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ABSTRACT

In the recent rapid progress of quantum technology,
controlling quantum states has become an important sub-
ject of study. Of particular interest is the control of open
quantum systems, where the system of interest couples
to the environment in an essential way. One formalism to
describe open systems is the non-Hermitian quantum me-
chanics. Photonics systems have been a major platform
to study non-Hermitian quantum mechanics due to its
flexibility in engineering gain and loss. Ultracold atomic
gases have also used to study non-Hermitian quantum
mechanics. However, unlike in photonics, gain is not eas-
ily controllable in ultracold atomic gases, and exploration
of non-Hermitian physics has been limited to control of
losses. In this paper, we report engineering of effective
gain through evaporative cooling of judiciously chosen
initial thermal atoms. We observe resulting formation of
Bose-Einstein condensation (BEC) in excited eigenstates
of a synthetic lattice. We realize formation of BEC in a
topological edge state of the Su-Schrieffer-Heeger lattice
in the synthetic hyperfine lattice, which can be regarded
as atomic laser oscillations at a topological edge mode,
i.e. topological atom laser. Gain-loss engineering in ul-
tracold atoms opens a novel prospect to explore open
many-body quantum systems.

INTRODUCTION

With the recent rapid progress in the development
of quantum technology, there is an increasing interest
in controlling open quantum systems1. One important
framework in describing open quantum systems is the
non-Hermitian quantum mechanics2,3. Dating back to
the study of nuclear decay4, non-Hermitian quantum me-
chanics has been rediscovered and studied in various con-
texts. One turning point is the discovery of parity-time
reversal(PT )-symmetric Hamiltonians5,6, which, despite
being non-Hermitian, give rise to real energy spectrum.
Another very recent development came from understand-
ing of the topological properties of non-Hermitian Hamil-
tonians7,8. Since non-Hermitian Hamiltonians generally
have complex eigenenergies, modes with positive imagi-
nary part can lead to amplification and lasing. Topolog-
ical laser, which is a laser whose lasing mode is a topo-
logical edge mode, has been realized9–15, and its poten-
tial application in integrated photonics has been actively

pursued16. In quantum many-body systems coupled to
the environment, an effective description in terms of non-
Hermitian Hamiltonians is possible in the quantum tra-
jectory approach between quantum jumps17,18, and the
effect of non-Hermiticity in many-body quantum phases
have been actively studied19–33.

Since its experimental realization of PT -symmetric op-
tics in 200934–36, non-Hermitian quantum mechanics has
been actively studied in optics37–39. Despite the huge
success, optical systems have a limitation that the in-
teraction is typically classical nonlinearity, making it
difficult to study quantum many-body physics in non-
Hermitian setups. An emerging platform to study non-
Hermitian quantum mechanics is ultracold atomic gases,
where one can study quantum many-body physics in a
controlled manner40–42. Recently, there has been exper-
iments in which non-Hermitian Hamiltonian has been
realized by controlling dissipation in ultracold atomic
gases43,44. However, ultracold atomic gases have its own
limitation that the non-Hermiticity that can be intro-
duced has been limited to the control of dissipation.
It has thus been not possible to study non-Hermitian
physics related to controlled gain in ultracold atomic
gases. Without gain, it is not possible to study phe-
nomena related to amplification and lasing.

