
Error-Corrected Fermionic Quantum Processors with Neutral Atoms

Robert Ott ,1,2 Daniel González-Cuadra ,1,2,3,4 Torsten V. Zache ,1,2 Peter Zoller ,1,2

Adam M. Kaufman ,5 and Hannes Pichler 1,2,*

1Institute for Theoretical Physics, University of Innsbruck, Innsbruck, 6020, Austria
2Institute for Quantum Optics and Quantum Information of the Austrian Academy of Sciences, Innsbruck, 6020, Austria

3Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA
4Instituto de Física Fundamental, IFF-CSIC, Calle Serrano 113b, 28006 Madrid, Spain

5JILA, University of Colorado and National Institute of Standards and Technology,
and Department of Physics, University of Colorado, Boulder, Colorado 80309, USA

(Received 20 December 2024; accepted 13 June 2025; published 25 August 2025)

Many-body fermionic systems can be simulated in a hardware-efficient manner using a fermionic
quantum processor. Neutral atoms trapped in optical potentials can realize such processors, where nonlocal
fermionic statistics are guaranteed at the hardware level. Implementing quantum error correction in this
setup is, however, challenging, due to the atom-number superselection present in atomic systems, that is,
the impossibility of creating coherent superpositions of different particle numbers. In this Letter, we
overcome this constraint and present a blueprint for an error-corrected fermionic quantum processor that
can be implemented using current experimental capabilities. To achieve this, we first consider an ancillary
set of fermionic modes and design a fermionic reference, which we then use to construct superpositions of
different numbers of referenced fermions. This allows us to build logical fermionic modes that can be error
corrected using standard atomic operations. Here, we focus on phase errors, which we expect to be a
dominant source of errors in neutral-atom quantum processors. We then construct logical fermionic gates,
and show their implementation for the logical particle-number conserving processes relevant for quantum
simulation. Finally, our protocol is illustrated with a minimal fermionic circuit, where it leads to a quadratic
suppression of the logical error rate.
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Introduction—Quantum computation [1,2] promises sol-
utions to difficult problems across many disciplines of
natural science, from high-energy to condensed matter
physics and quantum chemistry [3–6]. While conventional
quantum computers operate with qubits, many of these
problems are naturally formulated with fermionic particles.
Encoding the fermionic statistics with qubits, however,
represents a major challenge, especially in the presence
of long-range interactions [7–12]. To address this challenge,
there has been a growing interest in developing program-
mable fermionic quantum processors, designed to naturally
encode fermionic exchange statistics into their hardware
architecture [13–16]. Among the most promising appro-
aches are fermionic neutral atoms trapped in optical lattices
[17–27], and, more recently, in programmable tweezer
arrays [28–32]. The inherent indistinguishability of the

atoms provides a direct and efficient access to fermionic
simulations.
A key open question in the development of fermionic

quantum processors is their compatibility with quantum
error correction (QEC), a crucial ingredient to scaling
quantum processors in the presence of noise [33,34]. In
qubit codes, as realized in systems of trapped ions [35–39],
superconducting circuits, [40–42] or Rydberg atom arrays
[43–45], the strategy is to encode logical quantum informa-
tion into suitably entangled states of several physical qubits.
Straightforward extensions of these ideas to fermionic
processors, by mapping qubit states to mode occupations,
are, however, hindered by the fundamental atom number
superselection rule in atomic experiments, i.e., the conser-
vation of total atomnumber. Circumventing this limitation is
an outstanding challenge, and existing ideas require
advanced experimental capabilities [46–49], such as coher-
ent coupling to thermodynamically large reservoirs of
molecular Bose-Einstein condensates [50–54].
In this Letter, we present a novel proposal for over-

coming atom number superselection in existing neutral
atom setups with finite atom numbers, and design a
blueprint for an error-corrected fermionic quantum proc-
essor. Our proposal liberates physical fermions from their
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number conservation constraint through a key innovation: a
fermionic reference. This consists of an ancillary set of
fermionic modes to interchange particles with system
modes. We show that, with a careful design of this
exchange process, the ancillary modes serve as a phase
reference, allowing to create and probe coherent number
superpositions in the system. In this sense, the fermionic
reference is analogous to a laser that acts as a phase
reference for manipulations of optical coherence [55]. Our
construction thus opens up a wide range of quantum
information applications to fermionic atomic systems,
and we apply it here to realize fermionic QEC in neutral-
atom arrays, which we show to be implementable exactly
with a fixed number of fermionic atoms.
Fermionic neutral-atom arrays—The envisioned setup is

