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We propose a protocol to adiabatically prepare a many-particle fractional quantum Hall fluid of bosonic
ultracold atoms exploiting a time-dependent coherent coupling of a strongly interacting atomic state with a
large dilute Bose-Einstein condensate. Starting from an empty cloud, atoms with well-defined angular
momentum are coherently pumped into the fluid by Raman beams with a Laguerre-Gauss profile.
Compared to number-conserving schemes which rely on finite-size-induced gaps, we identify an adiabatic
path in the Fock space which avoids crossing fixed-particle-number phase transitions and maintains a
sizable and externally controlled adiabatic gap open at all times. The efficiency of our preparation protocol
is numerically assessed for typical experimental parameters up to particle numbers that largely exceed the
experimental state of the art. The crucial advantage of including an anharmonic confinement is finally
highlighted.
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Introduction—Fractional quantum Hall (FQH) systems
exhibit extremely rich and interesting properties arising
from the interplay of strong interactions and the frustration
induced by strong magnetic fields. They support topologi-
cally protected, quantized charge transport along their
edges [1,2], and have been predicted to display (non)-
abelian anyonic excitations with complex statistical pro-
perties [3–5], which are promising for applications in
topological quantum computation and error correction [6].
While FQH physics was first observed in two-dimensional
electron gases [7,8], realizing such states in a well-
controlled and tunable platform is a long-standing goal.
This would help better understand their strongly correlated
nature and allow to fully unchain the potential of their
quantum entanglement for different tasks in quantum
science and technology.
In the last years, first experimental realizations of FQH

fluids in both photonic [9,10] and atomic [11–14] platforms
have been reported, but these experiments remain so far
limited to a maximum of three particles. In particular, the
preparation of larger FQH states of ultracold atoms is
hindered by the difficulty of directly cooling in the FQH
regime. Typical workarounds involve the preparation of
some other easy-to-cool state, followed by an adiabatic

change of the system parameters in order to enter the FQH
regime. This implies crossing a phase transition, which
limits the achievable system sizes as the energy gap quickly
decreases for growing particle numbers. Schemes that do not
suffer from this difficulty have already been proposed for
gases of photons [9,15–18], and of Rydberg excitations [19].
Proposal—We propose a novel method for generating

bosonic Laughlin states of atoms via an adiabatic protocol
in a larger space where the number of particles is allowed to
vary by an external coherent pump. Our scheme, sketched
in Fig. 1, is based on the coherent coupling of the system to
a reservoir of Bose-Einstein condensed (BEC) atoms—
distinguished from the system by a different internal spin
state—via an angular-momentum-selective mechanism
based on, e.g., a pair of Raman beams with a Laguerre-
Gauss profile. By adiabatically varying the strength and
detuning of the coherent coupling, the initial vacuum state
can be converted into the target Laughlin state.
In our setup, the energy gap protecting the evolution is

not fixed by the many-body physics of the fractional
quantum Hall system, as in typical number-conserving
schemes, but is externally controlled by the amplitude of
the coherent coupling, which allows to keep a sizable gap
throughout the whole adiabatic evolution. Laguerre-Gauss
Raman coupling was also considered in Ref. [20], but
coupling each angular momentum transfer to a spin flip
fundamentally limits the target angular momentum to the
size of the atomic spin manifold. Unlike [19], we assume a
pump carrying angular momentum, which avoids the
rotation of an external potential [21–23] to insert angular
momentum. In contrast to photonic setups [9,15], losses do
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not dominate the evolution of the atomic system, allowing to
follow the coherent dynamics for long times. Furthermore,
our proposal of pumping particles from a BEC into the
system has the advantage of not relying on the initial
preparation of an exact atom number, which limited early
experiments [11]. As compared to Refs. [16,24], we propose
to directly generate the N-particle Laughlin state in a single
adiabatic ramp, avoiding the sequential accumulation of
infidelity in multistep protocols.
The concept of the proposed scheme is illustrated in