Here we report engineering of gain in ultracold atomic
gases and observe the formation of Bose-Einstein con-
densation (BEC) in an excited eigenstate of a synthetic
hyperfine lattice. The gain is provided by evaporative
cooling of appropriately chosen initial thermal atoms. We
couple ground state hyperfine levels of 87Rb atoms by mi-
crowaves to realize a lattice along a synthetic dimension
made of hyperfine states45–49. We show that a BEC can
be formed in a dark state of a three-site lattice by prepar-
ing thermal atoms, using STimulated Raman Adiabatic
Passage (STIRAP)50,51, in the coherent superposition of
two sites which form the dark state. Note that the con-
cept of a dark state is crucially important for novel phe-
nomena in quantum optics like electromagnetically in-
duced transparency52, lasing without inversion53,54, and
also plays an essential role in realizing a localized state
in a flat-band in condensed matter systems55 and a novel
phenomenon of spatial adiabatic passage in matter-wave
optics56. We furthermore realize a five-site Su-Schrieffer-
Heeger chain and realize the formation of a BEC in its
topological edge state. Formation of a BEC in an atomic
gas has a close analogy to laser oscillation and sometimes
referred to as atom laser57. We have thus demonstrated
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lasing of atomic matter wave in a topological edge state,
namely a topological atom laser. Our results make ul-
tracold atomic gases a promising platform to study non-
Hermitian quantum mechanics with both gain and loss,
opening an avenue toward controlled study of topologi-
cal atom optics and quantum many-body physics in non-
Hermitian setups.

RESULTS

We achieve gain engineering in a lattice made of a syn-
thetic dimension using ground-state hyperfine sublevels
of 87Rb. Here, we utilize long-lived nature of the 87Rb
hyperfine states in the electronic ground state to observe
the formation of a BEC in the synthetic lattice. By cou-
pling hyperfine sublevels |F (= 1, 2),mF ⟩ in the ground
5s2S1/2 state of 87Rb with microwaves, we prepare 3-site
and 5-site lattices in synthetic dimension, as shown in
Fig. 1 a.

Our experiments start with 87Rb atoms above the crit-
ical temperature Tc for BEC trapped in the crossed op-
tical dipole trap at about 1064 nm58. The subsequent
microwave sequence consists of two stages: First, we ap-
ply time-dependent microwaves to prepare thermal atoms
in a superposition of the synthetic lattice sites close to
one edge. Then, further evaporative cooling is performed
with microwave couplings kept constant (see Fig. 1 b).
Resulting formation of a BEC corresponds to “lasing” of
atoms at a specific eigenmode in the lattice. We properly
choose initial thermal atoms so that the resulting BEC
is formed not at the lowest-energy mode or a single hy-
perfine state but rather at an excited mode made of a
coherent superposition of multiple hyperfine states.

The resulting site distributions are measured by apply-
ing Stern-Gerlach separation immediately after switching
off the trap, as shown in Fig. 1 c.

We first perform an experiment with a 3-site lattice to
demonstrate our ability to control the formation of BEC
into a dark state, which is not the ground state of the
3-site lattice. Here, we exploit λ-type coupling scheme
with temporal evolution known as STIRAP. Three levels
|1, 1⟩, |2, 0⟩ and |1,−1⟩ are coupled by microwaves and
construct a 3-site synthetic lattice (site 4, 3 and 2). The
site indices are labeled to be consistent with the 5-site
lattice we introduce later. The Hamiltonian in the rotat-
ing frame, in the matrix form, is

H =
ℏ
2

 2δ Ω1 0
Ω1 0 Ω2

0 Ω2 −2δ

 (1)

where Ω1, Ω2 are the Rabi frequencies of microwave cou-
plings and δ is the detuning due to a magnetic field
fluctuation. If the two-photon resonance δ = 0 holds,
a dark state, given by cos θ |1, 1⟩ + sin θ |1,−1⟩ with
tan θ = Ω1/Ω2, becomes one of the eingenstates of Eq.

1. By applying two microwaves in counter-intuitive or-
der so that θ changes from 0 to π/2, the dark state can
adiabatically evolve from |1, 1⟩ (site 4) into |1,−1⟩ (site
2). This process is well-known as STIRAP. We utilize
this STIRAP process to prepare thermal atoms in a co-
herent superposition of synthetic lattice sites. Initially
atoms are evaporatively cooled in the state |1, 1⟩ (site
4). At T/Tc ∼ 1.1, evaporation is paused and the STI-
RAP sequence is applied. The STIRAP with full sweep
(θ = 0 → π/2) takes τfull = 10 ms. In our experiment the
final value of θ is controlled by the actual sweep time τ :
e.g., τ/τfull = 0.5 leads to the equal superposition of site
4 and 2. After the sweep, we keep the microwave cou-
pling and restart evaporation to form BEC, followed by
the site occupation measurement. As we will show, the
BEC is predominantly formed in the dark state where
the thermal atoms are prepared.

