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The pursuit of topological phenomena in non-Hermitian systems has unveiled new physics beyond
the conventional Hermitian paradigm, yet their realization in interacting many-body platforms remains a
critical challenge. Exploring this interplay is essential to understand how strong interactions and
dissipation collectively shape topological phases in open quantum systems. Here, we experimentally
demonstrate dynamical spectral topology in a dissipative Rydberg atomic gas and characterize parameter-
dependent winding numbers, which quantify a geometric winding of the spectral topology. By increasing
the interaction strength, the system evolves from Hermitian to non-Hermitian regime, accompanying
emergence of trajectory loop in the complex energy plane. As the scanning time is varied, the spectral
topology becomes twisted in the complex energy plane, forming enclosed sub-loops characterized by
opposite winding numbers. Furthermore, by changing the scanning direction, we observe the differentiated
spectral loops, revealing a signature of scan-direction-dependent nonreciprocity. This work establishes
cold Rydberg gases as a versatile platform for exploring the rich interplay between non-Hermitian
topology, strong interactions, and dissipative quantum dynamics.
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L. INTRODUCTION

The phase in topology reveals the inherent space property
that is preserved under continuous deformations, such as
stretching and bending. Topological phase transitions refer
to changes in the state of matter that are characterized by
alterations in the topological properties of the system, rather
than conventional symmetry-breaking mechanisms [1-7].
Studying topological phases and their transitions involves
exploring materials’ features with distinct global geometric
features and investigating how these phases change under
different conditions [8—11]. These transitions can occur
between different topological phases, where the properties
of the system remain invariant under continuous trans-
formations but differ in their topological invariants [12-17],
such as the presence of edge states [18-24], topological
insulators [25-27] and superconductors [28,29] in quantum
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systems. In addition, the topological phase transitions are
also investigated in non-equilibrium systems [30,31], non-
Hermitian systems [32-36], and dynamical systems [37—
40], in which dynamical behaviors and interactions enrich
topological properties.

Due to the unique properties of Rydberg atoms [41-43],
they not only enhance the complexity of the system’s
behavior but also provide a platform for investigating
topological states and their phase transitions, for example,
topological band structure [19] and topological order in the
Kagome lattice [44], and other exotic topological features
[45-48]. The characteristic of long-range interactions
makes the laser-driven Rydberg atomic system displaying
rich non-equilibrium physics and nonlinear dynamics
[49-66]. The interactions in Rydberg atoms induce non-
Hermitian properties [67] and hysteresis loops character-
ized by asymmetrical responses to varying probe inten-
sities [68]. The precise control over Rydberg atom
excitation facilitates the creation of effective non-
Hermitian Hamiltonians, which exhibit rich dynamical
evolution. This capability provides a powerful platform for
investigating the emergence of spectral topology and
dynamical characteristics of the spectral.

In this work, we experimentally demonstrate non-
Hermitian spectral topology in a dissipative cold
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Rydberg atomic gas. Distinct from previous studies on
hysteresis trajectories [68], we construct an expanded two-
dimensional parameter space to map the effective complex
energy spectrum. The emergence of a distinct spectral loop
in the complex energy plane reveals a transition from a
Hermitian to a non-Hermitian regime. Through measure-
ments of the parameter-dependent complex energy spectra,
we extract the corresponding topological winding num-
bers. Remarkably, we find that the spectral topology itself
is not static but dynamical. By tuning the parameter
scanning time, the spectral loop can be “twisted”, leading
to the emergence of sub-loops characterized by an inver-
sion of the winding number. Furthermore, by reversing the
parameter scan direction, we observe a differentiation in
the resulting spectral loops. This scan-direction-dependent
nonreciprocity in the measurement trajectory provides
non-trivial behavior in the non-Hermitian many-body
system. The reported results show that the strongly
interacting cold Rydberg gases can be regarded as a
versatile platform for exploring non-Hermitian topological
physics.

