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Yang-Lee edge singularities (YLES) are the edges of the partition function zeros of an interacting spin
model in the space of complex control parameters. They play an important role in understanding non-
Hermitian phase transitions in many-body physics, as well as characterizing the corresponding nonunitary
criticality. Even though such partition function zeroes have been measured in dynamical experiments where
time acts as the imaginary control field, experimentally demonstrating such YLES criticality with a
physical imaginary field has remained elusive due to the difficulty of physically realizing non-Hermitian
many-body models. We provide a protocol for observing the YLES by detecting kinked dynamical
magnetization responses due to broken PT symmetry, thus enabling the physical probing of nonunitary
phase transitions in nonequilibrium settings. In particular, scaling analyses based on our nonunitary time
evolution circuit with matrix product states accurately recover the exponents uniquely associated with the
corresponding nonunitary CFT. We provide an explicit proposal for observing YLES criticality in Floquet
quenched Rydberg atomic arrays with laser-induced loss, which paves the way towards a universal platform
for simulating non-Hermitian many-body dynamical phenomena.
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Introduction.—In 1952, Yang and Lee established a
relationship between phase transitions and special points
where the partition function vanishes, also known as Yang-
Lee zeros [1,2]. For a spin model in the thermodynamic
limit, nonunitary critical points known as Yang-Lee edge
singularities (YLES) [3–6] lie at the ends of a dense line of
partition function zeros in the space of complex control
parameters such as the magnetic field or inverse temper-
ature [1,2]. To observe YLES, one can examine a non-
Hermitian quantum ferromagnetic many-body Hamiltonian
involving complex magnetic fields [5–8]. The YLES of
such non-Hermitian ferromagnetic models lead to anoma-
lous critical scaling behaviors associated with their gov-
erning nonunitary conformal field theories (CFTs) [6,8,9].
For a long time, Yang-Lee edge singularities, requi-

ring challenging experimental realization of imaginary
fields, have been deemed as purely theoretical constructs.
Recently, it was realized that the partition function of a
classical spin model can also be mathematically simulated
by real-time evolution, and Yang-Lee zeros were finally
observed through probing spin coherence in a series of
landmark experiments involving externally coupled local
spins [10–12]. However, what these experiments achieved

was the measurement of partition function zeros through a
dynamical process, not the physical observation of the
YLES and their associated nonunitary phase transition. It is
still difficult to realize such esoteric phenomena in a finite-
size quantum ferromagnetic model with physical complex
fields. While various single-body non-Hermitian phenom-
ena have already been demonstrated [13–15], experimental
demonstrations in interacting many-body non-Hermitian
models have just begun, primarily with cold atoms [16–20].
Indeed, ultracold atomic systems have lately proven to be

ideal platforms for simulating many-body physics due to
their excellent tunability and high controllability [21–26],
with demonstrated successes in topological physics [27,28],
strongly correlated matter [29–31], and thermalization
phenomena [32,33]. Rydberg atomic arrays are particularly
promising, with Rydberg interactions successfully deployed
to simulate many-body Hamiltonians [34–42]. Rydberg-
dressing techniques offer new possibilities for engineering
complex many-body phases due to their great tunability in
shaping interactions [43–51]. To introduce non-Hermiticity
in an ultracold atomic lattice, an increasingly established
approach [19,20,52–56] is laser-induced loss by exciting
atoms to “external” states [18,19,57]. Encouraged by these
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recent rapid advances in ultracold atoms, we combine
Rydberg-dressing techniques with laser-induced loss to
realize a ferromagnetic chain with an imaginary effective
field, such as to observe the YLES in a genuinely physical
complex parameter space.
In this work, we first introduce a transverse-field Ising

model with imaginary fields and discuss its critical sig-
natures associated with spontaneous PT breaking [58–61].
We next devise a Floquet quench for observing the YLES
phase boundary by measuring nonequilibrium kinked
responses, before describing our proposed experiment
involving a dissipative Rydberg-dressed optical tweezer
array [6,45,46,50,62], where the imaginary field is imple-
mented through laser-induced atom loss [18,19,57].
Model for Yang-Lee edge singularities.—For a concrete

platform for observing Yang-Lee criticality, we consider
the prototypical non-Hermitian ferromagnetic transverse-
field Ising chain [63,64], which we will later show the
realization in Rydberg atoms:

ĤTFI ¼ −
X

j

ðhxσ̂xj þ Jσ̂zjσ̂
z
jþ1Þ þ

X

j

iγσ̂zj; ð1Þ

where J sets the strength of the interaction, γ is the
imaginary field strength. and σ̂αj ðα ¼ x; zÞ are Pauli matri-
ces. The YLES for this model form a curve in the plane of
real and imaginary magnetic fields ðhx; γÞ in Fig. 1(a) [6],
which we denote as γYL at each value of hx. When
approaching γYL, the ground states of our model experience
spontaneous PT symmetry breaking [6], with real ground-
state eigenenergies Eg splitting into complex eigenenergies
with equal and opposite ImEg, which demarcate the para-
magnetic and ferromagnetic ground states in our model, as
shown in Fig. 1(a) for ĤTFI: the paramagnetic (ferromag-
netic) phases are characterized by vanishing (nonvanish-
ing) ImEg.
Despite YLES initially being defined for classical

systems in the thermodynamic limit, they equivalently
exist in finite-size quantum systems due to a quantum-
classical mapping [3,4,6,9,65–69], as shown in Figs. 1(a)
and 1(b), which were computed through exact diagonaliza-
tion (ED) with L ¼ 8 sites. In Figs. 1(c) and 1(d), the asso-
ciated ground state magnetization Mz ¼ jhPj σ̂

z
j=Lij and

Mx ¼ jhPj σ̂
x
j=Lij also exhibit kinks at these YLES loca-

tions. Indeed, comparing the derivatives fdj½ImEgðγÞ�j=dγg
against that of the xmagnetization jdMxðγÞ=dγj [Fig. 1(d)],
we observe divergences at the same YLES γ ¼ γYL ¼
0.1837 (for J ¼ 1, hx ¼ 1.5).
Dynamical response from Yang-Lee edge singula-

rities.—Since Eq. (1) is non-Hermitian, any physical reali-
zation will undergo nonequilibrium evolution, making it
difficult to directly probe ground state properties such
as Yang-Lee criticality via a static ensemble measurement.
A nonequilibrium detection of ground state transitions

requires different behaviors across phases, in particular
with one dominating the dynamics [6,70–72].
To probe the YLES dynamically, we turn to the spectral

flow across critical points. The underappreciated but crucial
observation is that due to PT -symmetry breaking, imagi-
nary eigenenergies appear and that leads to markedly
different nonunitary dynamics across the transition [6].
From Fig. 2(a), the ground state energy Eg (with smallest
ReEg) is seen to rapidly acquire larger �ImEg immediately
after γ is tuned to be greater than γYL (inset). By contrast,
other nonground state eigenenergies in Fig. 2(a) are largely
stationary. This drastic real-to-complex ground state eige-
nenergy transition does not just imply that ground state
observables, i.e., Mx exhibit a kink at the YLES—more
importantly, the rapidly increasing ImEg at γ > γYL sug-
gests that upon time evolution by ĤTFI, any initial state with
significant ground state overlap will converge towards the
ground state and dominate.
As such, our proposal to experimentally detect nonunitary

critical YLES involves measuring the dynamical x-mag-
netization order parameterMxðTÞ ¼ hψðtÞjPj σ̂

x
j=LjψðtÞi,

which we henceforth expect to exhibit similar kinks as the

hx=1.5
YL

(a) (b)

(c) (d)

FIG. 1. Theoretical characterization of the Yang-Lee edge
singularities of ĤTFI [Eq. (1)] and their associated ground state
discontinuities: (a) Phase diagram of ĤTFI in the space of real and
complex fields hx and γ. The YLES (dashed curve) is the phase
boundary demarcating the paramagnetic (PM) ImEg ¼ 0 phase
and the ferromagnetic (FM) jImEgj > 0 phase, where Eg is the
ground state eigenenergy with the minimal real part. (b) Plots of
ImEg vs γ at the four values of hx indicated in (a), revealing that
Eg is nonanalytic at YLES γYL. (c) Identification of Yang-Lee
phase transitions by the ground state magnetization order
parameter Mx ¼ jhPj σ̂

x
j=Lij. Magnetization kinks (dashed

lines) occur at the same γYL as in (b). (d) The critical point
(at γYL ¼ 0.1837 for hx ¼ 1.5) can be equivalently extracted
from divergences in either the derivative of the imaginary ground
state energy fdjIm½EgðγÞ�j=dγg (blue), or that of the ground state
x magnetization ðdMx=dγÞ (red). All results are obtained from
exact diagonalization (ED) with open boundary conditions, with
interaction strength J ¼ 1 and system size L ¼ 8.
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ground state Mx [Fig. 1(c)]. The edge of such nonunitary
phase transitions can be identified by plotting the kink
locations of MxðTÞ in parameter space. With our Rydberg
array implementation in mind, we propose the following
protocol: (1) Prepare an ordered initial state jψð0Þi ¼
j↓↓……i. [73] (2) Apply quench dynamics on this orde-
red initial state, resulting in normalized result: jψðtÞi ¼
e−itĤTFI jψð0Þi=ke−itĤTFI jψð0Þik with kjψik ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffijhψ jψijp