Figure 2 shows the site occupancies N4, N3 and N2 as
well as the number of Bose-condensed atoms N4c, N3c,
and N2c, measured at three different t = τ/τfull (see Ex-
tended Data Table I). Figure 2a shows the early stage
t = 0.3 where atoms almost localize in the site 4. By
choosing different values of t, the atoms can be trans-
ferred to the site 2 (Fig. 2c) or in between the two sites
as in Fig. 2b. The success of the “STIRAP” between
the sites 4 and 2 indicates the coherent superposition is
maintained during the process. In the third (fourth) row
of Fig. 2, we plot the number of atoms (Bose-condensed
atoms) in sites 4 versus site 2 normalized by the total
number of atoms (Bose-condensed atoms) for each per-
formed experiment. Although there is large fluctuation
in the value of N2 and N4 (N2c and N4c), the exper-
imental results lie along the line N4 + N2 = N and
N4c + N2c = Nc. Here, N is the total number of ob-
served atoms, and Nc is the total number of atoms in the
condensate. The absence of particles in the intermediate
state N3 is the indication that the atoms are in the dark
state. Small but nonzero N3 is caused by the deviation
of the microwave frequencies from the resonances.

We note that the dark state where the condensate is
formed is not the ground state of the lattice. This forma-
tion of BEC at an excited state can be understood by the
difference of the critical temperatures; among the three
dressed states, the dark state had most thermal atoms
and thus has the highest BEC transition temperature,
resulting in preferred formation of the BEC. We can al-
ternatively describe this process in terms of different ef-
fective gain for each lattice site. Although evaporative
cooling acts on all sites equally, the initial nonequal dis-
tribution of thermal atoms results in different effective
gain for each site. Sites with more thermal atoms imply
larger effective gain, and since the thermal atoms are ini-
tially distributed to the sites forming the dark state, the
preferred lasing, namely BEC, takes place at the dark
state. In our system, the stability of the state transfer
is limited by the existence of a magnetic field fluctua-
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FIG. 1: Schematic of the experiment. a, microwave coupling scheme. The 3-site lattice with Λ-type coupling
(left) and the 5-site lattice with W -type coupling (right) are shown. Rabi frequencies for the microwave coupling are
indicated by Ωi(i = 1, 2,W,S). Each state is named as site1-5 of the synthetic lattice. b, Experimental sequence.

For both 3- and 5-site experiments, thermal atoms are loaded with microwaves of varying Rabi frequencies to create
a superposition and then cooled to achieve BEC. The 3-site sequence is parameterized by τ/τfull where τfull is the
time required for STIRAP is accomplished. At the time τ after the microwave sequence starts, Rabi frequencies are
kept constant and atoms with superposition are cooled to BEC. Similarly, the 5-site sequence is characterized by the

final ratio of ΩW/ΩS. Ωi(i = W,S) is defined as averaged Rabi frequencies of the same kind of microwaves. c,
Site-resolved imaging by Stern-Gerlach separation. The image is taken after 8.5ms of free expansion.

tion and the uncertainty in determining microwave reso-
nances. Both of them can cause a two-photon detuning
of the Λ-transition, which eliminates the dark state. See
Methods for the stabilization of the magnetic field. We
note that formation of BEC in a dark state of momen-
tum states was recently reported in Ref.59 through a kind
of mode-conversion by coupling atoms already in a BEC
to an optical cavity. Our approach, instead, provides a
direct means to control gain in ultracold atomic setups.