Fig. 1. We consider atoms with two internal states j1i; j2i,
split by an energy ℏω1;2. These states define reservoir and
system, respectively. The j1i state is weakly interacting and
filled by a BEC with a macroscopic number of particles.
The strongly interacting j2i state is trapped in a two-
dimensional geometry and initially empty. Finally, an
external coherent electromagnetic field coupling the two
states is used to coherently transfer atoms from j1i to j2i
and, in this way, generate a FQH fluid in the j2i state. This
configuration can be realized with several atomic species,
but for concreteness, we consider typical parameters for 7Li
atoms (see End Matter).
Theoretical modeling—The dynamics of the atoms in

state j2i can be described in a frame rotating at a constant
angular frequency Ω ¼ −Ωez, in which the Hamiltonian
reads [25]:

Ĥj2i ¼
Z

d2rΨ̂†ðrÞ
�ðp̂þAÞ2

2m
þ VðrÞ þ ℏω2

�
Ψ̂ðrÞ

þ g
2
Ψ̂†ðrÞΨ̂†ðrÞΨ̂ðrÞΨ̂ðrÞ; ð1Þ

whereA ¼ mΩez × r is the synthetic gauge potential in the
symmetric gauge, describing a uniform synthetic magnetic
field B ¼ Bez ¼ 2mΩêz corresponding to the Coriolis
force. Note that no physical rotation of the trap is required

in our proposal, as the synthetic magnetic field appears
when describing the system from the rotating frame of
reference [26]. The effective potential VðrÞ ¼ VextðrÞ−
ðmΩ2=2Þr2, with r ¼ jrj, includes the external trapping
potential and the centrifugal one, and is assumed to be
cylindrically symmetric. Here, g is the two-dimensional
contact interaction strength [27] and Ψ̂ðrÞ is the bosonic
field operator for the particles in j2i. Assuming the rotation
of the reference frame Ω to be equal to the trap frequency,
the centrifugal potential exactly compensates the harmonic
part of the confinement, so that only residual anharmonic
terms are present in the rotating frame.
Provided that all energy scales are much smaller than the

cyclotron energy ℏωc ¼ ℏB=m ¼ 2ℏΩ, the particles are
restricted to live in the lowest Landau level (LLL) manifold
of single particle states [27]. In the absence of external
potentials, this consists of a macroscopically degenerate
subspace of single-particle states labeled by their integer-
valued angular momentum quantum number α ≥ 0, as
shown in the N ¼ 1 sector of Fig. 2 (for which L equals α).
For a general given N, the exact ground state of Eq. (2)

minimizing angular momentum is the 1=2-Laughlin state
[25,31], which lies in the LLL manifold. Within the
subspace of given angular momentum quantum number
L ¼ NðN − 1Þ, the Laughlin state is always a nondegen-
erate ground state with no interaction energy, separated by a

many-body gap EðNÞ
g proportional to g, which tends to a

constant as N → ∞ [32,33], as shown in the inset of Fig. 2.

(a) (b)

FIG. 2. (a) Many-body spectrum of the system in the LLL
manifold as a function of the total angular momentum, in the case
of no external potential in the rotating frame. Different colors
refer to different number sectors. Within each number sector,
the energy of the ground state is set to 0. Red dots denote the
Laughlin states, of angular momentum L ¼ NðN − 1Þ, and the
blue square is the state with one quasihole and N ¼ 4. The arrows
indicate the transitions coupling the vacuum to the N ¼ 4
Laughlin state, using a pump with angular momentum l ¼ 3.
Transitions to larger N are suppressed by the many-body gap.
(b) Many-body gap above the Laughlin state as a function of N
for g=l2B ¼ 3.77 ℏΩ.