based on spinless fermionic neutral atoms in optical
potentials (Fig. 1). We use ground state orbitals of optical
tweezers to host fermionic modes [28–32] whose occupa-
tions with atoms defines computational states [13].
Additionally, we represent the fermionic reference with a
separate set of modes, e.g., realized with another tweezer
array, or by the lowest-band Wannier orbitals of an optical
lattice to leverage its high stability [57]. We use the
dynamical programmability of tweezers to transport and
manipulate the atoms [58,59], e.g., to implement tunneling

operations by merging tweezers [28–31,60] or interactions
via Rydberg excitations [61–66]. System and reference are
interfaced with tunneling operations between tweezers and
lattice sites [67–70], enabling the exchange of particles. In
summary, these operations amount to the set of fermionic
gates G ¼ feiθninj ; eiθðf†i fjþH:c:Þ; eiθnig, where f†i ðfiÞ denote
creation (annihilation) operators of tweezer or lattice modes
i and ni ¼ f†i fi. Throughout this Letter, we assume that
these operations are efficiently implemented at the hard-
ware level [13]. Dominant errors arising in this setup are
assumed to be phase errors from local fluctuations of the
tweezer depth [Fig. 1(c)], while optical lattices are assumed
to be robust, with leading errors given by homogeneous
common-mode fluctuations. Focusing on such error mod-
els, we discuss how a fermionic reference enables QEC for
neutral-atom fermionic processors. Additionally, our con-
struction generalizes to more powerful codes also cor-
recting for number-changing processes, e.g., fermionic
particle loss; see Supplemental Material (SM) [71] for a
construction based on the Steane code.
Referenced fermion construction—We consider M fer-

mionic modes with fixed total physical fermion number N,
divided into Ms system modes with annihilation operators
si (i ¼ 1;…;Ms) and Mr reference modes with annihila-
tion operators ri (i ¼ 1;…;Mr) [72]. Our goal is to
construct new fermionic modes not constrained by a
particle number superselection rule [73]. To this end, we
define reference ladder operators, R, R†,

R ¼
XMr

j¼1

ð1 − ηjþ1Þrjηj−1; ð1Þ

with ηi ¼ r†i ri, fr†i ; rjg ¼ δij [74]. For each system mode
we define a referenced fermion mode with creation
(annihilation) operators c†i ¼ s†i R (ci ¼ R†si). These oper-
ators move physical fermions between system and refer-
ence, which lives in the relevant Hilbert spaceH [Fig. 1(b)]
defined as follows: We start by defining the state
jΩi≡ r†N::r

†
1jvaci, jvaci being the physical vacuum with-

out atoms. We identify jΩi as the vacuum of the referenced
fermions, since cijΩi ¼ 0. H is then spanned by the states
reached from jΩi by applications of referenced fermion
operators, and it has the structure of a fermionic Fock space
for N ≥ Ms.
The salient aspect of this definition is that all states inH

have a particularly simple structure on the reference modes.
To see this, note that the action of R on jΩi simply removes
a fermion from the occupied mode with the largest index,
such that RnjΩi ¼ r†N−n::r

†
1jvaci. Similarly, on these states

R† adds a fermion in the unoccupied mode with the
smallest index. Hence, all states containing n fermions
in the system have the same configuration of reference
modes, with atoms in each reference mode i ≤ N − n, and
no atoms in reference modes i > N − n (Fig. 1(b)) [75].

(a)

(b)

(c)

FIG. 1. Fermionic quantum processor. (a) A neutral-atom
fermionic processor realizes interaction-, phase-, tunneling-,
and fSWAP gates. (b) Using a fermionic reference, we construct
referenced fermion operators c†, c. Their action creates super-
positions of states with different numbers of referenced fermions
but fixed physical atom number. (c) QEC employs such super-
position states to protect logical fermionic states against errors.
Errors are identified using syndrome measurements (involving
the reference) and corrected with local operations.
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Physically, this is reminiscent of a Fermi sea, where the
particle in the mode with largest index is skimmed off by
application of R. The structure of reference states implies
the commutation relation P½R;R†�P ¼ 0, with P projecting
onto H. In combination with the fermionic property
fsi; s†jg ¼ δij of the original fermions, this yields anti-
commutation relations between referenced fermions, i.e.
fc†i ; cjgP ¼ Pfc†i ; cjg ¼ δijP. Importantly, while this con-
struction of H allows only N þ 1 distinct reference
configurations, the configuration of fermions in the system
modes is unrestricted [Fig. 1(b)].
Crucially, number-conserving operations of referenced