Next we realize a 5-sites Su-Schrieffer-Heeger (SSH)
lattice60 to obtain the topological edge-state lasing,
or the topological atom laser. The SSH model is a
one-dimensional lattice model with alternating hopping
strengths, whose Hamiltonian in the rotating frame is

HSSH (2)

= ℏ

(
ΩA

2

N∑
i

|2i⟩ ⟨2i− 1|+ ΩB

2

N∑
i

|2i+ 1⟩ ⟨2i|

)
+H.c.,

where the sum of i runs over integer values. The energy
bandgap closes at ΩA = ΩB, and the regions ΩA > ΩB

and ΩA < ΩB are topologically distinct. Due to the
bulk-edge correspondence, when a lattice is terminated
at i = 1 by restricting the above sum to i ≥ 1, there
exists a zero-energy edge state localized around the edge
if and only if ΩA < ΩB, and this zero-energy state has
non-zero amplitude only on odd sites (1, 3, 5, · · · ). The
existence of the zero-energy edge-locazed state is topo-
logically robust; small spatial inhomogeneity in ΩA and
ΩB will not destroy the edge state. As we see, such in-
homogeneity is naturally present in our setup and thus
the topological atom laser we realize is directly benefited
from the topological robustness.

In our experiment, five levels |2,−2⟩, |1,−1⟩, |2, 0⟩,
|1, 1⟩ and |2, 2⟩ are coupled by microwaves and construct
a 5-site synthetic lattice (site 1-5, respectively) for which
the Hamiltonian in the rotating frame can be written in
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FIG. 2: Gain engineering in the 3-site synthetic lattice. Site distributions after the 3-site sequence with a,
τ/τfull = 0.3 b τ/τfull = 0.5 c τ/τfull = 0.8. The top figures are typical site-resolved images (time of flight is 8.5 ms)
together with the corresponding column densities (black lines) with the results of bimodal fitting (red lines), where
thermal and BEC components are indicated by the yellow and blue shaded area, respectively. The lower graphs are
statistical distributions taken over at least 30 experimental runs. Ni (Nic) indicates the total (condensate) atom

number in the site i and Nc =
∑

i Nic. The blue dotted line in the scatter diagrams indicates the trajectory for the
ideal dark state N3 = 0 (N3c = 0), and the shading visualizes statistical distribution of experimental results.

the matrix form

H =
ℏ
2


−4δ Ω

(1)
S 0 0 0

Ω
(1)
S 2δ Ω

(1)
W 0 0

0 Ω
(1)
W 0 Ω

(2)
S 0

0 0 Ω
(2)
S −2δ Ω

(2)
W

0 0 0 Ω
(2)
W 4δ

 (3)

where Ω
(1,2)
W and Ω

(1,2)
S are the Rabi frequencies in mi-

crowave couplings, and δ is the detuning due to a mag-
netic field fluctuation. The ideal SSH model is obtained
if Ω

(1)
i = Ω

(2)
i for i = S,W, and the edge state local-

ized around site 5 exists when ΩW < ΩS; such an edge
state is a superposition of only three sites, (sites 5, 3

and 1) if δ=0. In our setup, Ω
(1)
i and Ω

(2)
i are not ex-

actly equal because of the different Clebsch-Gordan coef-
ficients. As we noted above, the existence of a topological
edge state is robust against such inhomogeneity or disor-
der in hopping amplitudes. Below we use the averaged

values ⟨Ωi⟩ = (Ω
(1)
i +Ω

(2)
i )/2 for these couplings to char-

acterize the strong and weak couplings. (See Extended
Data Table II and Extended Data Fig. 2 for more de-
tails).

To achieve BEC in the topological edge state, thermal
atoms initially populated in the site 4 are first transferred

to the site 5 by adiabatic rapid passage. Four microwaves

Ω
(1,2)
W , Ω

(1,2)
S are then applied as shown in Fig. 1 a. Ther-

mal atoms will then adiabatically populate the topolog-
ical edge mode extending over sites 5, 3, and 1. Finally,
we keep the microwave coupling and restart evaporation
to accomplish BEC, followed by the site occupation mea-
surement. We performed experiments with four values of
the final ratios r = ⟨ΩW⟩/⟨ΩS⟩(< 1) to confirm the be-
havior of the topological edge-state lasing.