FIG. 1. Proposed scheme for the generation of an FQH fluid of
ultracold atoms. The FQH system under study is formed of atoms
in a strongly interacting state j2i close to a Feshbach resonance
(see End Matter), tightly trapped in a two-dimensional geometry;
in the frame rotating at frequency Ω, the atoms experience an
effective synthetic magnetic field. This FQH system is coherently
coupled via two Raman beams with a Laguerre-Gauss profile to a
weakly interacting condensate j1i that acts as a particle reservoir,
exchanging an angular momentum l per particle. The FQH is
initially empty, and is adiabatically pumped to the desired state in
a time T.
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The degenerate states with larger angular momenta L
correspond to edge and quasi-hole excitations. The degen-
eracy of these states is lifted if an effective potential VðrÞ is
present in the rotating frame, e.g., a positive quartic
potential [34].
The strongly interacting j2i state is coherently coupled

with an external electromagnetic field, e.g., via a Raman
transition, to the BEC in the j1i state, which acts as a
reservoir of particles. Assuming that the weakly interacting
BEC is in the mean-field regime and remains in its ground
state, the effect of the coherent coupling is described by an
additional time-dependent term in the Hamiltonian for the
atoms in j2i, in the rotating frame, of the form

ĤPðtÞ ¼
Z

d2rℏΩRðr; tÞ
ffiffiffiffiffiffiffiffiffi
ρðrÞ

p
e−iμt=ℏΨ̂†ðrÞ þ H:c:; ð2Þ

where ρðrÞ is the BEC density, μ its chemical potential,
ΩRðr; tÞ ¼ jΩRðr; tÞje−ilϕe−iðω0

LtþφðtÞÞ is the two-photon
Rabi coupling, and ω0

L ¼ ωL − lΩ is the frequency differ-
ence of the two Raman beams, as seen in the rotating frame.
In order to prepare the desired rotating system state, at least
one of the Raman beams is chosen to have a Laguerre-
Gaussian profile, so that each particle acquires an orbital
angular momentum of l while being transferred from j1i to
j2i [13,20]. By choosing ω0

L þ μ=ℏ ¼ ω1;2 þ Ω, the
residual phase modulation φðtÞ of the pump can be encoded
into an effective detuning ΔðtÞ ¼ φ̇ðtÞ, and the full
Hamiltonian in the LLL basis can be recast in the form [27]

ĤðtÞ ¼
X
α

Vαâ
†
αâα þ

X
αβq

Gαβqâ
†
αâ

†
βâαþqâβ−q

− ℏΔðtÞN̂ þ ℏFðtÞðâ†l þ âlÞ; ð3Þ

where â†α is the creation operator of the LLL of angular
momentum α, N̂ is the operator for the total atom number in
the j2i state, Vα encodes the cylindrically symmetric
confinement potential VðrÞ, Gαβq encodes the contact
interactions, and the real-valued FðtÞ is the coupling
strength, proportional to the Rabi coupling ΩR and the
BEC order parameter

ffiffiffi
ρ

p
. While the focus of this Letter is

on rotating clouds, we note that all our results hold for any
system described by Eq. (3), regardless of how the
synthetic magnetic field or the coherent pump are physi-
cally implemented, as discussed in the End Matter.
Adiabatic evolution—Our idea is to exploit the freedom

on the external pump parameters ΔðtÞ and FðtÞ, in order to
generate a target Laughlin state of Nt particles and angular
momentum L ¼ NtðNt − 1Þ in the j2i state, starting from
the vacuum of j2i atoms. For this purpose, we choose an
external pump with single-particle angular momentum
l ¼ Nt − 1, which selects the particle number of the target
state. For this specific pump, a chain of states with N
particles and angular momentum L ¼ Nl ¼ NðNt − 1Þ are

coupled by the dynamics starting from the empty initial
state with N ¼ L ¼ 0 via a sequence of coherent particle
transfers from the reservoir. As shown in Fig. 2, up to
the target particle number Nt, all these states have
vanishing interaction energy, while for N ≥ Nt þ 1 they
are shifted up by the many-body gap, since their angular
momentum is smaller than the one of the corresponding
Laughlin state.
Figure 3 shows a pictorial description of the adiabatic

