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In 1996, Hatano and Nelson proposed a non-Hermitian lattice model containing an imaginary Peierls
phase [Phys. Rev. Lett. 77, 570 (1996)], which subsequent analyses revealed to be an instance of a new class
of topological systems. Here, we experimentally realize a continuum analog to this model containing an
imaginary gauge potential using a homogeneous spin-orbit coupled Bose-Einstein condensate (BEC). Non-
Hermiticity is introduced by adding tunable spin-dependent loss via microwave coupling to a subspace with
spontaneous emission. We demonstrate that the resulting Heisenberg equations of motion for position and
momentum depend explicitly on the system’s phase-space distribution. First, we observe collective
nonreciprocal transport in real space, with a “self-acceleration” that decreases with the BEC’s spatial
extent, consistent with non-Hermitian Gross-Pitaevskii simulations. We then examine localized edge states:
the relatively strong interactions in our BEC suppress the formation of topological edge states, yielding
instead highly excited states localized by an interplay between self-acceleration and wave function
spreading. Finally, we confirm that our non-Hermitian description remains valid at all times by comparing it
to a multilevel master equation treatment.
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Open quantum systems are characterized by an interplay
between their closed system dynamics and those resulting
from the external reservoir. Because this evolution goes
beyond what is possible in closed systems, open systems
offer new opportunities and paradigms for quantum engi-
neering [1–3]. In some limits, this evolution can be
described by effective non-Hermitian Hamiltonians with
unusual spectral features such as singular exceptional points
[4–8] and phases characterized by spectral topology
[5,9,10]. The Hatono-Nelson (HN) model [11,12] describes
a non-Hermitian lattice with a constant imaginary Peierls
phase with topology quantified by an integer winding
number [5,9,13]. The resulting non-Hermitian skin effect
(NHSE) [14,15] has been observed for noninteracting
particles in a range of experimental platforms [16–20].
By contrast with a uniform real-valued Peierls phase, which
can be eliminated by a gauge transformation, its imaginary
counterpart has direct physical consequences such as
nonreciprocal wavefunction localization [11,14,17–19,21]

and an equivalent description of evolution on curved
space [22,23].
We experimentally studied an interacting atomic Bose-

Einstein condensate (BEC), the continuum analog subject
to the (disorder free) HN model in real space. This model
features a spatially uniform imaginary gauge potential with
single-particle non-Hermitian Hamiltonian,

Ĥnh ¼
ðp̂ − iBÞ2

2m� þ Vðx̂Þ − iℏ
γ

2
; ð1Þ

with effective massm�, canonical momentum p̂, imaginary
gauge potential B, external potential V, and, since there is
no gain in our atomic BEC, an overall loss rate γ. We
introduced B into atomic BECs by combining laser-
induced spin-orbit coupling (SOC) and spin-dependent
loss. As shown in Figs. 1(a) and 1(b), a pair of lasers
Raman coupled two internal states j↓i and j↑i with
strength Ω, recoil momentum p0 [24], and recoil energy
ℏω0 ¼ p2

0=ð2mÞ; an additional microwave field drove
transitions between j↑i and a lossy “reservoir” subspace.
This gives rise to a two-band non-Hermitian SOC model
with a Hamiltonian,

ĤSOC ¼ ðp̂þ p0σzÞ2
2m

þ ℏΩ
2

σx þ
ℏδ
2
σz − iℏγP↑; ð2Þ

in terms of Pauli operators σx;y;z, quasimomentum p̂ [25],
atomic mass m, detuning δ, and the spin projection
operator P↑ ¼ j↑ih↑j.
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We make an adiabatic approximation in which dynamics
are projected into the lowest band and focus on the large
Raman coupling (Ω > 4ω0) “single minimum” limit, where
the Hermitian contribution to ĤSOC has low-energy dynam-
ics well described by the effective mass m� [26]. The
ground state, a plane wave at p ¼ 0, consists of an equal
superposition of j↑i and j↓i; for eigenstates with
p ≪

ffiffiffiffiffiffiffiffiffiffiffiffiffi

2mℏΩ
p

, the occupation probabilities are proportional
to pwith P↑;↓ðpÞ ¼ ½1 ∓ 2p0p=ðmℏΩÞ�=2. As can be seen
in Fig. 1(c), these probabilities lead to a lowest band non-
Hermitian contribution to Eq. (2) of −iℏγP↑ðp̂Þ, equivalent
to an imaginary gauge field,