Figure 3(a-c) shows that the TOF signals after the
Stern-Gerlach separation, revealing site occupancies Ni

(i = 1, ..., 5) at three different values of r. We note that
as in Fig. 1 c, the top two rows of Fig. 3 showing site
occupancy is ordered in sites 1, 4, 3, 2, 5, which is not a
simple ascending order. We see that in all three values of
r, the BEC phase transition, namely, atom lasing is suc-
cessfully observed, and the formed BEC has the largest
population in site 5, with decreasing atom numbers in
3 and 1 with almost no occupation in 2 and 4, which is
consistent with the wavefunction profile of the topological
edge state of the SSH model (See Extended Data Fig. 2).
In the bottom two rows of Fig. 3, we plot N5 (N5c) versus
N1 + N3 (N1c + N3c). The alignment of the data along
the line N5 +N3 +N1 = N and N5c +N3c +N1c = Nc

indicate that the population in sites 2 and 4 are small



5

0.5

1.0

tra
ns
m
itt
an
ce

－0.4 －0.2 0.0 0.2 0.4
Position [mm]

0

20

At
om
lin
ea
rd
en
sit
y

[a
rb
.u
ni
ts
]

0.5

1.0

tra
ns
m
itt
an
ce

－0.4 －0.2 0.0 0.2 0.4
Position [mm]

0

10

At
om
lin
ea
rd
en
sit
y

[a
rb
.u
ni
ts
]

0.0 0.2 0.4 0.6 0.8 1.0
(N1 + N3)/N

0.0

0.5

1.0

N
5/N

0.0 0.2 0.4 0.6 0.8 1.0
(Nc1 + Nc3)/N c

0.0

0.5

1.0

N
c5
/N
c

0.75

1.00

tra
ns
m
itt
an
ce

－0.4 －0.2 0.0 0.2 0.4
Position [mm]

0

5

10

At
om
lin
ea
rd
en
sit
y

[a
rb
.u
ni
ts
]

0.0 0.2 0.4 0.6 0.8 1.0
(N1 + N3)/N

0.0

0.5

1.0

N
5/N

0.0 0.2 0.4 0.6 0.8 1.0
(Nc1 + Nc3)/N c

0.0

0.5

1.0
N
c5
/N
c

0.0 0.2 0.4 0.6 0.8 1.0
(N1 + N3)/N

0.0

0.5

1.0

N
5/N

0.0 0.2 0.4 0.6 0.8 1.0
(Nc1 + Nc3)/N c

0.0

0.5

1.0

N
c5
/N
c

a b c

site 1 site 2site 3site 4 site 5site 1 site 2site 3site 4 site 5site 1 site 2site 3site 4 site 5

FIG. 3: Gain engineering for topological edge states in the 5-site SSH model. The data taken at a
r = ⟨ΩW⟩/⟨ΩS⟩ = 0.097, b r = 0.23 and c r = 0.45 are shown. From top to bottom, the figures are typical imaging

(time of flight is 8.5 ms), the corresponding column density with the best fit bimodal function, and the site
distribution statistics for both total and condensate atom numbers, as introduced in Fig. 2. The blue dotted line in

the scatter diagram means the trajectory of the ideal edge state (N2 +N4 = 0, N2c +N4c = 0), and shading
visualizes statistical distribution of experimental result.

as expected; we give more detailed explanation on this
point in Discussions below.

We have moreover performed an additional experiment
to confirm coherence of this superposition as shown in
Fig. 4. After loading atoms into the lattice with largest
r, we apply the reverse process back to the r = 0. The re-
sulting site population returns to the initial site 5, prov-
ing that the coherence persisted throughout the entire
process; the system keeps adiabaticity even in the pres-
ence of random fluctuations in δ.

DISCUSSIONS

Although the lower two panels in Fig. 3 confirm that
the population mainly evolves along the line N1 +N3 +
N5 = 1, we should mention that there is non-negligible
occupancy of site 4 in Fig. 3c. The site 4 is in between
largely populated sites 5 and 3, and even a little fluctua-
tion in δ can result in occupation of site 4. Large fluctu-
ations seen in the site occupation of BEC comes from the
small BEC fraction: for the 5-site experiment the state
mainly populates the upper hyperfine levels which suffer
from inelastic collisions. However, the most probable site
distribution for each coupling strength is consistent with
the theoretical prediction ((N5, N1 + N3) = (0.98, 0.02),
(0.66, 0.34) and (0.26, 0.74) for r = 0.097, 0.23, 0.45, re-

spectively).