.
(3) Measure the x magnetization order parameterMxðTÞ ¼
jhψðTÞjPj σ̂

x
j jψðTÞij=L after a sufficiently long stipulated

time T for different γ, keeping J and hx fixed. As shown in
Figs. 2(b) and 2(c), the initial ferromagnetic state jψð0Þi
already overlaps with the ground state of ĤTFI more than
most other eigenstates. Because of the PT-symmetry break-
ing, after evolving for TJ ∼Oð101Þ, it is dominated by the
ground state for γ > γYL, but not when γ < γYL. As such, we
expect to observe a kink inMxðTÞ across the critical YLES
γ ¼ γYL, even though there is considerable ground state
overlap at one side of the transition. Note that even though
the ground state MxðTÞ is extracted through a dynamical
quench, what we are measuring is not mathematically a
dynamical phase transition [10–12,74]. Instead, our propo-
sal for measuring nonunitary criticality can be demonstrated
by our designed experimental optical arrays discussed
below.

Nonunitary criticality of Yang-Lee edge singularities.—
We then demonstrate how to determine the YLES critical
exponents using finite-size scaling with our protocol. After
fixing the quenching duration T, the critical values γ ¼ γLYL
at different L can be extracted from the peak divergences of
the plots of the derivative of MxðTÞ with respect to γ.
This is illustrated in Fig. 3(a) with data from our tMPS
simulation (described shortly after), computed with T ¼
20=J with J ¼ 1 [6]. Here, for different system sizes
L ¼ 8; 10;…; 16, the critical values of γ ¼ γLYL are marked
by dashed vertical lines, where the derivatives peak. In
an experiment, γLYL can be extracted by adjusting γ and
measuring MxðTÞ in separate spin chains of various
lengths L.
The characteristic critical exponents for the YLES can be

extracted via the following universal critical scaling law of
its nonunitary c ¼ −22=5 conformal field theory (CFT)
[9,77]:

γLYL − γ∞YL ∝ L−α ¼ L−ðβ1δ1=ν1Þ; ð2Þ

where γLYL is the location of the YLES obtained from our
protocol at finite size L. γ∞YL represents the YLES as
L → ∞, which can be obtained from our finite-sized data
by extrapolating γLYL with respect to 1=L, as performed by
polynomial fitting in Fig. 3(b). Upon obtaining γ∞YL, one

J=1,hx=1.5

YL

Ground state

< >

(a)

(b)

FIG. 2. (a) Flow of the complex spectrum of ĤTFI [Eq. (1)] as γ
is tuned across γYL ≈ 0.1837. The ground state eigenenergies
(boxed) undergo spontaneous PT symmetry breaking and rapi-
dly acquire imaginary parts (green to yellow, red arrow) as γ
increases slightly above γYL, much more so than other eigen-
energies. (b) and (c): Evolution of the overlap jhψðTÞjψ iij be-
tween the dynamically evolved state jψðTÞi ¼ e−iTĤTFI jψð0Þi=
ke−iTĤTFI jψð0Þik and all eigenstates jψ ii (blue) of ĤTFI, with
initial state being jψð0Þi ¼ j↓↓……i. For γ below the YLES γYL
(b), the ground state overlap (red dashed) decreases rapidly due to
mixing. But for γ > γYL, the ground state component becomes
dominant beyond time TJ ∼Oð10Þ due to the large ImEg of the
ground state, leading to kinked magnetization responses detect-
able in our proposed Rydberg atom system of Fig. 4 below. All
results are obtained from ED with J ¼ 1, hx ¼ 1.5, and L ¼ 8.