evolution for a protocol during which ΔðtÞ is swept from
negative to positive values as depicted in panel (b). In
panel (a) we show the instantaneous energy levels as a
function of time. The effect of the detuning Δ is to shift
the energy of the different N̂ subspaces, acting as a
chemical potential. At early times, Δ < 0, and the lowest
energy state is the vacuum. At late times, Δ > 0, and the
states at finite particle number are pushed down in
energy. As long as 0 < Δ < Eg, the Laughlin state with
Nt particles has a lower energy than the gapped Nt þ 1
state. This energy gap blocks population from flowing
towards N ≥ Nt þ 2 states, which can be neglected [27].
Therefore, the lowest energy state at late times is the target
Laughlin state.
The level crossing between states at different N around

Δ ¼ 0 is avoided by the coherent coupling of strength F.
This guarantees that a sizable gap is opened by the pump at
all times, as illustrated in Fig. 3(a), and suggests the
possibility of adiabatically transforming the initial vacuum
into the target Laughlin state.

(a)

(b)

(c)

FIG. 3. (a) Instantaneous eigenstates during the adiabatic
evolution with F ¼ 0 (dashed lines) and first two eigenstates
for FðtÞ ≠ 0 (solid lines). (b) Sketch of the temporal ramp of the
pump strength FðtÞ and the detuning ΔðtÞ. (c) Illustration of the
adiabatic scheme as the tunneling in a tilted lattice comprising
the states coupled by the pump F: initially, the system is in the
N ¼ 0 vacuum state; at the end, it is frozen in the Nt ¼ 4
Laughlin state protected by the many-body gap (blue dot).
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Figure 3(c) gives a pictorial description of what happens
during the adiabatic evolution in terms of a lattice of sites
labeled by the particle number N and coupled by the pump
which induces nearest-neighbor “hopping.” At t ¼ 0, the
system is prepared in the lowest-energy vacuum state which
corresponds to the leftmost site of the lattice. The lattice is
then slowly tilted down by changing Δ, while increasing
the “hopping” F, which allows the population to spread
along the lattice. At final times, the “hopping” F is slowly
reduced to freeze the system in the lowest-energy lattice
site, which now corresponds to the target Laughlin state.
Numerical results—In order to put our reasoning on solid

quantitative grounds, we have performed numerical simu-
lations of the temporal evolution, Eq. (3), under the time-
dependent pump for typical parameters of 7Li. The effect of
losses and experimental imperfections is discussed in the
End Matter. We consider ramps of ΔðtÞ and FðtÞ with
different degrees of smoothness Cn, with n the number of
continuous derivatives at the beginning and the end of the
protocol.
In Figs. 4(a)–4(c) we show color plots of the infidelity

1 − F ¼ 1 − jhψLajψi2 of the Nt ¼ 4 final state after a C∞

smooth ramp of duration T ¼ 127TΩ, where TΩ ¼ 2π=Ω
is the trapping period, as a function of the initial and final
detunings, Δ0;f. The excellent value of the fidelity across a
large region in parameter space confirms that our scheme,
relying on an adiabatic evolution, is indeed not sensitive to
the fine details of the ramp profile, in contrast to, e.g., the π
pulses of [13].
Clear physical explanations can be put forward for the

boundaries of the good-fidelity region. The initial detuning
Δ0 needs to be negative in order to have the vacuum state as
the lowest energy state at the beginning of the protocol.
Upper bounds on its magnitude jΔ0j are imposed by the
adiabatic condition, as a larger initial detuning would
require a faster change in ΔðtÞ. Comparison of panels

