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ABSTRACT

Non-Hermitian systems have been extensively studied for their unique
topological properties and dynamic behaviors. In this paper, we investigate
the phenomenon of edge bursts in population dynamics with
rock—paper-scissors interactions, focusing on the interplay between non-
Hermitian effects and biomass dissipation dynamics. We demonstrate that
edge bursts occur when the energy bands form two distinct closed loops
that do not intersect the real axis. Our findings reveal that the presence of
non-dissipated sites is crucial for the formation of edge bursts, as they act
as reservoirs, sustaining solitons near the boundaries and facilitating
biomass transport to the edges. This study provides new insights into the
behavior of non-Hermitian systems with open boundaries and asymmetric
interactions, contributing to a broader understanding of complex
phenomena in such systems.
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1 Introduction

Non-Hermitian physics has emerged as a vibrant field of
research, expanding our understanding of physical
systems beyond the traditional Hermitian framework
[1-3]. Unlike Hermitian systems, which are characterized
by real eigenvalues and unitary evolution, non-Hermitian
systems exhibit complex eigenvalues and have been
found to possess unique topological properties. These
properties are robust against perturbations and can be
identified through topological order [4, 5]. Non-Hermitian
skin effect (NHSE) is one of unique features of non-
Hermitian systems under open boundary conditions
(OBC), characterized by the localization of eigenstates
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near the boundaries of the system [6-11]. It represents a
topological effect that can be seen as a manifestation of
a truly non-Hermitian bulk-boundary correspondence
[12-16]. NHSE highlights how boundary conditions and
non-Hermitian properties can significantly influence the
behavior of physical systems, leading to unique phenomena
that are of great interest in both theoretical and experi-
mental physics [17-20]. It has been observed in electronics
and photonics systems, and non-Hermitian effects have
also been reported in classical systems [21-24].

NHSE is recognized as a reflection of non-Hermitian
static attributes. Recently, a dynamic phenomenon in a
class of non-Hermitian systems has captured considerable
interest [25-28]. Consider a quantum walker in a lossy
lattice, an intriguing reversal occurs: an exceptionally
large portion of loss occurs at the system boundary
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Fig. 1 Schematic diagram of a lossy chain composed of two-site cells for scenario A. Each cell p consists of sites 2p — 1 and
2p, where p ranges from 1 to |S/2]. The circled numbers represent site indices, and the numbers below indicate cell indices.
Each triangle symbolizes a rock-paper-scissors interaction, with r1 and ro denoting the inter-cell interaction strengths and r3
representing the intra-cell interaction strength. The mortality rate r; in the population dynamics signifies the dissipation.
Under periodic boundary conditions, site S is equivalent to site 1.

rather than the initial position of the particle [26]. This
stands in stark contrast to the conventional expectation
of particle dissipation occurring predominantly at the
initial location. This counterintuitive occurrence is
labeled as edge burst.

Since both NHSE and edge burst involve boundary
localization, one intuition is to attribute the latter to the
former. However, Xue et al. [29] studied quantum-
mechanical time evolution of quantum walkers in a lossy
lattice. They differentiate edge bursts from NHSE and
argued that the emergence of edge bursts arise from an
unforeseen interaction between two distinct non-Hermitian
phenomena: the non-Hermitian skin effect and imaginary
gap closing. Wen et al. [30] investigated the evolution of
real-space wave functions for this lossy lattice system.
Using time-dependent perturbation theory, they derived
the analytical expression of the real-space wave functions
and found that wave function of the edge site is distinct
from the bulk sites. Following this line of research, edge
bursts have been experimentally observed by Zhu et al.
[31] in a non-Hermitian Su-Schrieffer—Heeger (SSH)
lattice with bulk translation symmetry, using a photonic
quantum walk, and by Xiao et al. [32] using a discrete-
time non-Hermitian quantum walker of photons. These
studies collectively explore the traits and prerequisites of
edge bursts in quantum systems. However, a quantum
walker in a lattice corresponds to a diffusion problem.
Whether these claims are applicable to other types of
systems such as a drifting particle in a lossy lattice
remains an open problem. Additionally, it is also pertinent
to inquire whether edge bursts can be observed in classical
systems under suitable conditions.

