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The non-Hermitian skin effect (NHSE), the accumulation of eigen–wave functions at boundaries of open
systems, underlies a variety of exotic properties that defy conventional wisdom. While the NHSE and its
intriguing impact on band topology and dynamics have been observed in classical or photonic systems,
their demonstration in a quantum gas system remains elusive. Here we report the experimental realization
of a dissipative Aharonov-Bohm chain—non-Hermitian topological model with NHSE—in the momentum
space of a two-component Bose-Einstein condensate. We identify signatures of the NHSE in the
condensate dynamics, and perform Bragg spectroscopy to resolve topological edge states against a
background of localized bulk states. Our Letter sets the stage for further investigation on the interplay of
many-body statistics and interactions with the NHSE, and is a significant step forward in the quantum
control and simulation of non-Hermitian physics.
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A quantum system coupled to its environment generally
suffers from particle loss and decoherence, thus exhibiting
qualitatively different phenomena from an isolated
conservative system. Much insight can be obtained about
these quantum systems by resorting to a non-Hermitian
description [1,2], under which a wealth of intriguing features
naturally emerge, including parity-time symmetry and spec-
tral singularity [3–6], nonreciprocal and chiral transport [7],
as well as non-Hermitian topology and unconventional band
theory [8–11]. Within this context, a particularly fascinating
phenomenon is the recently discovered non-Hermitian skin
effect (NHSE) [10–24]. Through what transpires as the
nominal bulk eigenstates undergo exponential localization at
the open boundaries, the NHSE fundamentally reshapes
spectral, band, and dynamic properties of an open system,
necessitating a non-Bloch band theory to account for the
non-Hermitian topology [10–12], and leaving signatures in
the dynamics either driven by a non-Hermitian effective
Hamiltonian [19,25] or under the master equation [26,27].
While the recent observation of the NHSE and its rich
consequences have stimulated intense interest [28–33], its
experimental implementation in quantum gases remains
unexplored.
In this Letter, we experimentally realize a non-Hermitian

topological Hamiltonian with the NHSE in a momentum
lattice of ultracold atoms [34–37]. Specifically, we engineer
a chain of coupled Aharonov-Bohm (AB) rings along a
synthetic momentum lattice with a Bose-Einstein conden-
sate of 87Rb atoms [38–40]. We experimentally implement

a chain of five unit cells with an open boundary condition
(OBC), and identify signatures of the NHSE through the
condensate dynamics. In particular, our measurements con-
firm the presence of a directional bulk flow, which drives
eigenstates toward boundaries under the OBC and has been
identified as the origin of the NHSE [17–19]. For our finite-
size system, the bulk dynamics is realized by initializing the
condensate in a central site and probing the dynamics before
atoms propagate to the boundary. In contrast, to resolve
topological edge states amongst the similarly localized bulk
modes, we perform the Bragg spectroscopy at the edge of
the AB chain to probe its eigenspectrum. The spectroscopy
reveals the emergence of in-gap edge states as the parameters
are tuned, consistent with the theoretically predicted non-
Bloch topological phase transition. Given their flexible
tunability and many-body nature, cold atomic gases offer
an enticing platform wherein the impact of the NHSE on a
wide variety of physical phenomena can be systematically
explored in the future.
Experimental implementation.—Our experimental setup

is illustrated in Fig. 1. Each unit cell of the AB chain consists
of a triangular loop of three sublattice sites ða; b; cÞ, which
are encoded in the combined synthetic dimensions of the
ground-state hyperfine states (jF ¼ 1; mF ¼ 0i for sites a,
b, and jF ¼ 2; mF ¼ 0i for site c) and atomic momentum.
While adjacent sites are coupled via Raman or Bragg
transitions [see Fig. 1(b)], a synthetic magnetic flux (denoted
as ϕ) through the rings can be generated and controlled
through the phases of the coupling lasers. Dissipation is
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introduced at the vertex of the unit cells, as atoms on site c
are state-selectively coupled to electronically excited states
in the 52P3=2 manifold, and subsequently lost from the
system through spontaneous emission.
For atoms that remain in the dissipative AB chain,

their dynamics is effectively driven by a non-Hermitian
Hamiltonian [41]