(a)–(c) shows that adiabaticity is restored by a stronger
pump which opens a larger gap [27]. Finally, the final
detuning Δf must be large enough to well isolate the target
state in energy, but not exceed the many-body gap so to
keep the Laughlin state as the lowest energy state at the
final time.
More details on the dependence of the infidelity on the

temporal profile of the ramp are given in Fig. 4(d). Here we
show the dependence of the infidelity on the ramp duration
T for ramps with different smoothness properties. For
ramps at least C1, the infidelity shows an exponential
decrease with T at a rate set by the sharpness of the ramp
profiles. Rescaling time by the derivative of ΔðtÞ, the
curves are found to collapse to the same universal behavior.
Remarkably, the exponential decrease of the infidelity
persists up to moderate T also for C0 ramps with a
discontinuous first derivative. For longer T, this disconti-
nuity is important again and the infidelity recovers the T−2

behavior expected from the adiabatic theorem [35]. As
such, it can actually be advantageous to drop the continuity
requirement on the derivative, so to spread the parameter
change throughout the whole evolution and thus reduce the
maximum rate of change.
A summary of the achievable fidelity values is given in

Fig. 4(e). For moderate-size systems just above the Nt ≤ 3
experimental state of the art [10,12–14], very small
infidelities can be obtained already with fast ramps. For
instance, a fidelity of F ¼ 0.99 can be achieved for Nt ¼ 4
in T ¼ 95TΩ, which is a six-fold improvement over
theoretical proposals based on a ramp of the trapping
frequency and ellipticity [22,23]. While these fixed-
particle-number schemes suffer from the closing of the
finite-size-induced gap for growing Nt [36–38], in our
proposal the adiabatic gap is externally controlled by the
strength of the coherent coupling and, therefore, can be
maintained at a significant size up to large Nt. This

(a) (b) (e)(c) (f) (g)

(d)

FIG. 4. Infidelity withNt ¼ 4 Laughlin state for different initial and final detuning, for a C∞ ramp of ramp time T ¼ 127TΩ (318 ms),
for (a) Fmax=Ω ¼ 0.05, (b) 0.1, (c) 0.2. The dashed line marks the many-body gap. (d) Infidelity with the Nt ¼ 7 Laughlin state for
ramps with different smoothness, as a function of time, rescaled by the sharpness of Δðs ¼ t=TÞ. (e) Ramp time T required to reach a
desired fidelity as a function of Nt, for a C0 ramp with Δf ¼ −Δ0 ¼ 0.1 Ω and Fmax ¼ 0.1 Ω. The solid lines refer to a purely harmonic
potential, whereas dashed lines include a quartic potential with V0 ¼ 0.001 ℏΩ. The detunings include the energy shift due to the quartic
potential. (f) Same plot for quasi-hole state, using a plug potential with V0 ¼ 50.0 ℏΩ, σ ¼ 0.2 lB, and a C∞ ramp. (g) Instantaneous
adiabatic gap during the evolution to the Laughlin state in the absence (solid red) and presence (dashed purple) of the quartic potential
and for the quasi-hole state (dashed-dotted blue line), for the same C∞ ramp and Nt ¼ 8: the anharmonic and the plug potentials help
keeping a sizable gap also in the middle of the ramp.
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promising feature is confirmed by our numerical calcu-
lations—restricted to Nt ¼ 8 only by our computational
limitations—showing that large samples can be realized
using ramps of reasonable duration.
On top of a stronger Fmax (see End Matter), a further

reinforcement of adiabaticity comes from adding an anhar-
monic confining potential, e.g., Vð4ÞðrÞ ¼ V0r4=ð4l4BÞ. The
improved scalingwithNt shown inFig. 4(e) can be explained
by the larger adiabatic gap due to broken degeneracy in the
N < Nt, L ¼ NðNt − 1Þ sectors by the anharmonic poten-
tial, as shown in Fig. 4(g). At the same time, the anharmonic
confinement makes our scheme robust to deconfinement
issues. Main limitations of our proposal stem from the
imperfect cylindrical symmetry of the trapping potentials
and of the Raman beams that tend to slow down the rotation.
Also in this respect, the anharmonic potential is beneficial, as
it lifts the degeneracy of the harmonic oscillator levels in the
laboratory frame, and thus suppresses the slowdown effect.
Quasihole state—Beyond the Laughlin many-body

ground state considered so far, our adiabatic scheme can
be extended to excited states including, e.g., quasiholes.
For instance, the state with Nt particles and a single
quasihole at the center of the cloud has angular momentum
L ¼ N2

t and can be adiabatically generated with a larger
angular momentum l ¼ Nt pump. The degeneracy of the
quasihole state in the subspace at given N ¼ Nt, L ¼ N2

t
can be lifted by means of a spatially localized repulsive
potential located at the center, which energetically favors
the density depletion of the quasihole state. For concrete-
ness, we consider a Gaussian shape for this plug poten-
tial VplugðrÞ ¼ V0e−x