fermions do not involve the reference, and are thus
equivalent to the corresponding operations on system
fermions, e.g., c†i cj ¼ s†i sj. This enables implementation
of number-conserving operations in G for referenced
fermions directly at the level of physical fermions. In
addition, the reference allows implementing number-
changing processes, giving a fully universal gate set for
referenced fermions. These latter processes do not change
the number of physical particles, but require acting on the
reference modes. We give an explicit decomposition of
such processes in terms of the gates in G next.
Realization of system-reference tunneling—The main

novel ingredient is a physical operation changing numbers
of referenced particles. Here we focus on DiðθÞ≡
exp½iθðc†i þ ciÞ�, which is analogous to a Pauli-X rotation
in a qubit system. While this operation allows to implement
our QEC scheme, more general operations can also be
obtained analogously. The unitary DiðθÞ is a generalized
system-reference tunneling involving the global reference
operators R, R† and a single physical system mode. It is
realized by a sequence of tunneling operations, where a
tweezer is coupled sequentially to all reference sites, and
density interactions between lattice modes.DiðθÞ is decom-
posed as

eiθðR†siþs†i RÞ ¼
YMr

k¼1

ei
θ
2
ðs†i rkþH:c:Þeiπηkηkþ1eiπηkηk−1

× e−i
θ
2
ðs†i rkþH:c:Þeiπηkηkþ1eiπηkηk−1 : ð2Þ

[See SM [71] and Fig. 2(a), and where DiðθÞ is assumed to
act onH.] The gate acts on all reference modes sequentially
and therefore the number of two-mode gates is proportional
to Mr.
Logical Fock space—Using superpositions of fermion

number sectors, we can apply QEC to our setup. We
illustrate this with a repetition code correcting local phase
errors. While this example highlights the use of a fermionic
reference, more general codes also correcting for number-
changing errors; e.g., the Steane code [1,34] can also be
implemented (SM) [71].
We start by discussing the repetition code for a single

logical fermionic mode. For this, we use three physical

fermionic modes in conjunction with the reference.
Specifically, the logical fermion annihilation operator is
given by C≡ i½c1c2c3 þ c1c

†
2c

†
3 þ c†1c2c

†
3 þ c†1c

†
2c3� and

C† is defined analogously. They act on the logical vacuum
j0iL ≡ 1

2
ð1þ ic†1c

†
2 − ic†2c

†
3 þ c†1c

†
3ÞjΩi as Cj0iL ¼ 0, and

C†j0iL ≡ j1iL and fulfill fC†; Cg ¼ 1. The logical states
are stabilized by the operators

S12 ¼ iðc1 þ c†1Þðc2 þ c†2Þ; ð3aÞ

S23 ¼ −iðc2 − c†2Þðc3 − c†3Þ; ð3bÞ

which commute with the logical operators and define the
code space. The construction corresponds to Kitaev’s
Majorana chain [76] with six real modes (SM [71]).
The code can be generalized to multiple logical fer-

mionic modes. For this, we partition the system into ML ¼
Ms=3 blocks of three system modes, labelled with a block
index b ¼ 1;…;ML. Analogously, we define logical oper-
ators Cb, C†

b, and the vacuum of ML logical modes
j01;…;0ML

iL ∼
Q

b½1þ ic†b;1c
†
b;2 − ic†b;2c

†
b;3 þ c†b;1c

†
b;3�jΩi.

This defines a logical Fock space HC spanned by the basis
states

jn1;…; nML
iL ¼ ðC†

ML
ÞnML ::ðC†

1Þn1 j01;…; 0ML
iL; ð4Þ

with ni ∈ f0; 1g. The logical states are stabilized by Sb12 and
Sb23 defined analogous to Eq. (3), and are prepared by
sequences of elementary gates or via stabilizer measure-
ments. Thus, we have constructed a fermionic code with
fixed physical atom number with the help of a fermionic

(a) (b)