To date, non-Hermitian phenomena in classical
systems, particularly in population dynamics, have also
been observed and studied [33-35]. Building on this, we
concentrate population dynamics on one-dimensional
chains with rock-paper—scissors (RPS) interaction and
examine the system’s evolution under loss by incorporating

the population’s mortality rate. The RPS interaction
breaks Hermiticity, leading to complex eigenvalues that
enable topological phenomena like the NHSE, which is
beyond Hermitian framework. After numerically simulat-
ing the mass evolution equation and witnessing the
phenomena of edge bursts, we explore the microscopic
mechanism behind edge bursts in this population
dynamical system. Moreover, we develop an effective
Hamiltonian and find that there is no clear relation
between the band characteristics and edge bursts.

The remainder of this paper is structured as follows:
Section 2 outlines the model. In Section 3, we firstly
numerically demonstrate the presence of edge bursts and
delve into the mechanism behind edge bursts. Then we
explore the relation between the system’s band charac-
teristics and edge bursts via an effective Hamiltonian.
Lastly, Section 4 offers a comprehensive summary.

2 Model

We consider an antisymmetric Lotka—Volterra equation
(ALVE) [36] defined on a network with S sites (S is an
odd number), which serves as the foundation for our
investigation into the phenomenon of edge bursts within
population dynamics. As depicted in Fig. 1, the network
is structured as a one-dimensional chain of n = [S/2] two-
site cells, where [] denotes the floor function. For
simplicity, we assume that cell p contains sites 2p—1
and 2p. Our system is subject to open boundary conditions
(OBCs), with site 1 and site S serving as the boundaries
of the system.

The biomass at each site i is denoted as z; and
evolves according to the coupled ordinary differential
equations:

S
d
T, = X E aijxj — m;x;. (1)
j=1
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The first term on the right-hand side signifies the inter-
action between adjacent sites with a;; representing the
interaction strength between sites i and j for j #i.
Assuming the interaction between sites following the
RPS model, we impose the condition a;; = —a;; and
assign interaction strengths as follows: qa;;=r; if
i=2p+1land j=2p—1, a;=re if i=2pand j=2p+1,
a;;=-rg if i=2p and j=2p—1 with p=1,2,--- ,n, and
a;; =0 otherwise. The parameters ry, rp, and r; are
positive and account for the intra-cell and inter-cell
interaction strengths, respectively. The second term in
Eq. (1) introduces mortality at site i, which refers to the
loss of the biomass at site i via the interaction with the
environment, leading to the dissipation of biomass from
site i. m; is the dissipation rate of site i, which charac-
terizes the interaction strength between site i and the
environment. The condition a;; = —a;; is the requirement
of biomass conservation in the absence of dissipation
rate in corresponding to lossless quantum walker in SSH
model, and represents predator-prey interaction required
by the maintenance of biodiversity in ecology. To be
noted, the 1D RPS chain is the minimal topologically
nontrivial system and serves as a classical analog of 1D
SSH model. We consider three scenarios, scenario A
with mg,—1 =rs and ms, =0, scenario B with mg,_1 =0
and my, = ry, and scenario C with m; =r4. In scenarios
A and B, each cell contains only one dissipated site. To
be noted, in scenario C, the total biomass decays expo-
nentially with the exponent ry, which is not satisfied in
scenarios A and B.

In essence, our model captures the dynamics of a
population with RPS interactions under the influence of
dissipation, offering a framework to explore the emergence
of edge bursts. For this aim, we establish specific initial
conditions with biomass concentrated at an initial position
io (aggregated biomass), for example z;, =0.99 and the
biomass of 0.01 is uniformly distributed onto all other
sites (distributed biomass). Intuitively, it is expected
that the majority of biomass should be dissipated
around i5. However, our findings will reveal that,
contrary to the expectation, biomass dissipation tends to
accumulate at the system’s boundary. In the following,
we let S =61 and g = 45.

3 Results

3.1  Numerical results on population dynamics

In our previous work, we delved into the population
dynamics of model (1) in the absence of dissipation
(rg =0) [35]. We discovered that the right edge state,
characterized by biomass localizing at the right edge,
occurred when r, < r3, and the left edge state occurred
when 7y > r3, irrespective of r;. In this study, we set
r1 = 0.8 and explore the biomass dissipation dynamics
with non-zero r;. We focus on the dependence of

biomass dissipation on the dissipation rate r, and the
edge states, as well as the mechanism underlying the
edge burst. To achieve this, we numerically simulate
model (1) using the fourth-order Runge-Kutta algorithm
with a time step of 0.01. To extract information on
biomass dissipation, we monitor the accumulated dissi-
pated biomass on all sites, defined as 7 = fOT m;z;dt for
each site i, up to a specified time T. Additionally, we
monitor the remaining biomass z;(¢t) for each site i and
the total remaining biomass X (t) = >, z;(¢).