B ¼ −p0

γ

Ω − 4ω0;
ð3Þ

along with an overall loss rate γ=2 (in what follows, we will
omit this straightforward contribution). These expressions
are suitable for our experimental configuration [47].
Setup—We realized this configuration for nearly pure

87Rb BECs (with N0 ≈ 2 × 105 atoms and chemical poten-
tial μ ≈ h × 500 Hz) confined by the joint action of blue
and red detuned optical dipole traps (ODTs, with wave-
lengths 635 and 1064 nm, respectively). The blue ODT
horizontally confined the BEC in a L ¼ 30 μm square (in
the ex-ey plane, projected using a numerical aperture
NA ¼ 0.55 microscope) while the red ODT provided a
vertically oriented (ez) harmonic potential with frequency
ωz=ð2πÞ ≈ 220 Hz, as well as a ωy=ð2πÞ ≈ 30 Hz contri-
bution to the trap along ey. Our experiments focused
on the state space spanned by jf ¼ 1; mF ¼ 0i and
jf ¼ 1; mF ¼ 1i that served as our spin states j↑i and
j↓i, respectively. A large bias magnetic field B0 ≈ 978 μT
along ey provided sufficient quadratic contribution to the
Zeeman shift for us to resonantly couple j↑i and j↓i while
being far off resonance to jf ¼ 1; mF ¼ −1i. As seen in
Fig. 1(a), we induced spin-orbit coupling with strength
p0 ¼ ð2πℏ=λRÞ × sinðθÞ by Raman coupling j↑i and j↓i
with a pair of λR ¼ 790.03 nm laser beams intersecting
with half-angle θ ¼ 16.5 degrees giving ω0=ð2πÞ ≈
300 Hz and prepared the SOC ground state (see
Methods). The spin-dependent loss in Eq. (2) was created
by simultaneously microwave coupling j↑i (with Rabi
frequency Ωμ) to an intermediate electronic ground state
jii ¼ jf ¼ 2; mF ¼ 0i while expelling atoms with a laser
resonant between jii and the jf0 ¼ 3; m0

F ¼ 0i excited
state. This laser, aligned along ez, had intensity I and
optical Rabi frequency ΩL ¼ Γ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

I=ð2IsatÞ
p

in terms of the
natural linewidth Γ and saturation intensity Isat [27].
We chose Ωμ and ΩL to minimize the instantaneous
occupation of the f ¼ 2 manifold, thereby mitigating
density-dependent optical effects [28].
Dynamical evolution—We begin by considering the

dynamics of Hermitian observables. Reference [29]
showed that the response to general non-Hermitian
Hamiltonians can be exotic and very different from their
Hermitian counterparts. Subject to non-Hermitian gauge
field B, the Heisenberg equation of motion (EoM) for an
operator ô becomes

iℏ∂thôi ¼ h½ô; Ĥh�i −
iB
m� hfδp̂; δôgi; ð4Þ

where δô≡ ô − hôi and Ĥh is the Hermitian contribution
to Ĥnh [47]. For example, this implies that the EoM for
momentum iℏ∂thp̂i ¼ h½p̂; V̂�i − 2iBhδp̂2i=m� (i.e., the
force equation) directly depends on the variance of the
momentum distribution hδp̂2i. The physical origin of this
“self-acceleration” can be understood by considering the
free evolution of a Gaussian wave packet in momentum

(a)

(c)

(b)