H ¼
X
n

ðΔ − iγÞc†ncn þ
X
n

½ðJpb†nan þ Jta
†
nþ1bn

þ Jseiϕc
†
nan þ Jrc

†
nbnÞ þ H:c:�; ð1Þ

where a†nðanÞ, b†nðbnÞ, and c†nðcnÞ are, respectively, the
creation (annihilation) operators for sublattice sites a,b,
and c of the nth unit cell. In the following, we denote the
corresponding states as jn; ai, jn; bi, and jn; ci, respectively.
The laser-induced hopping rates Jp;t;r;s between adjacent
sites are illustrated in Fig. 1(a), where the phase ϕ corre-
sponds to the synthetic magnetic flux through the ring. The
laser-induced dissipation on site c is characterized by the
effective loss term γ, and an on-site energy offsetΔ is present
if the Raman-Bragg coupling to site c is detuned. All these

parameters are easily tunable, thanks to the flexible control
afforded by momentum-lattice engineering [41].
In each experiment, we start with a 87Rb Bose-Einstein

condensate in an optical dipole trap with a typical atom
number of 1 × 105. The dipole trap frequencies are
∼2π × ð40; 100; 115Þ Hz. The Raman-Bragg lasers are
imposed along the weak-trapping direction to construct the
momentum lattice [41]. For detection, we turn off the optical
dipole trap and all the Raman-Bragg lasers, and take an
absorption image after a 20 ms time of flight. In this way,
atoms in different momentum states are separated andwe can
extract the atom population in different momentum states.
Dynamic signatures of the NHSE.—Hamiltonian (1) hosts

the NHSE, and can be topologically nontrivial under
appropriate parameters [41]. In our setup, the NHSE can
be understood as arising from the nonreciprocity of the
underlying dissipative AB rings [39]. As a result of the
interplay of the synthetic flux and dissipation, a unidirec-
tional current emerges in the bulk, leading to the accumu-
lation of population at boundaries under the OBC, and
forming the basis for the dynamic detection of the NHSE.
Note that such a directional bulk current is also closely
related to the spectral topology of the Hamiltonian [17,41].
We begin by experimentally confirming the presence of

the directional bulk current. In Fig. 2, we fix the synthetic
flux ϕ ¼ −π=2, and show typical bulk dynamics, in terms
of the time evolution of the momentum-space atomic
distribution, for condensates initialized in the states

FIG. 2. Bulk dynamics along the momentum lattice, where we
show the normalized atom population for each sublattice site. (a),
(b) are the non-Hermitian cases with γ ¼ h × 1.3ð2Þ kHz; (c), (d)
are the Hermitian cases with γ ¼ 0. Atoms are initially prepared
in the state jn ¼ 0; ai in (a), (c), and jn ¼ 0; bi in (b), (d). The
color bar indicates the atom population in each sublattice site,
normalized by the initial atom number and shown in the order
jn; ai; jn; ci; jn; bi (from left to right) for a given unit cell n. The
experimental parameters are fJs; Jr; Jp; Jtg ¼ h × f1.07ð2Þ;
1.07ð1Þ; 0.65ð3Þ; 0.81ð1Þg kHz, ϕ ¼ −π=2, and Δ ¼ 0.

FIG. 1. Topological Aharonov-Bohm chain with NHSE.
(a) Schematic illustration of the Aharonov-Bohm chain. Each unit
cell includes three sites (a, b, and c), forming a closed triangular
loop. Site c is further coupled to a reservoir that introduces
dissipation to the system. While hopping rates Jp;t;r;s are induced
by Raman or Bragg processes, their phases contribute to a
synthetic magnetic flux ϕ through each ring. (b) The momentum
lattice in (a) is generated by multifrequency Raman and Bragg
processes that couple discrete momentum and hyperfine states
(both with mF ¼ 0) in the F ¼ 1 and F ¼ 2 manifolds of 87Rb
atoms. Within each unit cell, sites ða; cÞ and ðb; cÞ are coupled
through resonant Raman processes, with a momentum difference
2ℏk; while sites ða; bÞ are coupled through a four-photon resonant
Bragg process, with a momentum difference of 4ℏk. Here k is the
wave vector of a 795 nm laser. Subsequently, in the nth unit cell
(n ∈ Z), sites a and b represent the momentum states jp ¼ 3ni
and jp ¼ 3nþ 2i (in units of 2ℏk), respectively, of the hyperfine
ground state jF ¼ 1; mF ¼ 0i in the 5S1=2 manifold. Site c is
encoded into the momentum state jp ¼ 3nþ 1i of the hyperfine
ground state jF ¼ 2; mF ¼ 0i. Dissipation is induced by a near-
resonant coupling of atoms on site c to the 5P3=2 manifold.
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jn ¼ 0; ai and jn ¼ 0; bi, respectively. We focus on the
condensate dynamics up to t ¼ 0.7 ms, when atoms have
not yet evolved to the edges. As demonstrated in Figs. 2(a)
and 2(b), the condensate propagates to the left in the
presence of dissipation, regardless of the initial state. By
contrast, in the Hermitian case [Figs. 2(c) and 2(d)], the
direction of propagation is dependent on the initial sub-
lattice state. The observation above indicates the presence
of a nonreciprocal bulk flow with the onset of dissipation.
For a more quantitative characterization, we define a

growth rate [19,46]