II. RESULTS
A. Physical model

To investigate the energy spectrum topological proper-
ties, we consider an interacting three-level Rydberg atomic
system as illustrated in Fig. 1(a). The system consists of
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FIG. 1.

three atomic state manifolds: the ground state |g), the
intermediate excited state |e), and the Rydberg state |r).
The probe field with Rabi frequency (detuning) €2, (Ap)
drives the transition |g) <> |e). The coupling field, with
Rabi frequency €. and detuning A, couples the transition
le) <> |r). The spontaneous decay rates for the states |e)
and |r) are y, and y,, respectively. The experimental setup
is depicted in Fig. 1(b).

To explore the topological properties of the system, we
first analyze its Hamiltonian. The effective single-particle
Hamiltonian in the interaction picture and under the
rotating-wave approximation can be written as

Q Q.
Has = 3|2 leblol + el + Hee

= D [Agle) el + (A + iran) ) (rl). (1)

where A, = Aj + A, represents two-photon detuning. The
interactions between atoms in the state |r) influence the
many-body quantum dynamics. Here, the interactions
induce an additional dissipation on the state |r), resulting
in a dissipation term iyg.

Under the mean-field approximation (the interaction
between Rydberg atoms is equivalent to the effect of a
single atom in the collective field of surrounding atoms),
Yeit = 72 + Vp,, exhibits a linear dependence on the
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Experimental diagram and energy spectral topology. (a) Energy level diagrams. Probe and coupling fields excite atoms from

the ground state |g) to the Rydberg state |r). (b) Schematic diagram of the experimental setup. The probe beam is incident opposite to
the coupling beam and focused in cold #Rb atoms. MOT: magneto-optical trap, PMT: photomultiplier tube, DM: dichroic mirror.
(c) Numerical simulations of Liouvillian eigenspectrum varying with parameter Arg(Z) on the complex energy plane, where
Z = A, +iQ3. The parameters are {Qc. Ac. vefr. 71,72} = {4.0,2,0.8,1.2}, Q2 €(0,6], and A, € [-3, 3]. The enlarged view represents
the eigenvalue A,, of eigenstate p,,.. The upper panel shows the diagram of changing trends of parameters QIZ, and A,.
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population of |r) state p,. [68]. The Lindblad master
equation including the associated dissipative terms can be
written as

. . 1
p=—ilHa.p] + Y (L,pL} -5 {L;L,,p}) = Lp.
J
(2)

where £ denotes the Liouvillian superoperator, and the
dissipative processes are described by the Lindblad jump
operators L = \/71|g)(e| and L, = \/y;|e)(r|. To fully
investigate the emergence of the system’s non-Hermitian
topological property, we perform a full spectral decom-
position by solving the Liouvillian eigenvalue equation
Lp; = A;p;, ; and p; are the eigenvalues and eigenstates of
the Liouvillian, respectively. The complex eigenspectrum
of the Liouvillian superoperator is shown in Fig. 1(c). The
enlarged view represents the eigenvalue 4,,., which governs
the dynamical evolution of the density matrix element p,,.,
and its trajectory reveals a “point-gap” topology in the
complex plane.

We then characterize the spectral topology for our
system [10], where the Liouvillian space £(Z) depends
on the complex parameter Z = A, + iQ%. Similar to the
general non-Hermitian case, the eigenvalues A(Z) € C lie
in the complex energy plane. As Z varies along a closed
contour Cy in the parameter space, the C; forms a loop
that may enclose a finite area in the complex plane. This
loop can wind around a reference energy point 4, giving
rise to a nontrivial spectral winding number W,, which is
defined as [10,69,70]:

W, = ]{ dZ-VzIndet (£(Z) —A1).  (3)
Cz

- 2ri

It counts the number of times the spectrum winds
around the reference eigenvalues A and I is an identity
matrix of the same dimension as L. Here, 1 denotes a
reference point inside the closed spectral trajectory, ensur-
ing the well-defined W, [4,10]. For a single clockwise
(CW) encirclement, the winding number yields W, = —1,
while a single counterclockwise (CCW) one gives
W, = 1. This quantized winding number serves as a
geometric metric to characterize the evolution of spectral
trajectories.