FIG. 1. Concept. (a) Level diagram for creating non-Hermitian
SOC in a system subspace linked to a reservoir subspace with a
microwave field of strength Ωμ. Dissipation is induced when the
excited state jei decays with rate Γ. (b) Geometry. A homo-
geneous BECwas confined in a box-shaped trap in the ex-ey plane
and Raman dressed by a pair of laser beams projected through a
high-resolution microscope objective. Dissipation is induced by a
resonant laser. (c) Imaginary gauge potential. Left: spin up
population and imaginary gauge field as a function of momentum
(solid) along with their linear approximations (dashed). Right:
corresponding momentum dependent loss. Both computed for
Ω=ω0 ¼ 5.7. Bottom: Gaussian momentum distribution before
(black) and accelerated after (red) evolving with γ ¼ 0.19ω0 for
10 ms. The solid red curve plots the final distribution including the
overall loss term in Eq. (1), while the dashed curve includes only
the imaginary gauge potential.
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space, with the initial state shown by the black curve in
Fig. 1(c), bottom. The anti-Hermitian contribution to the
Hamiltonian, −ip̂B=m�, gives a time evolution operator
Ûah ¼ exp½−pBt=ðℏm�Þ� that includes loss for p > 0 and
gain for p < 0. As shown by the red curves (with dashes
including only the imaginary vector potential and solid
adding the overall loss term γ=2), the action of this
operator shifts the centroid by −2BΔp2t=ðℏm�Þ (where
Δp is the initial width of the distribution), as expected
from the force equation.
In a similar manner, the EoM for the center-of-mass

(c.m.) position is given by iℏ∂thx̂i ¼ iℏhp̂i=m� −
iBhfδp̂; δx̂gi=m�, indicating that the c.m. dynamics are
influenced not only by the canonical momentum hp̂i
but also by an additional anomalous term. This “self-
displacement” term arises from the imaginary gauge field
interacting with correlated fluctuations in momentum and
position.
While these EoMs effectively isolate the role of the

imaginary gauge potential in dynamics, they are difficult to
employ for predicting dynamics: the equations for hx̂i and

hp̂i are not closed. That is, they involve an infinite
hierarchy of coupled equations describing ever higher
order anticommutators and operator products. For example,
computing the acceleration demands the time derivative
∂thfδp̂; δx̂gi. Using Eq. (4) together with the kinetic and
force equations, we obtain

ℏ∂2t hx̂i¼ i
h½V̂; p̂�i
m� −

4B
ðm�Þ2 hδp̂

2iþ i
B
m� hfδx̂; ½V̂; p̂�giþ…;

ð5Þ

which is only valid for short times [47].
Nonreciprocal transport—After preparing the BEC in

the SOC ground state, we simultaneously applied the
microwave and optical fields and allowed the system to
evolve for up to 9 ms. Using the high NA microscope
pictured in Fig. 1(b), we separately measured the in situ j↑i
and j↓i density distributions via partial transfer absorption
imaging [30] and obtained the total density from their
sum [Fig. 2(a), top]. As time progresses, a clearly
visible displacement develops in the differential density
ΔnðtÞ ¼ nðtÞ − nð0Þ, leading to the small shift in hxi
[markers in Fig. 2(a), bottom). The expanded view in
Fig. 2(b) shows that the c.m. initially evolves proportion-
ally to t2. We extracted the acceleration from quadratic fits
to the early time dynamics (up to 9 ms) and plot it as a
function of the imaginary gauge potential B=p0 in Fig. 2(c)
derived from observed loss rate γ with Eq. (3). The solid
blue curve, representing the acceleration predicted by the
non-interacting Hamiltonians thus far discussed, bears no
resemblance to our data.
Going beyond this description, our BEC also has inter-

actions that are described by the Gross-Pitaevskii equation
(GPE). This effectively augments the Hamiltonian with a
mean field energy gjψðxÞj2, which is proportional to the
local atomic density jψðxÞj2 and an interaction strength g.
For our experimental parameters, GPE simulations of the
continuum HN model [Eq. (1)] are in agreement with those
of full two-band SOC Hamiltonian [Eq. (2)]; therefore,
wherever possible, we compare our experimental data to the
suitable interacting continuum HN model.
The solid curves in Fig. 2(b) represent GPE simulations

