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The exploration of many-body problems stands at the vanguard of modern physics, presenting profound
challenges alongside compelling opportunities. Recently, the non-Hermiticity featured with complex
spectra has significantly expanded the landscape of many-body phenomena beyond the Hermitian
paradigm. Most existing studies focus on the interplay between non-Hermiticity and many-body inter-
actions, with the latter being Hermitian in isolation. Here, by integrating nonreciprocity, a key mechanism
inducing non-Hermiticity, into two-body interactions, we analytically demonstrate how such interactions
govern correlated pair and experimentally confirm our prediction in a phononic crystal simulator. Resulting
phenomena, including the non-Hermitian inverse skin effect where the particles undergo synchronous
motion as a bound pair and accumulate opposite to the dominant hopping direction, as well as the time
cluster effect where two initially separate particles tend to cluster and last as a bound pair in the time
domain, are unambiguously captured in airborne sound measurements. These findings experimentally
unveil the unique phenomena driven by nonreciprocal many-body interactions, opening new pathways for
controlled engineering in correlated systems.
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The exploration of physical phenomena in strongly
correlated systems has emerged as one of the most
challenging yet fascinating frontiers in modern physics [1].
The many-body interactions, such as electron-electron
interaction and magnetic exchange interaction, play essen-
tial roles in fostering novel quantum phases, including the
fractional quantum Hall effect [2,3] and the quantum spin
liquids [4,5]. Serving as fundamental building blocks for
understanding many-body phenomena, few-body problems
have attracted considerable attention throughout recent
decades owing to the significant experimental advances in
ultracold atomic systems [6–11]. Unlike quantum systems,
classical wave systems such as photonic crystals for
electromagnetic waves and phononic crystals (PCs) for
acoustic waves, naturally lack many-body interactions.
However, by mapping the dynamics of correlated particles
onto a single particle in higher dimensions [12], imple-
mentation and precisely control of few-body interactions
(especially of two- and three-body interactions) become
accessible for classical waves. For instance, the fractional
Bloch oscillations [13,14] in photonic waveguides, and

topological edge states induced by interacting bound pairs
[15,16] and anyonic statistics [17,18] in electric circuits are
implemented. Despite these advances, many-body physics
remains unexplored in PCs for acoustic waves to date.
Non-Hermitian physics, featured with complex energy

spectra, has established itself as a transformative frame-
work for controlling open systems in the presence of non-
reciprocity, gain, and loss, and extends quantum mechanics
beyond the Hermitian paradigm [19–21]. Because of the
spectral topology, non-Hermitian systems exhibit numer-
ous intriguing phenomena including the exceptional points
and non-Hermitian skin effects (NHSEs). A canonical
example for NHSEs is the Hatano-Nelson model [22], a
one-dimensional (1D) chain with nonreciprocal hoppings,
where all the eigenstates accumulate along the dominant
hopping direction and localize at open boundary as skin
modes. While the majority of current studies concentrates
on single-body systems, research interest in non-Hermitian
many-body problems is witnessing explosive growth,
catalyzing seminal works such as dissipation-induced
correlations [23], skin clusters [24–26], and bound states
in the continuum [27]. Among them, given the pivotal role
of nonreciprocity in exploring non-Hermitian physics,
many-body interactions are typically introduced to lattices
with nonreciprocal hoppings to probe their interplay or
competition. Inspired by the intriguing non-Hermitian
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properties under the simplest single-body nonreciprocal
hopping in the Hatano-Nelson model, a fundamental
question is raised: what will happen when many-body
interaction is nonreciprocal?
Here we theoretically propose a modified Bose-Hubbard

model with nonreciprocal two-body interactions and exper-
imentally investigate the non-Hermitian dynamics of cor-
rected pairs using a PC simulator. With each dimension
describing the position of one particle, the PC sample is
implemented in two dimensions to simulate two bosons
moving on a 1D lattice. The nonreciprocal two-body inter-
action is mapped to the unidirectional acoustic couplings
along the PC diagonal, achieved via a set of active electro-
acoustic couplers (AECs) [28–31]. The nearest-neighbor
two-body hoppings can trigger a non-Hermitian inverse
skin effect (NHISE), where the particles undergo synchro-
nous motion as a bound pair and accumulate opposite to the
dominant hopping direction. More interestingly, the system
exhibits a time cluster effect, where two initially separated