B. Spectral topology on the complex plane

Figure 2(a) shows a numerical simulation of the com-
plex energy eigenvalue A, as a function of the dissipation
Yeif- As the interaction y.y increases, the eigenvalue
trajectory evolves into distinct loops on the complex plane.
To quantitatively probe the topological features, we
employ electromagnetically induced transparency (EIT)
in a cold atomic ensemble of ®Rb atoms. Using an

acousto-optic modulator, we periodically sweep the probe
field intensity and detuning A, with controlled period T,
tracing closed contours in the (Q2, A,) parameter space.
The measured results are displayed in Figs. 2(b)-2(e),
where the trajectory of the eigenenergy is projected onto
the parameter space spanned by the frequency @ and
transmission loss & (see the definition in Appendix B).

The trajectory is traced by varying the argument of the
complex parameter Z = A, + ng. In this framework, we
set the frequency w = A,, where the two-photon detuning
A, represents the energy mismatch between the driving
lasers and the Rydberg state. This energy mismatch
determines the frequency of the coherent evolution,
corresponding to the imaginary parts of the Liouvillian
eigenvalues. The observable loss & reflects the decay rate
of the Rydberg states, which effectively characterizes
the real parts of the Liouvillian eigenvalues [71-73].
The combination of @ and ¢ effectively reconstructs the
complete complex-plane structure of the Liouvillian spec-
trum qualitatively. Although it does not strictly track
specific instantaneous eigenvalues, it efficiently captures
the trends of the Liouvillian spectrum.

It can be seen that the system exhibits “point-gap”
spectral topology with a winding number W, = 1, and the
reference point is chosen inside the closed spectral
trajectory. This quantized metric serves as a robust
signature of the spectral topology, maintaining invariant
under continuous parameter variations even when the
spectral trajectory undergoes geometric distortions, as
evidenced in Figs. 2(c)-2(e).

At small Qg, dissipation is weak and the system
exhibits quasi-Hermitian behavior: the transmission loss
remains nearly constant and the spectral path lies close to
the real axis, as shown in Fig. 2(b). In this regime, the
system is dominated by intrinsic single-particle decay,
which provides a near-zero loss & However, as Qf,
increases, Rydberg many-body interactions induce sig-
nificant dissipation. This enhanced Rydberg decay rate is
directly reflected in the observable loss &, shifting the
dynamics into the non-Hermitian regime. Similar to
the theory, the spectral trajectory becomes larger as the
interaction increases. Thus, the trajectory expands sig-
nificantly, highlighting the role of interaction-induced
dissipation.

The resulting transmission trajectories reveal loop
structures that are directly tied to the spectral winding
number. The absence of such loops in the weak-dissipation
limit Vp,, — 0, where V « C¢/R® denotes the van der
Waals interaction between Rydberg atoms, depending on
the van der Waals coefficient Cy and the interatomic
distance R. This absence underscores the essential role
of strong interactions in breaking Hermitian constraints
and enabling topology driven by dissipation. These results
illustrate a continuous transition mediated by interaction
strength, where the system evolves from a Hermitian-like
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FIG. 2. Non-Hermitian energy spectral topology. (a) Numerical simulation of the energy eigenvalue A,. of Rydberg steady state
Versus g on the complex plane, where the parameters are {Q., A, 71,72} = {4,0,0.8, 1.2}. The Liouvillian eigenspectrum forms a
loop in the complex plane. (b)—(e) The evolution trajectory of Rydberg eigenstate in the complex energy plane is strongly correlated
with the variation of probe transmission and the energy level detuning A, in the experiment varies with the parameter Arg(Z), where
Z=A + iQé in the scanning time of T, = 18 ps. Panels (b)-(e) display the spectral features for (Q,/ 27)? €0, 1] MHZz?,
(Q,/27)* €[0,4] MHz?, (Q,/27)* € [0, 10] MHZ?, and (Q,/27)? € [0,20] MHz?, respectively.

regime with trivial spectral lines into a non-Hermitian
phase with non-zero spectral winding.