of our experiment performed with no adjustable parameters
and show excellent agreement with our observations.
Likewise, the GPE-predicted acceleration [solid red curve
in Fig. 2(c)] also closely matches our measured data.
Additionally, the dashed curves confirm that the closed-
form expression for the short-time acceleration [Eq. (5)] is
valid for both the noninteracting and interacting cases [i.e.,
using V → V þ gjψ j2 in Eq. (5)] up to B=p0 ≈ 0.18,
beyond which higher order terms become non-negli-
gible [47].
The stark contrast between the single-particle and GPE

accelerations arise from the markedly different spatial

(b)(a)

(c) (d)

FIG. 2. Nonreciprocal transport. (a) Time dependence of 1D
atomic density at B=p0 ¼ 0.16. Top: density profiles at t ¼ 1 and
t ¼ 9 ms (red) along with the t ¼ 0 profile (black dashed) and
their difference Δn (purple). Bottom: Δn as function of evolution
time along with the measured c.m. position (markers). In (b)–(d),
markers are experimental data, and solid curves are GPE
simulations. (b) Center of mass time evolution for a range of
B=p0. Each point reflects the average of about 10 measurements,
and the uncertainties are the standard error of the mean. (c) Initial
acceleration as a function of B=p0. Markers result from fits to the
experimental data in (a); solid curves are simulated acceleration
with (red) and without (blue, magnified by 20×) atomic inter-
actions. Dashed curves plot the corresponding EoM-predicted
acceleration averaged for the first 6 ms. (d) Reversed gauge field.
Single spin transport hxi↓ at jB=p0j ¼ 0.16.
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modes of these two cases. On one hand, the noninteracting
particle in a box has a cosinusoidal ground state ∝
cosðπx=LÞ that is hardly affected by the 0.9 μm box-trap
projection resolution. On the other hand, the BEC wave
function remains essentially uniform until it drops rapidly
to zero at the box edge over a length scale determined by an
interplay of the ξ ≈ 0.3 μm healing length and the NA-
limited sharpness of the trap’s edge. This interaction-driven
change enhances both the self-acceleration and self-
displacement contributions to the hp̂i and hx̂i EoMs.
Because both ξ and the projection resolution are much
smaller than L, the interacting system’s momentum-space
wave function is broadened, thereby enhancing the self-
acceleration ∝ hp̂2i. Furthermore, interactions extend the
wave function into regions where the trap potential varies
rapidly, amplifying the self-displacement contribution ∝
hfδx̂; ½V̂; p̂�gi and, thus, increasing the acceleration.
Thus far, we have modified only the magnitude of the

imaginary gauge potential B (which is ∝ γ); this is because
in our loss-only system the decay rate γ is strictly positive,
so changes to it cannot affect the sign of B.
To invert the sign of B, we coupled j↓i rather than j↑i to

the lossy subspace, thereby replacing P↑ with P↓ in
Eq. (2) and flipping the sign of B in Eq. (3) [31].
Figure 2(d) illustrates the effect of this change: because
both the self-acceleration and self-displacement are ∝ B,
reversing its sign inverts the nonreciprocal transport.
Unlike in Figs. 2(a)–2(c), we now focus on hxi↓, the
c.m. position of only the j↓i spin state. We do so for two
reasons: first, this component’s displacement is increased
relative to the average yielding a larger signal, and second
predicting spin-resolved motion requires the full two-band
SOC. The data are consistent within uncertainties with the
result of this two-band GPE calculation (solid curves);
however, the simulation exhibits high-frequency oscilla-
tions, resulting from coherent oscillations between the two
SOC bands. These confirm that small deviations from the

single-band (adiabatic) approximation exist but remain
undetectable within our current experimental sensitivity.
Suppressed non-Hermitian skin effect—Both non-

