1038/ncomms5034
http://dx.doi.org/10.1038/ncomms5034
http://dx.doi.org/10.1126/science.aaf8533
http://dx.doi.org/10.1126/science.aaf8533
http://dx.doi.org/10.1038/s41566-018-0213-5
http://dx.doi.org/10.1038/s41566-018-0213-5
http://dx.doi.org/ 10.1364/OL.39.002423
http://dx.doi.org/ 10.1364/OL.39.002423
http://dx.doi.org/10.1103/PhysRevA.89.012119
http://dx.doi.org/10.1103/PhysRevA.89.012119
http://dx.doi.org/10.1073/pnas.1603318113
http://dx.doi.org/10.1073/pnas.1603318113
http://dx.doi.org/ 10.1103/PhysRevLett.125.187403
http://dx.doi.org/ 10.1103/PhysRevLett.125.187403
http://dx.doi.org/ 10.1038/nature18604
http://arxiv.org/abs/1602.06881
http://dx.doi.org/10.1038/nature22404
http://dx.doi.org/10.1038/nature22404
http://dx.doi.org/10.1038/nature23281
http://dx.doi.org/10.1038/nature23281
http://dx.doi.org/10.1038/nature23280
http://dx.doi.org/ 10.1103/PhysRevLett.123.180501
http://dx.doi.org/ 10.1103/PhysRevLett.123.180501
http://dx.doi.org/10.1038/s41567-019-0652-z
http://dx.doi.org/10.1038/s41567-019-0652-z
http://arxiv.org/abs/2103.06274
http://arxiv.org/abs/2103.06274
http://arxiv.org/abs/2103.06274
http://dx.doi.org/10.1007/978-3-662-03875-8
http://dx.doi.org/10.1007/978-3-662-03875-8
https://www.springer.com/gp/book/9783540223016
https://www.springer.com/gp/book/9783540223016
https://www.springer.com/gp/book/9783540223016
http://dx.doi.org/10.1093/acprof:oso/9780198509141.001.0001
http://dx.doi.org/10.1093/acprof:oso/9780198509141.001.0001


7

versity Press, 2006).
[48] Heinz-Peter Breuer and Francesco Petruccione, The The-

ory of Open Quantum Systems (Oxford University Press,
New York, 2007).

[49] Naomichi Hatano, “Exceptional points of the Lindblad
operator of a two-level system,” Molecular Physics 117,
2121–2127 (2019), arXiv:1903.04676.

[50] A. Pick, S. Silberstein, N. Moiseyev, and N. Bar-Gill,
“Robust mode conversion in NV centers using exceptional
points,” Physical Review Research 1, 013015 (2019),
arXiv:1905.00759.

[51] Fabrizio Minganti, Adam Miranowicz, Ravindra W.
Chhajlany, and Franco Nori, “Quantum exceptional
points of non-Hermitian Hamiltonians and Liouvillians:
The effects of quantum jumps,” Physical Review A 100,
062131 (2019), arXiv:1909.11619.

[52] Fabrizio Minganti, Adam Miranowicz, Ravindra W.
Chhajlany, Ievgen I. Arkhipov, and Franco Nori,
“Hybrid-Liouvillian formalism connecting exceptional
points of non-Hermitian Hamiltonians and Liouvillians
via postselection of quantum trajectories,” Physical Re-
view A 101, 062112 (2020), arXiv:2002.11620.

[53] Ievgen I. Arkhipov, Adam Miranowicz, Fabrizio Min-
ganti, and Franco Nori, “Quantum and semiclassical ex-
ceptional points of a linear system of coupled cavities
with losses and gain within the Scully-Lamb laser the-
ory,” Physical Review A 101, 013812 (2020).

[54] Ievgen I. Arkhipov, Adam Miranowicz, Fabrizio Min-
ganti, and Franco Nori, “Liouvillian exceptional points
of any order in dissipative linear bosonic systems: Co-
herence functions and switching between PT and anti-

PT symmetries,” Physical Review A 102, 033715 (2020),
arXiv:2006.03557.

[55] John Gunderson, Jacob Muldoon, Kater W. Murch, and
Yogesh N. Joglekar, “Floquet exceptional contours in
Lindblad dynamics with time-periodic drive and dissi-
pation,” (2020), arXiv:2011.02054.

[56] Parveen Kumar, Heinrich-Gregor Zirnstein, Kyrylo
Snizhko, Yuval Gefen, and Bernd Rosenow, “Optimized
Quantum Steering and Exceptional Points,” (2021),
arXiv:2101.07284.

[57] Balázs Gulácsi and Balázs Dóra, “Defect production due
to time dependent coupling to environment in the Lind-
blad equation,” (2021), arXiv:2101.11334.

[58] Shishir Khandelwal, Nicolas Brunner, and Géraldine
Haack, “Signatures of exceptional points in a quantum
thermal machine,” (2021), arXiv:2101.11553.

[59] We assume here perfect detector efficiency. Detector in-
efficiency can be incorporated into the value of q. Con-
versely, such a protocol can be viewed as a simulation of
a finite-efficiency detector.

[60] See Supplemental Material at [URL will be inserted by
publisher] for analytical formulas of the EP locations.

[61] The condition for adiabaticity is |λi − λj |T � 1, where
λi are the eigenvalues of the evolution operator and T is
the typical timescale of changing the system parameters.

[62] Z. K. Minev, S. O. Mundhada, S. Shankar, P. Reinhold,
R. Gutiérrez-Jáuregui, R. J. Schoelkopf, M. Mirrahimi,
H. J. Carmichael, and M. H. Devoret, “To catch and
reverse a quantum jump mid-flight,” Nature 570, 200–
204 (2019).

http://dx.doi.org/ 10.1093/acprof:oso/9780199213900.001.0001
http://dx.doi.org/ 10.1093/acprof:oso/9780199213900.001.0001
http://dx.doi.org/10.1080/00268976.2019.1593535
http://dx.doi.org/10.1080/00268976.2019.1593535
http://arxiv.org/abs/1903.04676
http://dx.doi.org/ 10.1103/PhysRevResearch.1.013015
http://arxiv.org/abs/1905.00759
http://dx.doi.org/ 10.1103/PhysRevA.100.062131
http://dx.doi.org/ 10.1103/PhysRevA.100.062131
http://arxiv.org/abs/1909.11619
http://dx.doi.org/10.1103/PhysRevA.101.062112
http://dx.doi.org/10.1103/PhysRevA.101.062112
http://arxiv.org/abs/2002.11620
http://dx.doi.org/10.1103/PhysRevA.101.013812
http://dx.doi.org/ 10.1103/PhysRevA.102.033715
http://arxiv.org/abs/2006.03557
http://arxiv.org/abs/2011.02054
http://arxiv.org/abs/2011.02054
http://arxiv.org/abs/2011.02054
http://arxiv.org/abs/2011.02054
http://arxiv.org/abs/2101.07284
http://arxiv.org/abs/2101.07284
http://arxiv.org/abs/2101.07284
http://arxiv.org/abs/2101.11334
http://arxiv.org/abs/2101.11334
http://arxiv.org/abs/2101.11334
http://arxiv.org/abs/2101.11334
http://arxiv.org/abs/2101.11553
http://arxiv.org/abs/2101.11553
http://arxiv.org/abs/2101.11553
http://dx.doi.org/10.1038/s41586-019-1287-z
http://dx.doi.org/10.1038/s41586-019-1287-z

	Near-unit efficiency of chiral state conversion via hybrid-Liouvillian dynamics
	Abstract
	Acknowledgments
	References