C. Twisted topology

In our system, the direction of parameter scanning
governs a fundamental transition between dominant quan-
tum processes: from absorption to interaction-driven dis-
sipation. This is vividly captured in Fig. 3(a), where the
imaginary part of the coherence, Im(p.,), exhibits a
twisted hysteresis between the up-scan and down-scan
processes of the probe field €,. The crossing of the
transmission spectra reveals a dynamical intersection
point: at lower €, absorption dominates, as evidenced
by the larger Im(p,,) during the increasing scan compared
to the decreasing scan. In contrast, at higher €, strong
Rydberg interactions induce enhanced dissipation, revers-
ing the hysteresis so that the decreasing scan now yields
greater Im(p,,). This crossover reflects the competition
between radiative absorption and the non-Hermitian dis-
sipation arising from Rydberg many-body interactions.
Thus, the resulting topological winding number in the

regimes of absorption-dominated and dissipation-domi-
nated has different signs, as illustrated in Fig. 3(b).

The dynamical nature of this competition is further
controlled by the scanning time, which governs the system’s
dynamical response, memory, and non-adiabaticity.
Additionally, 7, determines the accumulation rate of
Rydberg atoms, thereby affecting the collective dissipation
and non-Hermitian effects. As shown in Figs. 3(c)-3(h), the
projection of the spectral trajectories in the (£, ) plane
evolves dramatically with the scan period T, reflecting the
characteristics of a non-static dynamical spectral topology.
When T is long (e.g., 19 ps), the system responds adia-
batically, and the transmission loop exhibits a well-defined
winding structure characteristic of a certain topological
phase. As T, shortens, the increasing non-adiabaticity alters
the interplay between absorption and dissipation, leading to
growing distortion of the loop. Eventually, at sufficiently
short periods (e.g., 1 ps), the loop becomes twisted and even
self-intersecting. This self-intersection reshapes the spectral
topology, forming enclosed sub-loops characterized by
opposite winding numbers W,, which signify opposite
spectral evolution directions.
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FIG. 3. Twisted topology. (a) The simulated Im(peg) during the up-scan and down-scan processes of Q,% through Lindblad master
equation. (b) Schematic diagram of the different winding numbers corresponding to the absorption- and dissipation-dominated spectra
of the system. (c)—(h) The spectral trajectory of the transmitted signal and the energy level detuning A, in the experiment varies with the

parameter Arg(Z). The scanning times are as follows: T = 19 ps

in (¢), Ty =15 ps in (d), T¢ = 10 ps in (e), T, = 6 ps in (f),

T, =4 ps in (g) and T, = 1 ps in (h). The red dots indicate the intersection points of the complex energy spectrum.

This evolution underscores the role of the scanning time
as a control parameter for topology: it regulates whether
the system can follow the instantaneous eigenstates or is
driven into a non-equilibrium regime where dissipation
and coherent dynamics compete. The resulting spectral
loops are not mere geometric constructs but reflect the
accumulation of non-adiabatic phase effects and the non-
reciprocal flow of energy and coherence in an open
quantum system. Thus, by varying Arg(Z) and T,, we
directly manipulate the topological structure of the sys-
tem’s response, demonstrating the rich interplay between
non-Hermitian topology, many-body interactions, and
quantum dynamics out of equilibrium.