One of the characteristics of topological systems is ro-
bustness to external disturbances. Indeed, the topolog-
ical atom laser is realized despite the natural inhomo-

geneity or disorder in the coupling, Ω
(1)
S ̸= Ω

(2)
S and

Ω
(1)
W ̸= Ω

(2)
W . We should also note that the zero energy

topological edge state is not robust against onsite disor-
ders, namely again nonzero δ. The existence of nonzero
population in sites 2 and 4 seen in the experiment is as-
cribed to nonzero δ. Even though the onsite disorder
makes the energy of the edge state to become nonzero,
the edge localized mode can still persist as long as the
effect of δ is smaller than the band gap, 2(ΩS − ΩW),
which is the case in our experiment.

CONCLUSION AND PROSPECTS

By preparing the initial thermal atoms in a proper
dressed state of the synthetic lattice, we observe the for-
mation of BEC in the dressed state even when the dressed
state is not the ground state of the lattice. Such a for-
mation of BEC in a dressed mode can be regarded as
laser oscillation of an atomic matter wave. In particu-
lar, the 5-site experiment demonstrates topological atom
laser oscillating at the topological edge state. The cur-
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corresponding column density with the best fit bimodal function, and the site distribution statistics for both total

and condensate atom numbers, as introduced in Fig. 3.

rent limitation is the external field fluctuations which
can be improved by appropriate shielding and active
stabilization61–63. Increasing Rabi frequencies and short-
ening the experimental time scale will help reducing the
effect of both field fluctuations and inelastic loss.

Our results successfully demonstrate that an effective
site-dependent gain can be engineered through evapora-
tive cooling by appropriate preparation of the initial ther-
mal state. Such a gain-loss control in ultracold atomic
gases provide a versatile tool to study non-Hermitian
physics. Combining with the ability to control losses
and inter-particle interactions, one can now explore much
broader classes of non-Hermitian quantum many-body
physics in ultracold atomic gases. Our results also show
that atom optics can be combined with concepts devel-
oped in topological photonics, opening the field of topo-
logical atom optics. This work thus serves as the next
footstep to further studies and applications of topologi-
cal and/or non-Hermitian physics.
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METHODS

Experimental setup Our experiments start with
87Rb atoms above the critical temperature for Bose-
Einstein condensation (BEC) trapped in the crossed op-
tical dipole trap at about 1064 nm (see Extended Data
Fig. 1). The crossing optical dipole trap is created
with two horizontal beams which are crossing at slight
angle to provide a large trap volume and a vertical
beam (Extended Data Fig. 1). Then the 87Rb atoms
are pumped to a hyperfine state |F = 1,mF = 1⟩ of the
2S1/2 electronic ground state by optical pumping. For
5-site experiment, we further transfer atoms into the
|F = 2,mF = 2⟩ state by adiabatic rapid passage (ARP)
with microwave irradiation. For efficient evaporative
cooling, we turn off a deeper horizontal beam in the mid-
dle of evaporative cooling. In order to induce coupling
between the hyperfine states, or neighboring sites in the
synthetic dimension, we apply resonant microwave fields.
The subsequent sequence of the microwave irraidation
consists of two stages: First, we apply time-dependent
microwaves to prepare thermal atoms in a desired super-
position of the synthetic lattice sites. Then, further evap-
orative cooling is performed with microwave couplings
kept constant. Resulting formation of a BEC can be re-
garded as “lasing” of atoms at a specific eigenmode in
the lattice.

