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The simulation of strongly correlated fermionic systems remains a significant challenge in computational
physics due to the exponential growth of the Hilbert space and the fermionic sign problem. In this work, we report
a quantum computing demonstration exploring the unified physics of the Fermi polaron and the Bose-Einstein
condensate to Bardeen-Cooper-Schrieffer crossover. We develop an effective Hamiltonian formalism that bridges
pairing superfluidity and impurity physics, mapping the system onto a gate-based quantum processor via
the Jordan-Wigner transformation. By utilizing a first-order Trotter-Suzuki decomposition, we implement an
ancilla-controlled Ramsey interferometry protocol to resolve the system’s spectral response. Our implementation
captures the smooth transition from a dressed quasiparticle (polaron) regime to a stable molecular bound state,
characterized by a linear energy renormalization in the strong-coupling limit. We benchmark the quantum
protocol against exact diagonalization and demonstrate its execution on the Barcelona Supercomputing Center
quantum hardware. To ensure reproducibility, we provide comprehensive device calibration metrics, including
qubit coherence times and gate fidelities at the time of execution. Despite inherent hardware noise, the hybrid
variational approach qualitatively observes the bifurcation of the spectral density.

DOI: 10.1103/2kdj-6pdz

I. INTRODUCTION

The physics of ultracold Fermi gases provides an excep-
tionally controllable laboratory for investigating collective
quantum phenomena. Key among these are the Bose-
Einstein condensate (BEC) to Bardeen-Cooper-Schrieffer
(BCS) crossover and the formation of Fermi polarons [1,2].
While these phenomena are often treated separately in the lit-
erature, they share a common microscopic origin rooted in the
competition between kinetic energy and attractive interactions
[3]. Specifically, both emerge from the underlying physics of a
two-component Fermi gas tuned via Feshbach resonances [4].

In this work, we propose an effective Hamiltonian ap-
proach that captures both the many-body pairing physics
of the BEC-BCS transition [5,6] and the impurity physics
of the Fermi polaron [7]. We translate this model into a
digital quantum simulation and demonstrate its performance
on real quantum hardware from the Barcelona Supercom-
puting Center (BSC-CNS). Central to our approach is the
implementation of an ancilla-controlled Ramsey interfer-
ometry protocol, which enables the direct measurement of
the system’s time-domain coherence. By evolving the full
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many-body state, our quantum protocol explicitly accounts
for higher-order correlation effects and multiparticle scat-
tering processes usually neglected in traditional mean-field
approaches, which are essential for accurately determining the
polaron’s spectral weight.

We provide a detailed characterization of the quantum
device, including qubit frequencies, coherence times (T1, T2),
and gate fidelities at the time of the study, ensuring the repro-
ducibility of our results. By integrating active error mitigation
strategies such as readout error mitigation (REM) [8] and
zero-noise extrapolation (ZNE) [9], we show that current
noisy intermediate-scale quantum (NISQ) devices can resolve
the critical bifurcation of the spectral density in the polaron-
to-molecule transition.

Unlike resource-intensive quantum phase estimation
(QPE) algorithms [10], our ancilla-controlled Ramsey pro-
tocol provides an explicitly hardware-efficient pathway to
extract the polaron spectral weight. Specifically, it requires
only a single control qubit and the measurement of the
real part of the complex overlap compared to standard full-
interferometry protocols, such as the conventional Hadamard
test [11], also requiring the imaginary component.

The outline of the work is as follows. In Sec. II, we es-
tablish the theoretical foundations of the system, reviewing
the Fermi-Dirac statistics and Feshbach resonances. Sec-
tion III derives the effective Hamiltonian that bridges the
BEC-BCS crossover and the formation of the Fermi polaron
by integrating out the molecular field. Section IV details the
mapping of this continuous model onto a digital quantum
simulation architecture, discussing the discretization strategy,
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the Jordan-Wigner transformation, and the Ramsey inter-
ferometry protocol. In Sec. V, we present the hardware
demonstration performed on the quantum processor QRed
at BSC-CNS, and analyze the spectroscopic phase diagram.
Sections VI and VII discuss the physical connection between
polarons and the BEC-BCS crossover, as well as correlation
effects beyond mean-field theory. Section VIII addresses the
Trotterization errors and scalability. Finally, Sec. IX summa-
rizes our findings and outlines future directions.