λðv; tÞ ¼ log jψðn; tÞj
t

; ð2Þ

where ψðn; tÞ is the time-evolved wave function on the unit
cell n ¼ vt, and v is the shift velocity. Under the NHSE,
the growth rate peaks at a finite shift velocity vm, after a
finite time of evolution. Intuitively, vm reflects the speed of
propagation for the peak of a wave packet initialized at
n ¼ 0. Thus, a finite vm is a clear indication of the direction
and strength of the bulk flow.
To ensure that the initial-state dependence of the con-

densate propagation in Fig. 2 is averaged out, we measure
the mean growth rate λ̄ ¼ ðλa þ λbÞ=2, where λa;b are the
corresponding growth rates for condensates initialized in
states jn ¼ 0; ai and jn ¼ 0; bi, respectively.
In Fig. 3, we show measurements of λ̄ for an evolution of

t ¼ 0.4 ms, with varying flux ϕ. Under a finite flux, all
measured growth rates peak at finite shift velocities, where

the sign of vm indicates the direction of the bulk flow.
Under the OBC, the flow direction is consistent with that of
the boundary where eigen–wave functions accumulate
[41]. These measurements are in sharp contrast to the
Hermitian case of Fig. 3(f), where λ̄ peaks at vm ¼ 0, and is
symmetric with respect to the peak. Note that the small
asymmetry with regard to v ¼ 0, as observed in Fig. 3(c),
comes from a remnant flux due to experimental imperfec-
tions. Given its dependence on the flux and loss γ, the
observed directional flow serves as a clear signature for the
NHSE in our implemented model.
Resolving topological edge states.—A unique challenge

for non-Hermitian topological models with the NHSE is the
detection of topological phase transitions. In topological
models without the NHSE, the transition can be probed by
detecting topological edge states. However, this becomes
difficult under the NHSE, when all eigen–wave functions
are localized at the boundary along with the topological
edge states. Here we adopt a Bragg spectroscopy with
simultaneous spectral and spatial resolution to detect the
topological edge states.
As shown in Fig. 4(a), we prepare the condensate in an

auxiliary momentum-lattice site, labeled jdi and encoded in
the jF ¼ 1; mF ¼ 0i manifold. We then transfer atoms into
the dissipative AB chain by switching on a weak coupling
(∼h × 0.2 kHz) between site jdi and one edge of the lattice
for a duration of 1 ms. We measure the probability Pd for
atoms to remain in jdi, while we vary the detuning δ of the
coupling. Here Pd is obtained by dividing the atom number
of jdi at the end of the Bragg coupling with the initial atom

FIG. 3. Signatures of the NHSE. (a)–(e) Measured growth rate λ̄ with a fixed γ ¼ h × 1.3ð2Þ kHz, and varying synthetic flux ϕ.
(f) λ̄ðvÞ with ϕ ¼ 0 and γ ¼ 0 and an evolution time of 0.4 ms. The blue dots are the experimental data, and the error bar represents the
SE of the mean. The solid lines are numerical results using the effective Hamiltonian for a lattice with N ¼ 221 unit cells. The red
triangles are numerical simulations using the experimental parameters. For all panels, the hopping rates are fJs; Jr; Jp; Jtg ¼
h × f1.13ð2Þ; 1.04ð1Þ; 0.62ð4Þ; 0.80ð2Þg kHz, and Δ ¼ 0.
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number. Note that during the 1 ms probe time, the edge-
most three unit cells become occupied [41]. Since the
average localization length under the NHSE is of the
same order [for instance ∼3.56 under the parameters of
Fig. 4(b)] [41], the measurement is expected to reveal the
global spectral information.
In Figs. 4(b) and 4(c), we show typical spectroscopic data