D. Scan-direction-dependent nonreciprocity

Figure 4 demonstrates the emergence of reverse
spectral topology controlled by the scanning direction
of Arg(Z). As illustrated in Fig. 4(a), two distinct
scanning paths are implemented in the complex param-
eter space defined by Qg and A;: a CCW and a CW

trajectory. These directions are not equivalent due to the
dissipative, non-conservative nature of the system, which
breaks time-reversal symmetry at the level of the effec-
tive non-Hermitian Hamiltonian.

Figures 4(b) and 4(c) show the experimentally measured
spectral responses under these two scanning directions, in
which the topological trajectory in the complex energy
plane and its projection (black curve) are mapped. The
trajectory in Fig. 4(b), corresponding to CW scanning,
exhibits a loop structure with characteristic winding, while
the reversed scan in Fig. 4(c) results in a distinct, mirror-
like path, highlighting the directional sensitivity of the
spectral topology. This demonstrates that the spectral
topology is not a static property but is intrinsically tied
to the direction of parameter variation, revealing the
dynamical and geometry-dependent nature of non-
Hermitian energy spectra.

Figure 4(d) directly compares the projections of
these spectral trajectories. The clear separation
between the two curves underscores the path-dependence
of the system’s response, revealing a signature of
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FIG. 4. Scan-direction-dependent nonreciprocity. (a) The clockwise (CW) and counterclockwise (CCW) scan paths of the parameters
Qg and A,. (b) The spectral topological trajectory and projection (the black line) under the CW scanning path. (c) The spectral
topological trajectory and projection (the black line) under the CCW scanning path. (d),(e) The projections of spectra under two
different scanning paths on the parameter plane, at the condition of optical depth OD = 7.9 (d) and OD = 4.6 (e). The gray dash curve
denotes the mirror curve of the projected topological trajectory under the CW scanning. (f) The nonreciprocity parameter 1 as a
function of OD, and the red curve is a function fit y = L/[1 + e‘k<x"‘0)] (L =0.78, k= 1.0, and x5 = 5.9).

scan-direction-dependent nonreciprocity. This behavior
arises from the combination of strong Rydberg-mediated
dissipation and the adiabatic (or non-adiabatic) driving of
system parameters, which together induce this nonreci-
procity in the measurement trajectory. These results
provide a direct visualization of how dissipation and
interactions collaborate to produce directional-sensitive
topological phases in open quantum systems.

To quantify the nonreciprocity of this scan-direction-
dependent parameter winding, we define the nonreciproc-
ity parameter

n= ]i dz |Orcw (Z) — Ocew(Z)]. 4

Here, Orcw(Z) and Occw(Z) denote the measured
observables along the mirror-symmetric clockwise
(RCW) and CCW scanning paths at the complex parameter
Z. The parameter 5 quantifies the relative asymmetry
between the system’s responses under these two scanning
directions. The non-zero value indicates a signature of
scan-direction-dependent nonreciprocity, as it measures

the system’s asymmetry under the reversal of the param-
eter scan direction. In the experiment, we evaluate an
effective nonreciprocity parameter by taking the observ-
able O(Z) as the probe transmission loss £.

To quantitatively investigate this nonreciprocity, we
vary the optical density (OD) from 3.0 to 8.3. As the
OD increases, the separation between the RCW and CCW
projected trajectories becomes more distinct. This trend
arises because a higher OD involves more atoms in the
interaction volume, which enhances the effective Rydberg-
mediated interaction-induced dissipation y. in the system.
The increased dissipation further reinforces the non-
Hermitian topological character, resulting in a more
clearly defined spectral winding loop, as clearly seen at
the two cases of OD = 7.9 in Fig. 4(d) and OD = 4.6 in
Fig. 4(e). This direct relationship is conclusively demon-
strated in Fig. 4(f), where the nonreciprocity parameter 7
increases with OD.