II. THEORETICAL FRAMEWORK

The fundamental building blocks of a Fermi gas are
fermions, which, governed by the Pauli exclusion principle,
cannot occupy the same quantum state simultaneously. This
constraint leads to the Fermi-Dirac statistical distribution:

f (ε) = 1

e(ε−μ)/(kBT ) + 1
, (1)

where ε represents the single-particle state energy, μ is the
chemical potential, kB is the Boltzmann constant, and T is the
temperature.

In the zero temperature limit (T → 0), the distribution
in Eq. (1) simplifies to a Heaviside step function, where all
available energy levels are filled up to the Fermi energy, εF .
For an ideal three-dimensional (3D) gas, the Fermi energy
scale is determined solely by the particle density n:

εF = h̄2

2m
(3π2n)2/3, (2)

where m is the mass of the fermion.
The regime of quantum degeneracy, which is the focus of

this work, is reached when the system temperature is signif-
icantly lower than the Fermi temperature (T � TF ), defined
as TF = εF /kB. In this limit, thermal fluctuations become
negligible compared to quantum fluctuations. The suppression
of scattering due to Pauli blocking allows for the emergence
of coherent many-body phenomena, providing the necessary
platform for investigating Cooper pairing and the continuous
crossover between different superfluid regimes.

A. Interaction control and Feshbach resonances

A defining feature of ultracold atomic gases is the ability
to tune interparticle interactions with unprecedented precision
via Feshbach resonances [4]. At the nano-Kelvin tempera-
tures, the de Broglie wavelength of the atoms is much larger
than the range of the interatomic potential. Consequently, the
dynamics are dominated by short-range, isotropic s-wave scat-
tering [12]. These interactions are effectively modeled using a
regularized contact potential:

V (r) = gδ(r), g = 4π h̄2a

m
, (3)

where g is the effective coupling strength and a is the s-
wave scattering length [2,4]. Experimental control over a is
achieved by applying an external magnetic field to tune a
closed-channel molecular bound state into resonance with the
energy of two free particles in the open channel [4]. This
mechanism allows for a continuous transition across distinct
physical regimes [1]:

(i) Unitary limit (|a| → ∞). The scattering length di-
verges, and the system reaches a universal state where
thermodynamic quantities depend only on the density and
temperature, independently of the interaction range [1,2].

(ii) BEC regime (a > 0). Fermions form tightly bound
bosonic molecules (dimers), which can undergo Bose-
Einstein condensation [3,13].

(iii) BCS regime (a < 0). Fermions experience a weak
attraction, forming spatially large, overlapping Cooper
pairs [5,6].

B. Hamiltonian of a fermionic system in the continuum

Before introducing the impurity, the background medium,
a two-component Fermi gas consisting of fermions in two
distinct internal spin states (spin-up ↑ and spin-down ↓), is
described by the standard continuum Hamiltonian [1,14]:

Ĥ =
∫

d3r

⎡
⎣ ∑

σ=↑,↓
ψ̂†

σ (r)

(
− h̄2

2m
∇2

)
ψ̂σ (r)

+ gψ̂†
↑(r)ψ̂†

↓(r)ψ̂↓(r)ψ̂↑(r)

⎤
⎦, (4)

where ψ̂σ (r) and ψ̂†
σ (r) are the fermionic annihilation and

creation field operators for spin σ =↑,↓. To characterize the
system across different regimes, we utilize the dimensionless
coupling 1/(kF a). This parameter is physically linked to the
effective coupling g via the s-wave scattering length a, fol-
lowing the standard low-energy relation g = 4π h̄2a/m. Here,
the Fermi wave vector kF = (3π2n)1/3 serves as the natural
momentum scale to normalize the interaction strength set by
g [2].

C. From BCS theory to the Chevy variational Ansatz

The physics of the system varies drastically with popu-
lation imbalance. The balanced regime (n↑ ≈ n↓) is tradi-
tionally described by generalized BCS mean-field theory [5].
By introducing the pairing order parameter � = g〈ψ̂↓ψ̂↑〉,
one can derive the self-consistent gap and number equa-
tions [2,3,15]:

1

g
=

∫
d3k

(2π )3

1

2Ek
, (5)

n =
∫

d3k
(2π )3

(
1 − ξk

Ek

)
, (6)

where Ek =
√

ξ 2
k + �2 represents the quasiparticle excitation

energy and ξk = εk − μ is the kinetic energy relative to the
chemical potential.