Ueven

Uodd

Uodd

Normalization

T

↓ ↓ ↓ ↓ ↓ ↓

(a) (b)

(c) (d)

FIG. 3. Anomalous critical scaling of dynamically deter-
mined Yang-Lee edge singularities of ĤTFI, with J ¼ 1 and
hx ¼ 1.5. (a) Size-dependent YLES γLYL as kinks in the deri-
vative ½dMxðTÞ=dγ�. The dynamical magnetization MxðTÞ ¼
jhψðTÞjPj σ̂

x
j jψðTÞij=L is measured at time T ¼ 20=J for diffe-

rent system sizes L ¼ 8 to 16 using our tMPS algorithm from (d).
(b) Extrapolation of γLYL with 1=L gives the thermodynamic limit
YLES value γ∞YL ≈ 0.139 through polynomial fitting. (c) Plotting
our data for logðγLYL − γ∞YLÞ against − logL yields the critical
exponent α ≈ 2.423 as the gradient [Eq. (2)], which agrees
closely with the CFT result α ¼ 12=5 [75,76]. (d) The nonunitary
circuit for implementing the time evolution of our model [6],
where each step is decomposed into odd-bond Uodd (light green)
and even-bond Ueven (dark green) parts, with normalization (red
solid line) performed at the end.
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can further plot logðγLYL − γ∞YLÞ against logð1=LÞ, such that
the critical exponent α in Eq. (2) can be extracted from the
gradient of the fitted line in Fig. 3(c). Such nonunitary CFT
behavior, which has been elusive in experiments, can be
readily measured in our proposed cold atom setup. Our
tMPS result αMPS ≈ 2.423 is in excellent agreement with
the theoretical value from the nonunitary CFT with central
charge c ¼ −22=5 for the YLES: αCFT ¼ β1δ1=ν1 ¼ 2.40
with β1 ¼ 1, δ1 ¼ −6, ν1 ¼ −5=2 [75,76].
Before discussing the detailed experimental process, we

briefly describe our designed nonunitary numerical algo-
rithm for the results in Fig. 3, which is built upon the state-
of-art matrix product states (tMPS) tool for handling
generic one-dimensional quantum many-body systems
with nearest-neighbor couplings [78–81]. As sketched in
Fig. 3(d) [82], we build a nonunitary circuit for e−iδtĤTFI

[6,83–85], which is implemented through a second-order
Suzuki-Trotter decomposition built by nonunitary even and
odd bonds [6]. A key feature is that normalization at the end
of each time step suppresses numerical divergences, facili-
tating the precise computation of long-time dynamics
(T ¼ 30) [6]. Therefore, our method offers direct, efficient
implementations, outperforming ancilla-based approaches
with significant information wastage and poor scalability
[83,86].
Experimental proposal with Rydberg atoms.—We then

show how to implement the dynamics e−iTĤTFI to observe
the YLES through our driving protocol in Rydberg atomic
arrays. Given that in a Rydberg system [19,50], the
implementation of transverse fields ĤXðFÞ ¼ −

P
j Fσ̂

x
j ,

atomic loss ĤZðgÞ ¼ −i
P

j gσ̂
z
j and, ferromagnetic inter-

actions ĤZZ ¼ −
P

j J0σ̂
z
i σ̂

z
iþ1 are all feasible, we can

Trotterize e−iTĤTFI into N periods by a two-step Floquet
driving protocol (Fig. 4)

e−iTĤTFI ≈ ½eþiτxĤXðFÞþiτγĤZðgÞeþiτJĤZZ �N

¼ ½UFloq
2 UFloq

1 �N; ð3Þ

where UFloq
1 ¼eiτJĤZZ followed by UFloq

2 ¼eiτxĤXðFÞþiτγĤZðgÞ,
and the physical magnitudes F, g, and J0 are related to their
corresponding quenching durations τJ, τx, and τγ via
ðτxF; τγg; τJJ0Þ ¼ ðT=NÞðhx; γ; JÞ. The Floquet cycles
N ¼ ðTJ=J0τJÞ needs to be determined under the condition
of coherent dynamics [87].
We next detail the experimental Floquet quenches UFloq

1

and UFloq
2 in our Rydberg setup, built by the pseudospin-

1=2 of two hyperfine Caesium ground states: j↓i ¼ j6S1=2;
F ¼ 3; mF ¼ þ3i and j↑i ¼ j6S1=2; F ¼ 4; mF ¼ þ4i
(Fig. 4) [6]. To engineer interactions in the first step
UFloq

1 , we couple the state j↑i with the Rydberg state
j60P3=2; mJ ¼ þ3=2i under large detuning Δ vs Rabi
frequency Ω (blue arrow in Fig. 4) [6]. Consequently,
the Rydberg-dressing process leads to an energy shift of

J0 ≈ ðΩ4=8Δ3Þ in the nearest-neighbor subspace j↑↑ii;iþ1,
resulting in effective interactions [6,44,102]