III. CONCLUSION

In this work, we have demonstrated an experiment to
study non-Hermitian topological physics in the presence of
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strong interactions and dissipation in cold Rydberg atomic
gases. Through precise manipulation of system parame-
ters, such as probe intensity, two-photon detuning, and
scanning time, we have shown the emergence of spectral
loops in the complex energy plane, indicating a transition
from Hermitian to non-Hermitian regimes. The observed
twisting and self-intersection of these loops under varying
scanning times reveal a dynamical topological reconfig-
uration of the spectral trajectory into interconnected sub-
loops featuring opposite winding numbers. Additionally,
the asymmetric spectral responses under CW and CCW
parameter scans provide direct evidence of the scan-
direction-dependent nonreciprocity, an intrinsic character-
istic of non-Hermitian dynamical topology. These findings
underscore the rich interplay between dissipation, inter-
actions, and topology in open quantum systems, and
establish cold Rydberg gases as a platform for studying
dynamical topological phenomena beyond the Hermitian
framework.

The long-range interactions between Rydberg atoms
play a vital role, as they not only enhance many-body
correlations but also mediate the dissipative processes that
are essential for realizing non-Hermitian topological
states. This results in non-static topological properties
that evolve dynamically with the scanning process. The
interplay between long-range interactions and dissipation
enriches the topological landscape, enabling the emer-
gence of phases that are otherwise inaccessible in short-
range interacting systems. The observed topology is not
merely a static property of the Hamiltonian but emerges
from the interplay between coherent dynamics, dissipa-
tion, and the measurement process itself, revealing the
non-equilibrium nature of topology in open quantum
systems. This work opens new avenues for exploring
non-equilibrium topological phases and exotic non-
Hermitian phenomena, such as interaction-induced excep-
tional points [68,74,75] and many-body skin effects
[76,77], as well as their potential applications in quantum
simulation and information processing.
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APPENDIX A: DETAILS OF THE
EXPERIMENTAL SETUP

Our investigation into non-Hermitian spectral topology
utilizes a cold ensemble of #Rb atoms confined in a three-
dimensional magneto-optic trap. Through optical pump-
ing, the atoms are prepared in the hyperfine ground state
l9) = |581/2. F = 3). To ensure a stable magnetic envi-
ronment and minimize dephasing, the MOT is enclosed
within a double-layer magnetic shield, which suppresses
the residual magnetic field to below 10 mGauss. This
configuration can avoid the dephasing from the Earth’s
magnetic field. The atoms are excited to the Rydberg state
|r) = [40Ds ,) via a two-photon transition. A probe beam
(w, =~ 20 pm) drives the |g) — [e) = |5P3/,, F = 4) tran-
sition, while a counter-propagating coupling beam
(w. ~ 30 pm) drives the |e) — |r) transition. To ensure
the high coherence and frequency stability required for EIT,
probe and coupling lasers are actively locked using the
Pound-Drever-Hall method. The system’s response is char-
acterized by measuring the probe beam’s transmission
through the atomic ensemble using a photomultiplier tube.

In the experiment, a sine wave and a cosine wave
generated by the signal generator (RIGOL DG4062)
were applied to the acousto-optic modulator (AOM).
Specifically, a cosine wave in the form of cos(2zt/T, +
0,) + C was applied for amplitude modulation on the
AOM to control Qg, while a cosine wave in the form of
sin(2zt/Ts + 6,) + D was utilized for frequency modula-
tion of the AOM to control A,. This configuration
generates the variable Arg(Z) in the parameter space,
where Z = A, + ng, as illustrated in Fig. 1(c). Here, T
denotes the scanning period, #; and 6, are the initial
phases, C and D are constant offsets. The initial phases 6,
and 6,, determine the rotation direction of the parameter
Arg(Z): a CW rotation corresponds to 0, = 6,, while a
CCW rotation is achieved when |6, — 0| = 7.