2=ð2σ2Þ=ð
ffiffiffiffiffiffiffiffiffiffi
2πσ2

p
Þ.

The efficiency of our adiabatic scheme also in this case is
showcased by the excellent fidelities shown in Fig. 4(f)
[39]. Remarkably, the slower growth of the ramp time
required for the generation of quasihole states compared to
the Laughlin states at larger Nt is due to the larger adiabatic
gap opened by the plug potential, as shown in Fig. 4(g). A
combination of suitably designed repulsive plug potentials
and sharp potentials on the edges of the FQH cloud [40] can
be considered to generate multiply charged quasihole states
[41]. Moving and reshaping the potential then allows for
the manipulation of the quasiholes and the detection of their
fractional charge [42] and statistics [41,43,44].
Conclusions—In this Letter, we have presented a novel

scheme for the preparation of Laughlin states of strongly
interacting bosonic atoms. Our proposal is based on an
adiabatic passage in a larger Hilbert space allowing the
coherent transfer of particles from a Bose-Einstein con-
densate. This allows to find a path that avoids crossing
fixed-particle-number phase transitions. As such, the adia-
batic gap is not set by finite-size many-body properties, but
is tunable via the external drive and the confinement
potential: as demonstrated by our numerical simulations
up to eight particles, this offers significant improvement
in preparation times and is promising in view of the

realization of FQH samples far above the current exper-
imental state-of-the-art [12,13], up to a few tens of
particles.
While this Letter focused on atomic systems, our

proposal is directly applicable to any system described
by the Hamiltonian Eq. (3), in particular photonic systems
where tunable coherent pumps are naturally adopted [45],
synthetic magnetic fields combined with strong interactions
are routinely realized [9,10], and long lifetimes are avail-
able for microwave photons [46]. Our proposal opens the
way to the investigation of the exciting and elusive proper-
ties of fractional quantum Hall fluids in synthetic quantum
matter.
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End Matter

Experimental parameters—In order to get concrete
numerical estimations, we consider 7Li atoms confined
in a quasi-two dimensional pancake trap, with strong
axial confinement ωz ¼ 2π · 10 kHz and weaker
transverse one ωr ¼ 2π · 400 Hz, corresponding to a
magnetic length of lB ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ℏ=ð2mωrÞ
p

≈ 1.35 μm. We
consider the jF ¼ 1; mF ¼ 1i ¼ j2i hyperfine state as
the FQH state, and the dilute BEC in the
jF ¼ 1; mF ¼ 0i ¼ j1i state as the bath. Exploiting the
Feshbach resonance at B ≈ 737.4 G [47], the scattering
length of the FQH atoms can be tuned to around
a2 ¼ 4000a0, the one of the BEC atoms to a1 ¼ 11.8a0,
and the FQH-BEC one to a1;2 ¼ 27.6a0. As detailed in
Supplemental Material [27], this corresponds to a two-
dimensional interaction strength g=l2B ¼ 3.77 ℏΩ for the
atoms in the state j2i.
In our 7Li proposal, atoms in j2i see the same confine-

ment as j1i, but are weakly interacting, and therefore in the
dilute regime of Bose-Einstein condensation. Assuming
the BEC (and its coherence length) to be much larger than
the FQH cloud, residual thermal excitations lie further
away from the center of the trap [48,49], decreasing their
contribution to the pump-driven transition to the FQH state.
The dominant effect of mutual interactions is, assuming the
dilute BEC to be in the mean field regime, to add a
repulsive potential on the FQH atoms following the shape
of the condensate