particles tend to cluster and eventually remain as a bound pair
in the time domain, even under the onsite two-body repulsive
interactions that typically isolate particles. Our findings,
employing PC as a classical-wave simulator to investigate
non-Hermitian many-body physics, unveil the unique phe-
nomena driven by nonreciprocal many-body interactions.
Nonreciprocal two-body interaction and NHISE—We

propose a non-Hermitian Bose-Hubbard model with non-
reciprocal two-body interaction, which possesses two
correlated spinless bosons. The corresponding 1D lattice
is illustrated in Fig. 1(a). The Hamiltonian is

H ¼ t0
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FIG. 1. Correlated particles under nonreciprocal two-body interaction. (a) Schematics of a 1D lattice possessing two bosons. Non-
Hermiticity is introduced by the nonreciprocal two-body hoppings ρe�γ . (b) Real part of the PBC energy spectrum, as a function of
center-of-mass momentum kc. The shaded continuum and the magenta line correspond to scattering states and bound pair states,
respectively. (c) Complex PBC energy spectrum under different two-body hopping strength ρ. (d) Spatial distribution of one particle
under OBC when varying ρ. (e) A NHSE where the two particles behave as a bound pair and accumulate along the dominant hopping
direction. Left panel: two-body wave function for all eigenstates (modulus square). Right panel: complex energy spectrum. The color
map gives the PR. (f) A NHISE where the collapse direction is opposite to the dominant hopping direction. The parameters are chosen as
N ¼ 20, t0 ¼ −1, U ¼ −1, γ ¼ 0.6, ρ ¼ 0.4 (b),(f) and 1.1 (e).
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Here, ânðâ†nÞ is the annihilation (creation) operator for the
boson at site n (of N total sites). t0 is the single-body
hopping strength, and U describes the onsite two-body
interactions (attractive for U < 0 and repulsive for U > 0).
Non-Hermiticity is solely brought by the nearest-neighbor
nonreciprocal two-body hoppings ρe�γ ðγ > 0Þ, denoted
by the red and blue arrows. This feature distinguishes our
system from previous works where the nonreciprocal
hoppings and the many-body interactions are typically
introduced separately.
The two-body state vector can be expanded in Fock

space as jψi ¼ ð1= ffiffiffi
2

p ÞPx1;x2 uðx1; x2Þâ†x1 â†x2 j0i, where
j0i is the vacuum state and uðx1; x2Þ is the probability
amplitude with one particle at site x1 and the other at site x2.
Introducing center-of-mass and relative coordinates c ¼
½ðx1 þ x2Þ=2� and r ¼ x1 − x2, the energy spectrum under
periodic boundary condition (PBC) can be solved; see
derivation in Supplemental Material [32]. Figure 1(b)
displays the band structure as a function of center-of-mass
momentum kc, including two types of states: the shaded
continuum corresponds to scattering states that the particles
are far apart and move independently on the lattice; the
magenta line represents bound pair states that the particles
appear at the same site and move together. These bands are
also depicted in the complex plane in Fig. 1(c). Three slices
of the spectra under typical ρ are highlighted by solid lines,
and the left slice corresponds to Fig. 1(b). Since the non-
Hermiticity arises exclusively from interaction terms, the
scattering states (black) are confined to the real axis. In
contrast, the bound pair states (magenta) possess complex
energies and wind in the complex plane as kc goes (along
the magenta arrows). The spectral topology of such anti-
clockwise band winding is characterized by a positive
winding number v ¼ 1. When increasing ρ, besides the
emergence of the second bound pair band with a larger
real part, the first band undergoes a progressive twist
and eventually reverses its winding orientation (from
anticlockwise to clockwise winding), which corresponds
to a negative v ¼ −1. In single-body problems, a nonzero v
implies the existence of NHSE under open boundary

condition (OBC), and, according to the non-Bloch band
theory [34–38], the sign of υ determines the collapse direc-
tion of skin modes. In other words, the orientation reversal
of band winding leads to a reversal of collapse direction of
skin modes. This motivates our subsequent verification of
whether such correspondence between spectral topology and
NHSE holds universally in our correlated system.
To this end, we proceed to investigate the localization

feature of OBC eigenstates, as presented in Fig. 1(d). For a
fixed ρ, the color map is given by