APPENDIX B: LINDBLAD MASTER EQUATION

We simulate transmission and absorption in the Rydberg
atomic dissipation system by solving the Lindblad master
equation, which is written as

2,

pgg = i?(peg _pge) + V1Pees (Bl)

. Q Q
Pee = ITP(pge _peg) + lf(pre _per) —V1Pee + V2P rrs
(B2)
. LQ
Prr = lé(per _pre) —72Prrs (B3)
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. .Qc .Qp . 72 71
Pre = l?(pee _prr) - l?ﬂrg + (_lAc _E_E Pre>
(B4)
Q Q y
. . P . C . 2
pgr217per_l7pge+ <1<AP+AC)_E>pgr7 (BS)
Q Q y
. . =%p . . 1
peg = l7 (pgg _/)ee) + ljcprg + <_1Ap - E)/)eg’
(B6)

The remaining equations are given by p, = p;,
Prg = Pgr» and p,, = p;,. In the mean-field approximation
(Y2 = Yetr =y + Vp,.), we replace the time-dependent
population p,,.(#) by the term p,.(f) according to
Eq (B1): prr(t) = iQC/2F2(per(t) _pre(t)) _prr(t)/FZ'
Thus, the slope of Rydberg population p,.(7) plays a
crucial role in influencing the transient behavior of p,..(f).
By solving the time-dependent Lindblad master equation
outlined above, we obtained the matrix element Peg The
|

P [in(r2 +2i4,)

theoretical results are presented in Fig. 3(a), where we
present the dynamic evolution curve of the system as the
Rabi frequency €, varies, with a detailed derivation of the
dynamical hysteresis mechanism provided in Ref. [68].

In the experiment, we obtain loss of the probe field
E=1-1/Iy=1—e "™ where y=2m|u,,|*p.,/
[e0€2,] is polarizability, [ is the distance the probe laser
beam travels through the cold atomic gases, k is the wave
number of the probe light in vacuum, m is the atomic
number density, u,, is transition dipole moment, and / and
I, represent the intensity of the input and output of the
probe light respectively.

Under the weak probe approximation, & o Im[p,]
[62,79]. To calculate the absorption analytically, we solve
the steady-state master equation, which differs from the
dynamical hysteresis process. Applying the steady-state
condition (p;; = 0), the weak interaction approximation
(V = 0), and the experimental condition A. = 0 we obtain
the relations for p,, in terms of p,,:

—ira(r1 +72) (73 +4A3) + r2(—ira +24,)Q5

pe( -
9, ntn (r1 +72)Q2
L lrt (v + 2i8)) + 485 + Qlrira(ra = 2i4) + Q2 +11(ra = 20, (73 + Q) + 71729 B
Q(r1 +72)(rir2 +Q2) + 11
Under the weak excitation approximation (£2, < €2.), we neglect higher-order terms in €2,,, and we obtain
Do Prr1 (2 + 2iA,)[(r2 — 2iA,)(iy 4+ 24,) + iQ7][r2(r1 + 72) + Q7] (BS)
v, (r1 +72)Q%(r172 + Q7)

It is evident that p, is proportional to p,,. As evidenced
by Fig. 2(a), the system exhibits near-zero transmission
loss in the weak-interaction regime, confirming that
intrinsic linear decay is negligible. Therefore, the observed
macroscopic loss £ is dominated by interactions between
Rydberg atoms, which reflects the real part of the
Liouvillian spectrum of p,.. The interaction-induced
|

(r1 +72)Q2 (172 + Q2)

|

dissipation y.y introduces an effective non-Hermiticity
into the system, which ultimately manifests as the
observed probe transmission loss. Additionally, based
on the steady-state solution of the Lindblad master
equation, the population of the Rydberg state p,, in the
weak-probe regime can be analytically expressed as

prr =~
nlra(r +72) + Q27 +4485)(r3 +443) 4 2(r172 — 447)Q2 + Q]

Q2 +0(Q)). (B9)

This result allows us to express the population as p,, « Q2. This relationship justifies our construction of the complex
parameter Z = A, + iQ2, which provides a direct mapping from experimental observables to the Liouvillian spectral

topology.
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