Hermitian terms—iB and iℏγ=2—can be eliminated from
Eq. (1) by an “antiunitary gauge transformation,” Â ¼
expðBx̂=ℏ − γt=2Þ. The transformed wave function jψ 0i ¼
Âjψi obeys the usual Schrödinger equation, making it
straightforward to compute and understand eigenstates
and dynamics. For example, the noninteracting ground
state immediately leads to the non-Hermitian solution
∝ cosðπx=LÞ expð−Bx=ℏÞ; this state, exponentially local-
ized to the boundary, directly manifests the NHSE [32].
Expecting a similar outcome for our homogeneously

trapped BEC, we prepared BECs with an initially “canted”
density distribution and then abruptly switched γ to a
nonzero value. Figure 3(a) shows that the c.m. position
undergoes uniform acceleration that depends systematically
on B; the dashed curves are quadratic fits that yield the
acceleration. From the zero crossing of this acceleration, we
identify the value of B with no net motion. Data of this type,
collected using different initial c.m. positions, are shown in
Fig. 3(b). It might be tempting to interpret these configu-
rations as equilibrium NHSE states; however, they deviate
markedly from the single-particle solution (blue).
Indeed, applying the antiunitary gauge transformation to

the GPE shows that our system’s ground state is expected to
be described by a Thomas-Fermi-like uniform density
distribution, leaving only small vestiges of the NHSE at
the BEC’s low-density periphery [33]. In line with recent
theory [34–36], our numerics show that the c.m. displace-
ment of the GPE ground state is nonzero, but it isgreatly
reduced compared to the noninteracting case, owing to the
interaction energy cost of changing the ground state mode.
The red curve in Fig. 3(a) plots the results of a full time-

dependent GPE simulation, showing significantly improved
agreement with experiment. These simulations show that
the observed “static” configuration is actually a dynamical
effect—somewhat analogous to macroscopic self-trapping
[37] of BECs in double-well potentials—here the effects of
self-acceleration and self-displacement are counterbalanced
by the BECs repulsive interactions.
Validity of method—The behavior of open quantum

systems—governed by the quantum master equation—
can be approximated by non-Hermitian Hamiltonians only
up to the first so-called quantum jump, which, for the data
presented here, occurs in about twice the 26 ns lifetime of
87Rb’s 5P3=2 excited state. Nevertheless, we observe non-
Hermitian evolution on millisecond timescales, raising an
immediate question: how can a non-Hermitian picture
remain valid for such long durations?
We experimentally explored this question in a simplified

configuration using rf rather than Raman to induce j↑i ↔
j↓i coupling [38]. Beginning with a j↑i BEC, we abruptly
applied combinations of optical, microwave, and rf fields

(a) (b)

FIG. 3. Dynamical edge modes. (a) c.m. dynamics of an
initially canted state for a range of B (markers) along with
quadratic fits (dashed curves), with B=p0 ¼ 0.19, 0.11, 0.05,
0.01 (top to bottom). (b) Optimal B=p0 from data as in (a) versus
c.m. position x0 (markers, single error bar is representative of all
data). Curves show calculations with (red) and without (blue)
interactions.
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for a duration t, and monitored the time-evolving popula-
tions N↑, N↓, and Ni.
We begin with the minimal scenario of no rf coupling

(i.e., ΩRF ¼ 0), illustrated in Fig. 4(a), where the system
state space is just j↑i. The markers show the time evolution
of the normalized population N↑=N0 for a range of optical
Rabi frequencies ΩL. When ΩL=Ωμ ≪ 1, the system
exhibits damped Rabi oscillations between j↑i and jii,
while for ΩL=Ωμ ≫ 1, the evolution instead yielded simple
exponential decay. In a standard three-level master equation
description, a quantum jump (spontaneous decay) returns
the atom from jei to jii, at which time the non-Hermitian
approximation fails. In our shallow trap, however, the recoil
momentum imparted during spontaneous decay ejects the
atom so that it never returns, effectively removing any
jumped atoms from observation. This mechanism resolves
the question: no observed atom has undergone a quantum
jump, making a non-Hermitian description possible for
all times.
The resulting non-Hermitian Hamiltonian for the reduced