We commence our investigation with scenario A,
where ma,_1 =74 and moy, =0. Figure 2 illustrates the
relationship between edge bursts and edge states, as well
as the dissipation rate, with T = 30 000. At a low dissipation
rate, such as rg = 1074, edge bursts are strongly correlated
with edge states. For instance, in Fig. 2(al), with
ro = 1.2 and r3 = 1, the left edge state is present, and »;
exponentially decreases with distance from the left edge.
Conversely, in Fig. 2(a2), with 7, =1 and r3 = 1.2, the
right edge state is present, and 7; exhibits an exponential
decay with distance from the right edge. Notably, when
ro = r3 and no edge state exists, as shown in Fig. 2(a3),
no edge bursts are observed. The inset in Fig. 2(a2) indi-
cates that the total biomass in the lattice decreases
exponentially over time.

Upon increasing r4 to 1073, the correlation between
edge bursts and edge states remain consistent, as seen in
Figs. 2(b1)—(b3). The effect of the dissipation rate is
evident in the interruption of the exponential decay of
accumulated dissipated biomass by a plateau in the
system’s central region. At a higher dissipation rate of
rq = 0.01, Figs. 2(cl)—(c3) show the disappearance of
edge bursts regardless of the combination of r, and rs.
Instead, the dissipated biomass accumulates in the
middle domain on the right side of the initial biomass
concentration ig. It is important to note that the insets
in Figs. 2(b2) and (c2) indicate a decrease in remaining
biomass in the lattice that is slower than exponential.

The insets in Figs. 2(cl) and (c3) summarize the
impacts of the dissipation rate on edge bursts. In the
inset of Fig. 2(cl), the ratio n,/n;, is plotted against the
dissipation rate r,; at the same combination of ry and r3,
where 7, represents the dissipated biomass at the left
edge and 7;, is the dissipated biomass at initial position.
The results show that there is a threshold r} beyond
which edge bursts are lost (i.e., n1/m;, < 1). In the inset
of Fig. 2(c3), the threshold r* is presented as a function
of r5. It can be seen that r% against r, is discontinuous
at r3 = ry, revealing the strong correlation between edge
bursts and the existence of edge states. Additionally,
this indicates that the edge burst at the left edge is
more robust than that at the the right edge.

Next, we explore the development of edge bursts.
Taking rq = 1072 as an example, for r, =1.2 and r3 =1,
the spatial-temporal plots of the biomass and the accu-
mulated dissipated biomass are shown in Figs. 3(al) and
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Fig. 2 The accumulated dissipated biomass distribution 5 for the ALVE model in scenario A under various parameter
settings. The dissipation rate r4 is set to 10™* in the top panels (al—a8), 107 in the middle panels (b1-b3), and 1072 in
the bottom panels (c1—c3). The interaction parameters are as follows: r, = 1.2 and r3 =1 in the left column, r, =1 and
r3 = 1.2 in the middle column, and r, =1.2 and r; = 1.2 in the right column. The insets in the middle column display the

evolution of the total remaining biomass, X(t), in the system.

The inset of (cl) displays the ratio 7:/5;, against r,. Beyond

the threshold rj, edge bursts are lost. The inset of (c3) presents r}; against r3 at r. = 1.2 where the discontinuity at r3 = 1.2
suggests the correlation between edge bursts and edge states. Other parameters: S = 61, ip = 45, r = 0.8, and T = 30 000.

(a2). We define aggregated biomass as the biomass
initially concentrated at site ip, which behaves like dissi-
pative solitons, and distributed biomass as the biomass
spread across the rest of the system. For iy = 45, aggregated
biomass, resulting from the RPS interaction, splits into
two solitons, a large one propagating leftwards and a
small one propagating rightwards. The large soliton
travels a significantly longer distance, reversing its direc-
tion from rightward to leftward after bouncing back
from the left boundary. In contrast, the small soliton
dissipates before reaching the right boundary. Both solitons
experience a biomass loss to the surrounding distributed
biomass or the environment, with a notable loss of
approximately one order of magnitude within the first
100 time units. This loss is indicative of the solitons’
interaction with the environment and their gradual
dissolution into the distributed biomass. To be noted,
the propagating velocities of solitons are positively corre-

lated with their carried biomass.