Generation of 4-color microwave
We simultaneously apply 4-color microwaves around

the clock frequency ∼ 6.8GHz. We use an output from a
microwave synthesizer at a frequency f for the |2,−2⟩ −
|1,−1⟩ coupling and generate three sidebands. An image
rejection mixer can create a microwave sideband only at
higher frequency side at a frequency of f + fRF1, and is
set on resonance to the |2, 0⟩ − |1, 1⟩ transition. A series
connection of an additional image rejection mixer further
generates sidebands at f+fRF2 and f+fRF1+fRF2, and
are set to the |2, 0⟩− |1,−1⟩ and |2, 2⟩− |1, 1⟩ resonances
(Extended Data Fig. 3). In this configuration, ΩW can
be controlled by the strength of the second RF.

Suppression of magnetic field fluctuation One of
the major sources of the short-term magnetic field fluctu-
ations comes from electric devices around the experimen-
tal chamber. Transducers in power supply emit strong
noises at alternate current (AC) line frequency (60 Hz)
and its harmonics which amounts to ∼ 0.8 mG at the
chamber. We construct a feed-forward system to sup-
press the AC field fluctuation. We monitor field fluctu-
ations by a flux gate sensor placed near the magnetic
coil on the quantization axis. A function generator with

a reference clock of 10 MHz locked to the AC line (DS
technology) generates 60 Hz harmonics up to 7th order
to be added to the analog control of the coil. The ampli-
tudes and phases of the harmonics is tuned to minimize
the fluctuation of sensor output. This enables us to sup-
press the 60Hz line noise down to ∼ 0.1 mG at all times
during the experiment.
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EXTENDED DATA

τ/τfull

site
site 2 - 3 (Ω1/2π) site 3 - 4 (Ω2/2π)

0.3 1.457 0.07560
0.4 1.376 0.2834
0.5 0.8410 0.6252
0.8 0.03283 1.144

Extended Data Table I: Rabi frequencies for the
3-site experiment in units of kHz.
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Extended Data Figure 1: Experimental setup. The configurations of the optical trap, the microwave irradiation
and probe axis as well as coils for Stern-Gerlach separation are shown.

< ΩW > / < ΩS >
site

site 1 - 2 (Ω
(1)
S /2π) site 3 - 4 (Ω

(2)
S /2π) site 2 - 3 (Ω

(1)
W /2π) site 4 - 5 (Ω

(2)
W /2π)

0.09691 2.119 0.8646 0.07464 0.1319
0.1560 2.116 0.8605 0.1081 0.3847
0.2331 2.120 0.8625 0.1379 0.6114
0.3733 2.123 1.363 0.2387 0.8563
0.4466 3.092 0.8446 0.3787 1.424

Extended Data Table II: Rabi frequencies for the 5-site experiment in units of kHz.
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Extended Data Figure 2: Numerical solutions to the 5-site SSH Hamiltonian. a, Solutions to the 5-site SSH

Hamiltonian (Eq. 3) with Ω
(1)
i = Ω

(2)
i = Ωi (i = S,W) and δ = 0. (top) Dependence of the Eigenenergies on the

ratio ΩW/ΩS and (bottom) eigenvectors for several Rabi frequency ratio are plotted. b Solutions to the

experimentally realistic Hamiltonian. Imbalance between Ω
(1)
i and Ω

(2)
i are considered and the dependence on their

averaged values are shown. Characteristic features of the edge state, zero-energy and vanishing amplitude on the
site 2 and 4, are retained.
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+fRF1 +fRF2 +fRF2

f f f+fRF1 f+fRF1f

f+fRF2 f+fRF1+fRF2

fRF1 fRF2

Image Rejection Mixer 1, 2~6.8 GHz

~1 MHz

AMP.

F=2

F=1

f f+fRF2 f+fRF1
f+fRF1+fRF2

mF =  -2      -1      0       1     2
Site   1      2   3      4   5

Extended Data Figure 3: Schematic of the microwave setup. Two RFs are mixed to the main microwave by
image rejection mixers (left). The frequency components at several stages are also shown. The resulting microwave
has four frequency components set on-resonant to the transition involved in the 5-site experiment, as shown in the
ground state energy diagram of 87Rb (right). In this configuration, ΩW can be controlled by the strength of RF2.
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