Conversely, in the extreme impurity limit (n↓ � n↑), the
collective order parameter vanishes (� → 0). The problem
reduces to a single impurity interacting with a Fermi sea |FS〉
[7]. In this regime, the ground-state energy of the polaron,
Epol, is effectively captured by the Chevy variational Ansatz
[16]:

|	pol〉 = φ0ψ̂
†
0↓|FS〉 +

∑
k,q

φk,q ψ̂
†
q−k,↓ψ̂

†
k,↑ψ̂q,↑|FS〉. (7)
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Here, the coefficients φ0 and φk,q are variational parameters
determined by minimizing the energy. This state physically
represents the impurity being dressed by a single particle-hole
excitation of the background medium. Our goal is to unify
these two descriptions, the collective BCS state and the single-
particle polaron state, into a single Hamiltonian framework. It
is important to emphasize that while the theoretical concept
of the Fermi polaron relies on a continuous, dilute Fermi
sea, mapping this target model to near-term digital quantum
processors requires discretizing the system. As explored in
subsequent sections, our hardware implementation maps this
ideal |FS〉 into a finite-size bath |B〉, capturing the local alge-
braic precursors of the dressing mechanism under topological
constraints.

III. EFFECTIVE HAMILTONIAN

We consider a gas of fermions with mass m and two spin
components (↑,↓), coupled to a molecular field b̂, represent-
ing the closed Feshbach channel, and an impurity (polaron)
of mass M described by the operator d̂ . The comprehensive
two-channel Hamiltonian, which explicitly incorporates both
the open channel of free-scattering fermions and the closed
channel of bound molecular states, is expressed as:

Ĥ = ĤF + Ĥb + Ĥd + Ĥconv + Ĥdψ + Ĥdb, (8)

where the distinct contributions are

ĤF =
∑

σ

∫
d3r ψ̂†

σ (r)

(
− h̄2∇2

2m
− μσ

)
ψ̂σ (r), (9)

Ĥb =
∫

d3r b̂†(r)

(
− h̄2∇2

4m
+ β − 2μ̄

)
b̂(r), (10)

Ĥd =
∫

d3r d̂†(r)

(
− h̄2∇2

2M
+ Vext (r) − μd

)
d̂ (r), (11)

Ĥconv =
∫

d3r gb f (b̂†(r)ψ̂↓(r)ψ̂↑(r) + h.c.), (12)

Ĥdψ =
∫

d3r d3r′ d̂†(r)d̂ (r)Vdψ (r − r′)
∑

σ

ψ̂†
σ (r′)ψ̂σ (r′),

(13)

Ĥdb =
∫

d3r d3r′ d̂†(r)d̂ (r)Vdb(r − r′) b̂†(r′)b̂(r′). (14)

Here, μσ and μd are the chemical potentials for the fermions
and the impurity, respectively, while μ̄ = (μσ + μd )/2 rep-
resents the average chemical potential relevant for pair
formation. The parameter β denotes the closed-channel de-
tuning, namely the energy difference between the open and
closed channels. The terms Hdψ and Hdb describe the inter-
actions of the impurity with the fermions and the molecules,
respectively, with potentials Vdψ and Vdb. The conversion term
Ĥconv governs the Feshbach resonance mechanism, coupling
the free fermion pairs to the bound molecular state with
strength gb f .

To render this system tractable for quantum simulations,
we reduce the two-channel model to an effective single-
channel Hamiltonian by integrating out the bosonic molecular
field b̂. This approximation is valid when the detuning β is
large compared to the relevant energy scales of the system.