Ĥsb ≈ gsbρBECΨ̂†Ψ̂; ðA1Þ

which can be included in the calibration of the effective
confinement of the FQH cloud.
Another consideration is the spontaneous scattering rate

from the Raman beams. For 7Li atoms, one typically
chooses a single-beam detuning of only 5 GHz by selecting
a frequency in between the D1 and D2 lines. For the Rabi
frequency considered in the main text, the scattering rate is
then R ≈ 0.6 s−1, summing over the two transitions.
Considering a C0 ramp, where the average Rabi frequency
is 2=3 of its maximum value, and a typical time of 250 ms,
for which excellent fidelities are achieved, each atom has a
10% probability of scattering a photon. For Nt ¼ 8, this
results in a no-scattering probability of around 43%. Since
photon scattering results in a fast recoil and, thus, a prompt
loss of the atom from the system, one can postselect images
with the desired number of particles. When working with
different atoms which, like 133Cs, display a much larger fine
structure splitting, spontaneous scattering is much less
important.
The AC Stark shift induced by the Raman beams may

create a dipole potential affecting the atoms, of the order of
the Rabi coupling frequency. A strategy to circumvent this
is to apply the inhomogeneous Laguerre-Gauss beam
carrying angular momentum to the transition coupling
the weakly interacting level to the intermediate states. In
this case, under a local density approximation, the dipole
potential felt by the condensate does not result in a sizable
variation of its chemical potential. The FQH system is then
coupled to a Gaussian beam only, whose inhomogeneity
can be made negligible by choosing a large waist.
Alternatively, one could work close to the tune-out
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wavelength [50], so that the dipole potential is completely
canceled out.
An additional process that may be induced by the finite

system-bath interaction is the emission of phonons in the
BEC by the rotating FQH atoms. As this would result in a
loss of angular momentum in the FQH cloud, it should be
suppressed, e.g., by increasing the BEC density so that its
sound velocity exceeds the typical speed of the FQH atoms.
In this regime, neglecting acceleration effects, velocities
below the Landau criterion prevent pointlike defects to
generate phonons. The FQH atoms scatter on the BEC as
pointlike particles regardless of the spatial extension of the
FQH wave function, such that the Landau criterion applies
as observed in related experiments [51,52]. The FQH atoms
travel at a speed vFQH ≈

ffiffiffiffi
N

p
ωrlB ≈ 3.4

ffiffiffiffi
N

p
mm=s, while,

assuming ρBEC ≈ 1014 cm−3, the resulting speed of sound
cBEC ≈ 8.1 mm=s is already marginally sufficient to sup-
press excitations. A reduction of vFQH can be obtained with
smaller confinement frequencies ωr along the plane.
Another dissipation mechanism is the nucleation of vor-
tex-antivortex pairs, which has been found to be relevant in
experiments using stirring via laser beams [53]. However,
this mechanism becomes only relevant when the moving
obstacle becomes comparable to the healing length of the
BEC, which is not the case for the pointlike scattering
between system and BEC.
A further way to limit phonon emission or vortex-pair

excitation into the BEC is to slightly shift the spatial
position of the BEC and FQH clouds along the z direction,
so as to decrease their overlap and suppress their collisional
interaction, while still keeping a sizable Raman coupling.
Although 7Li in the Paschen-Back regime in the high-field
seeking states considered here does not allow for spin-
dependent potentials, a combination of a high-field seeking
and a low-field seeking state would allow splitting the two
clouds via a magnetic field gradient. However, not all
scattering lengths involved in this case are known.
Alternatively, one could consider other atoms with two
long-lived states and tunable interactions, like 133Cs [54] or
41K [55]. Since the spatial coincidence of two or more
particles is strongly suppressed in the Laughlin state, three
body or dipolar relaxation, which usually limit the lifetime
of strongly interacting atoms, are significantly suppressed.
Going beyond the present protocol, such loss terms could
even be used to stabilize desired states.
We assume to couple the two atomic levels with two