P
n;x2 junðx1; x2Þj2,

denoting the spatial distribution of one particle. Results for
the two particles are the same owing to the exchange
symmetry of bosons unðx1; x2Þ ¼ unðx2; x1Þ. For smaller ρ,
the particle tends to accumulate along the −x direction
and localize the left boundary, which reveals as the
counterintuitive NHISE since the rightward two-body
hopping is much stronger than the leftward one. When ρ
exceeds a threshold at around 0.8, the collapse direction
reverses and aligns with the þx direction, corresponding
to the conventional NHSE. Figures 1(e) and 1(f) exemplify
two typical cases for NHSE and NHISE, respectively,
with ρ ¼ 1.1 and 0.4 as taken in the right and left slices
in Fig. 1(c). The left panels display the two-body wave-
functions, where the bright spots along the diagonal line
x1 ¼ x2 reflect the synchronous localization of the particles
as bound pairs. The right panels represent the OBC spectra,
and the colormaps denote the participation ratio defined
as PR ¼ ðPx1;x2 junðx1; x2Þj2Þ2=

P
x1;x2 junðx1; x2Þj4. This

confirms that the occurrence of NHSE and NHISE is
determined by the center-of-mass band winding [32].
Time evolution—We then investigate the motion of

correlated particles in the time domain. Based on the
system parameters in Fig. 1(e), a two-body initial state
jψ0i is prepared with its wavefunction taken the Gaussian
form as u0ðx1; x2Þ ¼ Ae−ðx1−m0Þ2−ðx2−n0Þ2 . Here, A is the
normalization factor, m0 and n0 represent the coordinates
of two initially separated particles, which are randomly
chosen as ðm0; n0Þ ¼ ð17; 6Þ of N ¼ 20 total sites.
Figure 2(a) displays the evolution of the particles in the

60

(b)

Max

x2

x1 x1 x1 x1 x1 x10

0

0 10 20 30 40 50

<|r|>

Time

(a)

10 20 30 40 500

<|r|> Clustering

FIG. 2. Time evolution of two initially separated particles. (a) Snapshots of the two-body wavefunction at discretized times, with
respect to two initially separated particles. (b) Time evolution of the expected value hjrji. The inset illustrates the time cluster effect. The
lattice parameters are the same as Fig. 1(e).
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time domain with a step of 10. The colormaps give the
distributions of final states jψðtÞi ¼ AðtÞe−iHtjψ0i, which
are individually normalized for better visualization. The
reduced Planck constant ℏ is omitted. It is shown that, after
a dynamical evolution of time, the wave function soon
distribute along the diagonal line, implying the clustering
of particles, namely, the time cluster effect. Driven by the
NHSE, the particles move as a bound pair towards the open
boundary and eventually remain stable.
To further demonstrate the time cluster effect, we display

the time evolution of hjrji in Fig. 2(b). The expected value
hjrji ¼ hψðtÞjjr̂jjψðtÞi denotes the average distance
between the particles, and naturally, as depicted by the
orange curve, equals to jm0 − n0j ¼ 9 for the initially
separated particles at time t ¼ 0. When undergoing the
particle clustering, hjrji approaches zero asymptotically
with increased time. The above process is schematically
illustrated by the inset. In essence, the time cluster effect
originates from the skin mode with the largest imaginary
part [in the right panel of Fig. 1(e)], which dominates the
final state as a bound pair in the long-time limit, regardless
of the initial position of the particles. As the imaginary
parts of eigenenergies (specifically non-Hermiticity) are
solely induced by the nonreciprocal two-body hoppings,
the occurrence of the time cluster effect is insensitive to
other parameters including the onsite two-body interaction.