system subspace, Ĥmin ¼ −iℏγP↑, predicts exponential
decay (with rate 2γ) and, therefore, requires ΩL=Ωμ ≫ 1.
The dashed curves in Fig. 4(a) show fits describing damped
oscillatory behavior via expð−2γtÞcos2ðωefft=2Þ to our data.
Figure 4(b) collects the results of such fits (markers) and
compares them with parameters obtained from master
equation simulations featuring quantum jumps only from
jei to jvi (curves, computed with no free parameters). In
both cases, the oscillation frequency drops to zero when
ΩL ¼ 2Ωμ, marking a sharp transition from damped oscil-
lations to exponential decay. In the exponential-decay
regime (shaded), γ decreases with increasing ΩL, manifest-
ing the quantum Zeno effect [39].
These data fully calibrate the non-Hermitian contribution

to the system Hamiltonian. To verify this calibration, we
introduce rf coupling in the Zeno regime [Fig. 4(c)] and
compare the observed dynamics with the predictions of our
non-Hermitian model (solid curves). No free parameters are

used: the decay rates come from Fig. 4(b), and the rf Rabi
frequency was independently measured. Our results, thus,
confirm that the non-Hermitian description is quantitatively
accurate beyond the nominal quantum jump timescale.
Discussion and outlook—Here we realized an imaginary

gauge potential using a spin-orbit coupled BEC with laser-
induced loss and demonstrated that such a framework can
be valid for all times. This implementation serves as a
specific example of a more general scenario [40], in which
a subspace jSi, evolving under otherwise Hamiltonian
evolution, experiences quantum jumps into an uncoupled
subspace jVi.
In our system, repulsive interactions have the apparently

contradictory effects of enhancing self-acceleration while
simultaneously suppressing the NHSE; this naturally raises
questions about the impact of these mean field interactions
on spectral topology and the non-Hermitian bulk-boundary
correspondence. While our results focused on c.m. varia-
bles, the underlying GPE simulations show that this is
accompanied by the formation of rapidly oscillatory shock
waves, with the wavelength below our imaging resolution.
These patterns are reminiscent of those predicted in the
context of non-Hermitian analog gravity simulations [41].
Originally Hatano and Nelson initially considered an

interplay between Hermitian disorder and an imaginary
gauge potential [11]; this configuration can easily be
realized in cold-atom experiments. Moreover, by patterning
the loss, beam disorder can be added to the imaginary gauge
potential [42,43]. Moving beyond simple single-particle or
mean field descriptions introduces core conceptual ques-
tions because loss and gain reflect transitions between Fock
spaces of the total atom number, rather than simply
modifying the wave function normalization. In this context,
defining non-Hermitian many-body topological invariants is
a key challenge [34,35]. Despite these challenges, new
strongly correlated physics is predicted in non-Hermitian
quantum systems. For instance, asymmetric fermionization
dynamics have been theorized in the Tonks-Girardeau

(a) (b) (c)

FIG. 4. Transition from coherent to quantum Zeno regime. (a) Data with ΩRF ¼ 0 showing fractional population in j↑i versus time for
four values of ΩL, all with Ωμ ¼ 2π × 3.08ð4Þ kHz. Solid curves are fits as described in the text. (b) Lifetime and oscillation frequency
extracted from the fits as in (a), plotted as a function of ΩL=Ωμ. Solid curves result from time-domain master equation simulations (no
free parameters), with ωeff and γ obtained from fits as in (a). (c) Fractional population in j↑i versus time, now with rf coupling
ΩRF ¼ 2π × 1.20ð5Þ kHz. Solid curves show the predictions of the non-Hermitian Hamiltonian (no free parameters).
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regime of the 1D Bose gas [44]. In lattice systems,
combining nonreciprocal hopping with Hubbard inter-
actions may stabilize novel phases, such as non-
Hermitian Mott insulators and many-body localized states
[34–36,45].
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