Raman beams, one of which is chosen as a Laguerre-
Gaussian beam [56], in order to transfer angular momen-
tum l to the FQH atoms. The strength of the coupling F
entering the LLL Hamiltonian Eq. (3) is determined by an
overlap integral between the space-dependent Rabi fre-
quency of the two-photon Raman pump and the single-
particle LLL with angular momentum l, as detailed in
Supplemental Material [27]. Given that the radial profile of
the Laguerre-Gaussian mode and LLL wave function are

the same, the waist of the Laguerre-Gaussian beam can be
chosen such that the intensity of the coupling F does not
decrease with l. Furthermore, the coupling intensity in
enhanced by the macroscopic population of the BEC.
Anisotropies in the trapping potential couple to states

with smaller angular momentum, however, they can be
controlled to extremely high precision, with a control on the
ellipticity δω=ω of around 2 × 10−3 in TOP traps [57] and
to the level of 4 × 10−4 in optical traps [13]. The effect of
residual anisotropies, as well as other experimental imper-
fections, is reduced by an anharmonicity in the trapping
potential which lifts the degeneracy of the level of the two-
dimensional harmonic oscillator [13] and therefore sup-
presses transitions between states with different angular
momentum. Given the additional improvement in prepa-
ration fidelity in the presence of a quartic potential, as
shown in the main text, we conclude that anharmonicity is
extremely advantageous in our scheme.
As a further experimental imperfection, a spatially

displaced Laguerre-Gaussian beam would generate field
components with l0 < l, coupling to different states in the
spectrum. Given the existence of the many-body gap at Nt,
these states can only couple to excited states with smaller
N < Nt. For the final value of the detuning, such states
have anyway a higher energy than the target Laughlin state
at Nt and therefore remain empty at the end of the adiabatic
ramp. Beyond the LLL approximation, the displaced
rotation of the Laguerre-Gaussian beam as seen from the
rotating frame may induce a slowing down of the sample.
This effect is however attenuated in the presence of the
anharmonic potential.

Effect of larger pump power on adiabaticity—Given
that a larger adiabatic gap opens when Fmax increases, a
larger Fmax can be used in order to better protect the
adiabatic dynamics. Although a larger Fmax also means a
faster variation of FðtÞ, the required timescale for
adiabatic dynamics can be reduced for large Nt, as
shown in Fig. 5.
Extension of the scheme to other platforms The protocol

presented in this Letter is applicable to any system
described by Eq. (3), i.e., any system with a LLL manifold

FIG. 5. Time required to reach a desired fidelity as a function of
Nt, for a C0 ramp with Δf ¼ −Δ0 ¼ 0.1 Ω and Fmax ¼ 0.1 Ω
(solid lines) or Fmax ¼ 0.2 Ω (dashed lines).
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and a coherent pump which is selective in angular
momentum, regardless of the specific implementation of
the synthetic gauge field. If the synthetic gauge field is
realized in the laboratory frame, then the only modification
to the presented scheme is that the laser frequency is not
shifted by lΩ.
In addition, even though our scheme relies on rotational

symmetry in order to exploit angular momentum conser-
vation, and is therefore naturally described by a static
vector potential in the symmetric gauge, it can be extended
to any other gauge choice. In general, gauge invariance

imposes that if the vector potential changes as
A0ðrÞ ¼ AðrÞ þ∇αðrÞ, then the wave function, assuming
a charge q ¼ 1, must acquire a phase given by ψ 0ðr; tÞ ¼
eiαðrÞ=ℏψðr; tÞ.
As an example, if the synthetic magnetic field is realized

in the Landau gauge A0ðrÞ ¼ Bð0; xÞ, one gets
αðrÞ ¼ ðB=2Þxy. This phase factor must be imprinted on
the coherent pump on top of the angular momentum
Laguerre-Gauss phase profile. In experiments, this is
readily done using spatial light modulators.
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