in the topologically trivial and nontrivial phases, respec-
tively. A double-valley structure in the topologically trivial
phase indicates the presence of two bands, where state jdi is
resonantly coupled to the bulk states. In comparison, only a
single valley exists in the topologically nontrivial phase,
where jdi is resonantly coupled to the topological edge
states. The valley location indicates the real eigenenergy
component of the edge states. While the real energy gap
between the two topological edge states does not close in our
finite-size system, the single valley appears when the gap
becomes smaller than the experimental resolution.
We fit the measured spectra using a double-Gaussian

function,

Pd ¼ A

�
e−

ðδ−δ0Þ2
2w2 þ e−

ðδ−δ0−ΔδÞ2
2w2

�
: ð3Þ

In Fig. 4(d), we show the fitted widths (half the length of the
blue strips) and valley locations (blue dots) from exper-
imental measurements. While the experimental results are
consistent with those from numerical simulations (red curves
and shade), they suggest the presence of a topological
transition point, as a double-valley structure changes into
a single-valley one. More specifically, we define a distance-
to-width ratio r ¼ Δδ=2w, so that the transition occurs at
r ¼ 1. As shown in the inset of Fig. 4(d), r undergoes a rapid

change and drops from ∼1.5 to 0 around Jt=Jp ∼ 1,
indicative of a gap-closing transition in the thermodynamic
limit. Theoretically, the topological phase transition is
predicted by the non-Bloch band theory to occur at Jt=Jp ∼
1.04 [41]. By contrast, the Bloch winding number is not
quantized close to the transition. Our observation is,
therefore, consistent with the non-Bloch bulk-boundary
correspondence [10].
To achieve a better resolution with narrower valleys, a

weaker probe coupling (between jdi and the chain) and a
longer probe time are desirable. Experimentally, however,
these parameters are constrained by the decoherence time
of the system, and the inhomogeneous broadening due to
the interplay of trapping potential and interaction. As it is,
the width of each valley is typically a few hundred Hz,
which sets the resolution of the Bragg spectroscopy.
Finally, in our experiment, the injected atoms propagate
over three unit cells during the 1 ms probe time [41], which
proves sufficient for the spectroscopy.
Discussion.—We report the first experimental identifi-

cation of dynamic signatures of the NHSE in a Bose-
Einstein condensate, by engineering a dissipative AB chain
in the synthetic dimensions of hyperfine and momentum
states of ultracold atoms. While we experimentally char-
acterize the NHSE and its consequences using a finite-size
system of five unit cells, it is desirable to further increase
the experimentally achievable system size, which would
reduce the finite-size effects [41], and enable longer probe
time and better resolutions. For this purpose, better phase
locking of the coupling lasers and an initial condensate with
more atom numbers are necessary.
For future studies, it would be fascinating to introduce

the Feshbach resonance to the dissipative AB chain, where

FIG. 4. Topological edge states through the Bragg spectroscopy. (a) Schematic illustration of the Bragg spectroscopy. (b), (c) show
typical experimental data (dots) of the Bragg spectrum, with Jt=Jp ¼ 0.34 in (b) and Jt=Jp ¼ 2.27 in (c). The solid lines are from the
double-Gaussian fit. Other experimental parameters are fJs; Jr; Jpg ¼ h × f1.08ð2Þ; 1.02ð3Þ; 1.21ð3Þg kHz, γ ¼ h × 1.0ð1Þ kHz, and
ϕ ¼ −π=2. An energy offset Δ ¼ −h × 2.0ð3Þ kHz on site jn; ci is also imposed to reduce its impact on the topological gap. (d) Real
components of the eigenspectrum (grey shaded), spectroscopic measurements (blue strips), and numerical simulations (red curves and
shade). The band center is shifted from zero due to the light shift of the four-photon process [41]. The red curves and shade, respectively,
indicate the valley location and width of the numerically simulated spectra. The blue strips are determined by fitting the experimental
data: the length of each strip corresponds to 2w, and the blue dots indicate valley locations, calculated from δ0 and Δδ (see main text for
definition). The insert of (d) shows the distance-to-width ratio r with increasing Jt=Jp, where the dashed horizontal line indicates the
location of the phase transition with r ¼ 1. Error bars show the SE of the mean.
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the interatomic interactions can be widely tuned [47,48].
Our experiment thus paves the way toward a systematic
study of the NHSE in the many-body setting of cold atoms.
Given the flexible control over atoms in momentum
lattices, our scheme also has far-reaching implications
for the immediate future. For instance, in light of recent
experiments on localized states in momentum lattices
[35,49], an experimental characterization of the interplay
between disorder, topology, and the NHSE is readily
accessible based on our setup. Our Letter thus sheds
new light on the study of quantum open systems.
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