Without the disturbance of solitons, the distributed
biomass exhibits a homogeneous distribution across cells,
with biomass on dissipated sites being depleted and non-
dissipated sites maintaining higher levels. The passage of
solitons through the system causes a jump in the
biomass level on subsequent sites, demonstrating the
solitons’  gradual dissolution. = Remarkably, the
distributed biomass generates a cascade of traveling
waves that transport biomass to the left edge. These
waves are initiated from non-dissipated sites that are
initially close to the left edge and gradually move
further away from it. The spatiotemporal plot of accu-
mulated dissipated biomass in Fig. 3(a2) shows that
passing solitons induce a jump in the accumulated dissi-
pated biomass. However, the development of edge bursts
at left edge is facilitated by the traveling waves from the
distributed biomass. In short, the solitons are instrumental
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Fig. 3 The spatial-temporal evolution of the biomass z;(t) (top panels) and the accumulated dissipated biomass #;(t)
(bottom panels) for scenario A. The left column corresponds to r» = 1.2 and r3 = 1, the middle column to r» =1 and r3 = 1.2,
and the right column to r, = 1.2 and r3 = 1.2. Other parameters: ry = 1072, S =61, ip = 45, and r; = 0.8.

in the formation of edge bursts by dispersing the initial
aggregated biomass into the distributed biomass through
their motion. This dynamic interplay between the solitons
and the distributed biomass is responsible for the
observed biomass dissipation at the left edge of the
system.

Figures 3(bl) and (b2) illustrate the distinct charac-
teristics of edge bursts at the right edge compared to
those at the left edge, under conditions where r, = 1 and
r3 = 1.2. Notably, the small soliton, carrying a larger
biomass, predominantly resides near the right edge. In
contrast, the large soliton swiftly moves to the right
edge after rebounding from the left, lingering there
before eventually moving away. These behaviors result
in increased biomass available to be dissipated at the
right edge. Conversely, the contribution of distributed
biomass transportation to edge bursts, which is evident
on the left, is diminished due to RPS interactions. Addi-
tionally, the accumulation of dissipated biomass indicates
that right-edge bursts develop more rapidly than their
left-edge counterparts. These findings highlight that,
though the phenomena of edge bursts are similar, the
underlying dynamics differ significantly between the left
and right edges. Figures 3(cl) and (c2) present the
scenario where ry = 1.2 and r3 = 1.2, with no observable
edge bursts. Despite the non-uniform distribution of

dissipated biomass, no distinct edge bursts are evident
at either edge. This is attributed to solitons near the
edges having already dispersed a significant portion of
biomass during their transit through the central region.
The presence of non-dissipated sites is crucial for edge
bursts, as they serve as biomass reservoirs that sustain
solitons near the boundaries and support leftward-propa-
gating traveling waves, ultimately leading to edge
bursts.

In our final numerical exploration, we examine edge
bursts in scenario B, with mg, =r; and my,_; =0, and
in scenario C, with m; =r4, setting rqy=10"%. As
depicted in Fig. 4, edge bursts are observed in scenario
B, aligning with the expected correspondence between
edge state and edge bursts occurrence, which is not the
case in scenario C. The lack of edge bursts in scenario C
underscores the significance of non-dissipated sites in
facilitating edge bursts. In the absence of non-dissipated
sites acting as mass reservoirs, the traveling waves critical
for the left edge case and the prolonged presence of solitons
near the edges are suppressed, thereby inhibiting the
occurrence of edge bursts.

3.2 Energy spectrum of non-Hermitian systems

Our numerical findings have established that the presence

Jinfeng Liang, et al., Front. Phys. 21(4), 042202 (2026)
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Fig. 4 Accumulated dissipated biomass distribution n for the ALVE model in scenario B (top panels) and scenario C
(bottom panels). The left column corresponds to r; = 1.2 and r3 = 1, the middle column to r, =1 and r3 = 1.2, and the right
column to r, = 1.2 and rs = 1.2. The insets in the middle column display the evolution of the total remaining biomass, X (¢),
in the system. Other parameters: rq = 1074, S = 61, 4o = 45, r; = 0.8, and T = 30 000.

of edge states in the absence of dissipation is essential
for the occurrence of edge bursts. We now investigate
the band characteristics associated with edge bursts in
the ALVE system. As in Ref. [35], we define creation
and annihilation operators af, a; (for site 2i —1) and b/,
b; (for site 2i). The number operators ala; and blb,
represent the number of individuals at sites 2i —1 and
2i, respectively. Using these operators, the predation
processes in Eq. (1) can be reformulated. For instance,
the predation between sites 2i —1 and 2i is represented
by rsalb; (predation of site 2i by site 2i—1 with
strength r3) and —rsbla; (predation of site 2i —1 by site
2; with the same strength). Consequently, we construct
an effective Hamiltonian for a chain of two-site cells
with periodic boundary conditions, corresponding to Eq.