As an intriguing result, this effect can counterintuitively
occur in the presence of repulsive interactions, which
typically isolate the particles [32].
Non-Hermitian acoustic bound pairs—Next, we map the

aforementioned two-body dynamics onto the propagation
of scalar acoustic waves in a 2D PC. Derived from the
Schrödinger equation Hjψi ¼ Ejψi for the Hamiltonian in
Eq. (1), the eigenequation with respect to uðx1; x2Þ reads

Euðx1; x2Þ ¼ t0½uðx1 − 1; x2Þ þ uðx1; x2 − 1Þ
þ uðx1 þ 1; x2Þ þ uðx1; x2 þ 1Þ�
þ δx1;x2 ½Uuðx1; x2Þ þ ρe−γuðx1 þ 1; x2 þ 1Þ
þ ρeγuðx1 − 1; x2 − 1Þ�; ð2Þ

which can also be viewed as the equation of a single particle
moving on the 2D lattice in Fig. 3(a). With each dimension
describing the position of one boson (x1;2), the 2D lattice
consists of N × N sites (spheres) and each corresponds to a
two-body basis ð1= ffiffiffi

2
p Þâ†x1 â†x2 j0i. The center-of-mass and

relative coordinates are labeled by the 45°-tilted c-r axes.
Note that, as both x1 and x2 vary from 1 to N, c ¼
½ðx1 þ x2Þ=2� varies from 1 to N while r ¼ x1 − x2 varies
from 1 − N to N − 1. In parallel, the single-body hoppings
t0 are mapped to the horizontal and vertical hoppings
(black sticks), and the onsite two-body interaction U is
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FIG. 3. Demonstration of non-Hermitian acoustic bound pairs. (a) Mapping 1D correlated system onto a 2D lattice. The nonreciprocal
two-body hoppings are embodied in the hoppings between diagonal sites. (b) Acoustic realization of the lattice model. Left panel:
schematics of the PC. Right panel: magnified view of the acoustic nonreciprocal hopping. (c),(d) Schematics of two AEC setups with
larger (c) and smaller (d) nonreciprocal hopping strengths. (e) Retrieved complex frequency spectrum of the PC with the setup in (c).
(f) Observation of the NHSE of acoustic bound pairs. The color map represents measured acoustic signals (modulus square). (g),(h) The
same as (e) and (f), but adopting the setup in (d) to observe the NHISE.
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transformed into the onsite energies of the diagonal sites
(red spheres). The nonreciprocal two-body hoppings are
embodied in the hoppings t1;2 ¼ ρe∓γ (blue and red
arrows) along the diagonal line.
Developed from Fig. 3(a), the PC sample comprises

9 × 9 cuboid cavities (N ¼ 9), which are filled with air and
arranged with 40-mm spacing, as illustrated in Fig. 3(b).
The dipole resonance mode of the cavity plays the role of
lattice site with a center frequency f0. The connecting tubes
(gray) introduce t0. Along the diagonal line, nonreciprocal
hoppings are accomplished by a set of cross-linked tubes
(blue) and custom-made detector-controller-speaker devi-
ces, that is, the AECs. The AEC provides unidirectional
and tunable acoustic coupling through the holes (red
circles) drilled on diagonal cavities, thus bringing non-
reciprocity. In addition, the cross-linked tubes would
inevitably shift the center frequency of the diagonal sites
to f0 þU and equivalently introduce the onsite two-body
interaction term.
To investigate the NHSE and NHISE of acoustic bound

pairs, we adopt two AEC setups, as sketched by Figs. 3(c)
and 3(d), to attain distinct nonreciprocal hopping strengths
t1;2 within the same PC sample, and all the acoustic para-
meters are retrieved from a pre-experiment [32,33]. For the
first setup in Fig. 3(c) with t1 ¼ κ0 and t2 ¼ κ0 þ κa, the
complex frequency spectrum is computed in Fig. 3(e).
The solid lines represent the center-of-mass spectrum under
PBC. While the scattering states (black) are confined
to a line, the acoustic bound pair state (magenta) winds