ĤintðJ0Þ ¼ −
X

i

J0P̂iP̂iþ1; ð4Þ

where P̂i ¼ ½ðσ̂zi þ ÎiÞ=2�with σ̂zi ¼ j↑iih↑ji − j↓iih↓ji and
Îi ¼ j↑iih↑ji þ j↓iih↓ji. While this is still not the ferro-
magnetic interaction required in ĤTFI of Eq. (3), inspired by
the operator identity e−iðπ=2Þσ̂xeiτJJ0σ̂ze−iðπ=2Þσ̂xeiτJJ0σ̂z ¼ −Î,
one can convert it into a clean ferromagnetic interaction
ĤZZðJ0Þ ¼ −

P
j J0σ̂

z
i σ̂

z
iþ1, by applying two transverse σ̂x

field kicks:

ðe−iðπ=2Þ
P

j
σ̂xj eiτJĤintð2J0ÞÞ2 ≈ UFloq

1 ; ð5Þ

as elaborated in the Supplemental Material [6]. Such
transverse-field kicks can be generated by microwave
fields, shown as the red circle in Fig. 4 [50].
To realize the next evolution step UFloq

2 , the Rydberg
dressing for UFloq

1 is turned off immediately, and another
microwave field (brown circle in Fig. 4) is turned on to
generate the transverse field ĤXðFÞ ¼ −

P
j Fσ̂

x
j [50]. At

the same time, a strong laser is shone on j↑i such as to
excite it to another state j6P3=2; F ¼ 5i, leading to effective
laser-induced loss ĤZðgÞ ¼

P
j igσ̂

z
j with imaginary field

or decay rate g [6,52,54,55,103,104].

FIG. 4. Proposed Rydberg atomic array for realizing the
Floquet drives UFloq

1 and UFloq
2 in Eq. (3). Optical tweezers

(red, left) trap Cesium atoms (green), with their two hyperfine
ground states defining pseudospin-1=2 states j↓i¼j6S1=2;F¼3;

mF¼þ3i and j↑i ¼ j6S1=2; F ¼ 4; mF ¼ þ4i (right). In UFloq
1

(Step 1), Ω driving (blue dashed arrow) couples j↑i and the
Rydberg state j60P3=2; mJ ¼ þ3=2i, resulting in a Rydberg-
dressed nearest-neighbor j↑↑i interaction Ĥint (purple arrow) that
can be converted to a ferromagnetic interaction via spin echo (red
loop). InUFloq

2 (Step 2), a microwave field (brown loop) generates
the transverse field Fσ̂x, while a laser couples j↑i→ j6P3=2;F¼5;
mF¼þ5i, resulting in the imaginary field igσ̂z [6]. The
quenching durations τJ , τx and τγ are chosen such that
ðτxF; τγg; τJJ0Þ ¼ ðT=NÞðhx; γ; JÞ.
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After repeatedly alternating between Floquet steps UFloq
1

and UFloq
2 (Fig. 4) over N ¼ ðTJ=J0τJÞ iterations, the

dynamically evolved magnetizationMxðTÞ can be obtained
by measuring the normalized populations in the j↑i and j↓i
levels [6,14]. The YLES can be observed as kinks inMxðTÞ
as τγ or g are tuned (Fig. 3). From that, the associated
anomalous scaling behavior and exponents [Eq. (2)] can be
simply be extracted by controlling the number of trapped
atoms L [39,105].
Discussions.—The ground state properties of non-

Hermitian quantum systems are often deemed experimen-
tally inaccessible due to overwhelming decoherence or the
lack of thermal equilibrium. Yet, for the Yang-Lee phase
transition in our model, we found that the spontaneously
broken PT symmetry can give rise to pronounced kinks in
the dynamical magnetization MxðTÞ without the need for
reaching thermal equilibrium. As such, we provide a
realistic Floquet evolution protocol for observing the
YLES criticality in a Rydberg chain, distinct from the
observation of partition function zeroes in previous experi-
ments [10–12]. Our proposal paves the way for future
experimental observation of not just the YLES, but also
other nonunitary phase transitions [104,106–110].
The rapid development of universal quantum computa-

tion also opens up the possibility of implementing our
YLES measurement protocol in quantum computers via
ancilla-based methods [111–115]. Moreover, we achieved
precise long-time dynamics through our MPS approach for
nonunitary circuits. This approach, which is related to mid-
circuit measurements [116–119], offers a route to improve
the current ancilla-based methods for dynamically simulat-
ing various non-Hermitian many-body phenomena
[120–127] and unconventional non-Hermitian topology
[128–141], on quantum circuits.

All data and code of this work are available from the
corresponding authors upon reasonable request.
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