FIG. 2. Fermionic operations for error correction. (a) The
fermionic reference enables operations that change the physical
fermion number in the code.We show a decomposition of system-
reference tunneling usingOðMrÞ elementary gates. (b) Tomeasure
error syndromes, we employ system-reference tunneling and
ancilla qubits. Measurement of the ancilla reveals the syndrome.
The ancilla-controlled tunneling is decomposed in terms of density
interactions and tunneling (SM). Measuring syndromes in each
block allows to detect and correct phase errors. Hatched gates
represent the conjugate operation, circle/octagons/squares refer to
tunneling- and phase gates with θ ¼ ðπ=2Þ; ðπ=4Þ; π.
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reference common to all logical modes [77]. In total, this
construction requires Ms ¼ 3ML system modes, 3ML
reference modes, and 3ML fermionic atoms.
Logical operations conserving the logical fermion num-

ber also conserve the number of referenced fermions, and
therefore can be implemented without operating on the
reference. Therefore, we restrict ourselves to Hilbert space
sectors HC

NL
with fixed logical particle number NL next.

This is relevant for quantum simulations of number-
conserving interactions, as found in physically relevant
fermion models [3–6]. Furthermore, the fixed number
sector is especially suited for our reference construction
since, as we show below, this also enables correction of
errors in the reference; and it also allows us to implement
our proposal with fewer resources [78].
Quantum error correction—The above construction

forms an error-correcting code for the considered error
set E ¼ f1; pig with the local parity operators pi ¼ 1–
2s†i si. That is, the Knill-Laflamme error correction con-
dition [1,79] is fulfilled for the set of errors E, i.e.,
hijLE†

kEljjiL ∝ δij for any two errors Ek; El ∈ E.
Therefore, phase errors are detectable and correctable.
Specifically, pi flips a unique combination of stabilizers,
and is uniquely inferred from the syndromes.
We next detail the procedure for a single round of error

correction (Fig. 2) with the help of an ancilla qubit [80]. We
first measure the two stabilizers of each block independ-
ently. For example, we map the stabilizer eigenvalue S12
onto the state of the ancilla (index a) via the gate sequence
HaCaD2ðπ=2ÞS†aCaD1ðπ=2ÞHa, where Ha is the Hadamard
gate, Sa ¼ j0ih0ja þ ij1ih1ja, and

CaDiðθÞ ¼ j1ih1ja ⊗ eiθðciþc†i Þ þ j0ih0ja ⊗ 1; ð5Þ

which is followed by a projective measurement of the
ancilla. A decomposition of the ancilla-controlled tunneling
(5) in terms of system-reference tunneling and density
interactions is shown in Fig. 2(b)—see also SM [71] for
details—and a similar decomposition exists for the second
stabilizer S23. The errors are subsequently corrected accord-
ing to the measurement outcomes using local phase gates
on the physical modes (Fig. 2). One round of error
correction can remove one phase error in each of the
ML blocks with a total gate depth of OðMLÞ. This follows
from the sequential design of the system-reservoir oper-
ation employed for stabilizer measurements, which can be
parallelized for multiple blocks. The subsequent correction
step can be implemented in parallel for all blocks in
constant depth.
Reference errors—We now also discuss errors on the

reference, distinguishing two cases motivated by the
physical properties of optical lattices. First, we consider
global relative phases between reference and system,
expðiϵPj r

†
jrjÞ, corresponding to global fluctuations of

the lattice depth. This is trivially accounted for, since it has
the same effect as the previously considered phase errors on
system modes: due to physical atom number conservation,
these fluctuations correspond to expð−iϵPj s

†
jsjÞ, which

for ϵ ≪ 1 simplifies to single-mode errors pi for all i.
Beyond global reference errors, we next discuss local

reference errors ERj ¼ 1–2r†jrj, where our construction in
HC

NL
also satisfies the Knill-Laflamme error correction

condition restricted to this error set (SM [71]). By meas-
uring the number of atoms NR ¼ P

i r
†
i ri the state collap-

ses into an eigenstate of NR. This removes the phase error,
which acts only between different reference number states.
While this collapses all superpositions of atom-number
sectors on the system modes, the logical quantum infor-
mation is preserved, but the state needs to be re-encoded at
the end with OðMLÞ operations.
Logical gate operations—For logical computations on

HC
NL

we aim to construct the gate set

BK0
L ¼ feiπ4Nb; eiπNbNb0 ; ei

π
4
ðC†

bCb0þH:c:Þg; ð6Þ
where Nb ¼ C†

bCb. Crucially, these logical operations are
implemented without involving the fermion reference, and
hence without any additional overhead due to physical
particle number conservation (SM [71]).
In Fig. 3, we show explicit decompositions of logical

gates in terms of physical operations, where we also involve
a stable qubit ancilla. The appeal of a fermionic architecture
lies in efficient implementations of fermionic exchange
fSWAP, which is a crucial ingredient for tunneling between
distant modes, as it includes all fermion phases of the in-
between modes [11]. A key advantage of our hardware is a
transversal implementation of fSWAP operations. Here, this
amounts to (classically) exchanging all physical fermion
modes of the two corresponding blocks [Fig. 3(a)], a
process which can be highly parallelized using reconfig-
urable tweezer arrays [43].