clockwise along the arrows, corresponding to v ¼ −1. This
spectral topology implies the accumulation of OBC eigen-
states (dots) in the NHSE. Experimentally, we insert a
broadband speaker into the center cavity to excite the
acoustic bound pair states, and measure the frequency
response in each cavity. Figure 3(f) depicts the acoustic
field distribution at 3122 Hz, which is the response peak
frequency at the upper right corner site and also corre-
sponds to the bound pair states in Fig. 3(e). As expected,
the NHSE of bound pair is distinctly visible that, the
acoustic signal unidirectionally propagates along the dom-
inant hopping direction (dashed arrow) while preserving its
strong localization at the diagonal line.
For the AEC setup in Fig. 3(d), the hopping strengths are

decreased as t1 ¼ κ0 − κa and t2 ¼ κ0 while the dominant
hopping direction remains unchanged. Consequently, the
center-of-mass spectrum in Fig. 3(g) exhibits an anticlock-
wise winding of the acoustic bound pair band, correspond-
ing to a v ¼ 1 and implying the reversal of collapse
direction under OBC. By performing the same experimen-
tal procedure, the NHISE of the acoustic bound pair is
demonstrated in Fig. 3(h). At 3150 Hz, the acoustic
propagation along the dominant hopping direction almost
vanishes while that along the opposite direction is pro-
nouncedly amplified. See more data in Supplemental
Material [32].
Time cluster effect—Under nonreciprocal two-body

interactions, the time cluster effect is investigated in
time-domain measurements of acoustic pulse response.
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The input signal has a center frequency of 3122 Hz and the
amplitude envelope takes the form of a Gaussian function,
as plotted in the upper panel of Fig. 4(a). The red line
highlights the envelope curve of the wave packet, which is
centered at t ¼ 0.025 s (the first clock marker) in the time
domain. With the AEC setup in Fig. 3(f), we launch the
input signal at the ðx1; x2Þ ¼ ð8; 2Þ cavity of the PC to
reproduce an initial state of separated particles, and their
time evolution is detectable via response signal measure-
ment. The middle and lower panels of Fig. 4(a) exemplify
two representative response signals, measured at the corner
sites on the diagonal and anti-diagonal lines, respectively.
A pronounced divergence emerges: the diagonal cavity
exists in a long-lasting wave packet, while in sharp contrast,
the signal at the antidiagonal cavity undergoes rapid
attenuation. To visualize this divergence, we define the
lifetime of the response signal as the lasting time that
the envelope curve exceeds 0.003 a.u., as labeled by the
shaded regions in Fig. 4(a). More visually, lifetimes for all
the cavities are displayed in Fig. 4(b). Compared with those
cavities corresponding to scattering states, the diagonal
cavities exhibit significantly longer lifetimes, owing to the
acoustic bound pair states with larger imaginary parts of
eigenfrequencies.
As a matter of fact, the highly contrasting lifetimes give

rise to the time cluster effect. We calculate the time
evolution of hjrji in Fig. 4(c) based on the measured
acoustic signals. Following the launch of the input signal
(the first clock marker), the curve of hjrji experiences a
sharp decay to zero, unambiguously evidencing the time
cluster effect. Furthermore, evolution of the acoustic signal
is presented in Fig. 4(d), and the clock markers denote
discretized times starting from t ¼ 0.025 s and with incre-
ments of 0.015 s. In the first three panels, the acoustic
signal propagates throughout the PC. Subsequently, owing
to the longer lifetime of bound pair states, the signal rapidly
distributes along the diagonal line, implying the clustering
of particles. The experimental data are in excellent agree-
ment with the theoretical prediction.
Conclusion—In conclusion, we have experimentally

investigated the dynamics of correlated bosons under
nonreciprocal two-body interactions, using a mapping to
the propagation of acoustic waves in a specially designed
PC simulator. The resulting NHSE and NHISE of acoustic
bound pairs, as well as the time cluster effect, have been
adequately addressed in airborne sound measurements.
This approach opens new avenues for exploring non-
Hermitian phenomena in correlated systems, broadening
the insight to many-body physics.
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