(1):

n
H = Z(rgazbi — rgbzai + rlallai — rla;rﬂai

(2)

with the boundary condition a,,; =a;. The terms
:-ra,- and fm’blb,- represent the dissipations at sites
2i—1 and 2i, respectively. m=r; and m' =0 for
scenario A, m=0 and m'=r; for scenario B, and
m =m' = ry for scenario C. We further introduce annihi-

lation operators @, and by, such that a; = ﬁZk ape Ik

+raal, b — robl_ a; —mala; —m/blb;)

—ma,

and b; = ﬁzk’l;ke‘jki with j being the imaginary unit
and k=25 (i=1,---,n). The Hamiltonian (2) is then
reformulated as

H = 2(7"35,151@ — 7“35251@ + 7“16;25kefjk — 7“1525;@6%
k
+ TgaLEkejk — rggl?ike_jk — m'dz'dk — m'gzgk)
> (@h, B H (k) @ )
k

3)

with the Bloch Hamiltonian

~ ri(e i — k) —m oy — rpe ik

w = (TS T ) @
For each value of k, the Bloch Hamiltonian H (k) yields
two eigenvalues, E*(k), which delineate two distinct
energy bands as k ranges from 0 to 2wx. The Bloch
energy spectra for scenarios A, B, and C are depicted in
Fig. 5. Contrary to the common assumption that edge
bursts occur when the Bloch energy spectrum touches
the real axis (indicating imaginary gap closing), we find
that edge bursts actually occur only when the two
energy bands form two distinct, closed loops that do not
intersect the real axis. When the energy bands form a
single closed loop that crosses the real axis, no edge
bursts are observed. Furthermore, the mere presence of
two separated energy bands does not ensure edge bursts,
as edge bursts do not occur when the spectra for
scenario C consist of two distinct line segments.

4 Conclusion

In this work, we have explored the phenomenon of edge
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bursts in population dynamics with rock—paper—scissors
interactions, focusing on the interplay between non-
Hermitian effects and the unique dynamics of biomass
distribution. Our primary findings reveal that edge
bursts are not solely a manifestation of the non-Hermitian
skin effect, as previously thought. Instead, they arise
from a complex interplay between the non-Hermitian
skin effect and the dynamics of biomass dissipation,
particularly in systems with asymmetric interactions.
We have demonstrated that edge bursts occur when the
energy bands form two distinct closed loops that do not
intersect the real axis. This differs from the typical belief
that edge bursts are linked to the closing of imaginary
gaps, thereby emphasizing the need to consider both
topological and dynamic aspects in ALVE. Furthermore,
our investigation of the ALVE model has shown that the
presence of non-dissipated sites is crucial for the formation
of edge bursts. These sites act as reservoirs, sustaining
solitons near the boundaries and facilitating the transport
of biomass to the edges. This insight underscores the
role of system architecture and boundary conditions in
influencing the emergence of complex phenomena in non-
Hermitian systems.

For physical implications, this work establishes edge
bursts as a universal non-Hermitian phenomenon tran-

scending quantum-classical boundaries. We observe the
same edge burst, originally predicted in quantum walks,
in classical population systems, confirming non-Hermitian
topology as a cross-scale principle. Moreover, edge
bursts in this work emerge from dynamic synergy of
NHSE and dissipation, contrasting prior static localization
studies. This enables ALVE to serve as a minimal labo-
ratory for testing non-Hermitian quantum-classical
correspondence. For ecological implications, this work
predicts a phenomenon of boundary-driven extinction
where high mortality at habitat edges occurs even when
threats (e.g., pollutants) originate centrally. It also
provides a quantifiable design rule for reserves where
non-dissipative sites (e.g., protected core zones) sustain
biomass reservoirs. Furthermore, the critical dissipation
rate for edge bursts signals proximity to ecosystem
tipping points, enabling proactive intervention.
Additionally, since both Fig. 1 and the Hamiltonian
(2) suggest that model (1) is a classical analog of the 1D
non-Hermitian SSH model, the predicted edge burst
phenomenon may be observed experimentally in
photonic quantum walks, either via a cascaded interfer-
ometer network [32] or a fiber-optic loop [31]. Further-
more, because RPS interactions have been reported for a
system of bacteria [37], and human societies [38], we also
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expect the observation of edge bursts in such systems.
These platforms bridge quantum-inspired topology and
classical dynamics, enabling direct observation of the
interplay between non-Hermitian skin effects and dissi-
pation-driven edge bursts.
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