(a) (b)

(c)

FIG. 3. Logical fermionic operations. (a) Transversal imple-
mentation of the fSWAP gate, which encompasses the fermionic
statistics. (b) The fermionic T-gate exp½iðπ=4ÞNi� can be realized
with qubit T gates on ancillas; see also Ref. [53]. (c) Similarly,
two-mode density interaction expðiπNiNjÞ and π=4-tunneling
gates can be implemented with ancilla qubits using CZ and S
gates. Ancillas are initialized in j0i.
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Minimal error-corrected fermionic quantum circuit—To
demonstrate fermionic quantum computation in conjunction
withQEC,we propose an experiment to test the fundamental
fermionic statistics on the logical level. We propose to
initialize three logical fermionicmodeswith particle number
NL ¼ 2 and probe their fermionic statistics under particle
exchange [Fig. 4(a)]. The quantum circuit requires tunneling
operations between different logical fermionic modes,
which are conditioned on the state of an ancilla such that
the relative phase expðiΘÞ between the two states jψ12i ¼
C†
2C

†
1j0; 0; 0iL and jψ21i ¼ C†

1C
†
2j0; 0; 0iL can be probed

[Fig. 4(b)]. This minimal setup requires nine tweezers, six
reference modes, and eight fermionic atoms [78].
To showcase such an experiment, we decompose the

gates of the logical tunneling operations and simulate the
resulting dynamics interspersed with several layers of
storage phase errors in the system modes and subsequent
(error-free) error correction as shown in Fig. 4(b). For every
physical mode, errors are sampled such that in each error-
layer expðiπniÞ phases are applied with a given probability
p. Single phase errors (per block) are corrected in the error-
correcting layer while higher-weight errors result in logical
errors, which propagate to the ancilla and corrupt the
signal. Fig. 4(c) shows the error of the resulting exchange
phase cosðiΘÞ ¼ −hYia for various error strengths p and
averaged over 104 realizations of the circuit. While the
uncorrected result deviates from the ideal result −1 with
probability OðpÞ, QEC reduces this error to Oðp2Þ. Here,
we considered a simple noise model without errors in
measurements and recovery. In general, the error-correction
performance is limited by the fidelities of all employed
operations. A minimal circuit with refined noise models is
detailed in SM [71].
Conclusion and outlook—Our Letter sets the stage for

several directions of future investigations. While we

demonstrated correction of phase errors with a repetition
code, our reference construction allows to import the entire
qubit error-correction framework [1,34] for hardware
fermions, enabling generalization to more powerful codes
also correcting errors such as atom loss or leakage into
other motional states of the atoms [81]. It would be
interesting to further extend this framework to include
more general errors on ancillas and reference modes and to
ultimately design fault-tolerant fermionic processors. In
this context, our Letter opens up the possibility for quanti-
tative comparisons of error-corrected fermionic and qubit
quantum processors for fermionic simulations [7–12,82],
and it motivates the development of novel quantum
algorithms and codes to optimally leverage the fermionic
nature of the microscopic particles.
The key concept of our proposal is a fermionic reference

to create superposition states of different atom numbers.
The crucial feature is the design of reference states from
which fermions are extracted and added in a push and pop
stack construction. We envision such references also for
other experimental setups, beyond the concrete physical
implementation proposed in this Letter. This includes
alternative realizations of Fermi seas with neutral atoms
in optical potentials [83], or other platforms with fermionic
particles, e.g., electrons in quantum dot arrays [84,85].

Note added—In the final stages of completing this Letter,
we became aware of arXiv:2411.08955, which proposes
QEC for fermionic processors by coupling to molecular
BEC’s as reservoirs for fermion pairs. In contrast, in our
Letter the fermionic reference is a finite component of the
processor that is interfaced algorithmically.
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