In this process, the explicit impurity-molecule interaction Ĥdb

and the conversion term Ĥconv are absorbed into a frequency-
dependent renormalized interaction strength geff (ω) [17]:

geff (ω) = gbg + g2
b f

ω − (β − 2μ̄) + i0+ , (15)

where gbg is the background fermion-fermion coupling. This
effective approach relies on the broad Feshbach resonance
limit, where the closed-channel molecular bound state is
deeply detuned and its dynamics are significantly faster than
those of the open-channel fermions. Under these conditions,
the molecular field can be adiabatically eliminated, and the
frequency dependence of the effective coupling geff (ω) can be
neglected, allowing us to approximate it as a memoryless con-
tact interaction. Consequently, the effective coupling geff (ω)
can be treated as a constant contact interaction [4]. Our deriva-
tion relies on the constant-coupling approximation for the ef-
fective Hamiltonian, which is valid within the broad Feshbach
resonance regime. In this context, the frequency-dependent
corrections to geff are suppressed by the large resonance
width, ensuring that the constant-coupling limit remains a
highly accurate representation of the system dynamics across
the investigated crossover range. This procedure yields the
final effective Hamiltonian that describes the BEC-BCS back-
ground and its interaction with the impurity simultaneously:

Ĥeff =
∫

d3r

[∑
σ

ψ̂†
σ (r)

(
− h̄2∇2

2m
− μσ

)
ψ̂σ (r) + d̂†(r)

×
(

− h̄2∇2

2M
+ Vext (r) − μd

)
d̂ (r)

]
+ Ĥ int

eff , (16)

where the effective interaction term aggregates the
impurity-fermion and fermion-fermion channels:

Ĥ int
eff =

∫
d3rd3r′

⎡
⎣d̂†(r)d̂ (r)Vdψ (r−r′)

∑
σ=↑,↓

ψ̂†
σ (r′)ψ̂σ (r′)

+ geffδ(r − r′)ψ̂†
↑(r)ψ̂†

↓(r′)ψ̂↓(r′)ψ̂↑(r)

⎤
⎦. (17)

Equations (16) and (17) define the continuous many-body
energy functional that serves as the basis for our quantum
simulation.

IV. QUANTUM SIMULATION

Our starting point is the effective Hamiltonian derived in
Eq. (16). To implement this continuous model on a digital
quantum processor, we discretize the spatial continuum into
a lattice of L sites. This discretization allows us to map the
fermionic degrees of freedom onto the qubit register of a
gate-based quantum computer.

Upon discretization, the Hamiltonian in Eq. (16) adopts
the form of an extended Hubbard model in second
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quantization:

Ĥ =
∑

iσ

εin̂iσ +
∑
i jσ

ti j ĉ
†
iσ ĉ jσ + Uff

∑
i

n̂i↑n̂i↓

+ Uimp

∑
i

n̂imp(n̂i↑ + n̂i↓), (18)

where ĉ†
iσ creates a fermion at site i with spin σ , n̂iσ is the

number operator, and ti j is the hopping amplitude that sets the
fundamental energy unit for the lattice. The parameters Uff and
Uimp correspond to the effective on-site interaction strengths.
It is important to note that mapping this continuum limit onto
physical hardware introduces topological constraints.

To ensure consistency, the lattice parameters are renormal-
ized to match the effective couplings. This renormalization
relates the Hubbard parameters via the relation 1/Uα =
1/gα − Rα , where the index α ∈ {ff, imp} denotes the inter-
action channel, and Rα is a geometric constant governed by
the lattice structure. Given a ten-qubit configuration (yield-
ing four spatial bath sites), the system forms a 2D square
(2 × 2) lattice. Accordingly, Rα is adapted to this 2D ge-
ometry R2D = 5/(32ti j ) [18]. Furthermore, distributing eight
fermions across four sites results in a filling factor of ν = 1.0.
While this maximum-density condition naturally suppresses
hopping dynamics due to Pauli blocking, we treat this fully
filled lattice as a finite-size benchmark. Within this finite-size
framework, the renormalized parameters accurately capture
the essential local interaction physics, providing an empirical
baseline prior to scaling to larger arrays where spatial degrees
of freedom are restored.

A. Asymptotic physical limits

The discretized Hamiltonian in Eq. (18) naturally recovers
the physics of the extreme limits of the phase diagram:

(i) BEC limit (Fröhlich-like). In the molecular conden-
sation regime, the physics is governed by the interaction
between bosonic pairs Uff = 4π h̄2abb/mb and the impurity-
boson coupling Uimp. By applying the Bogoliubov transfor-
mation to the background condensate, the impurity interaction
Uimp is rewritten as a coupling to collective excitations
(phonons) α̂k. The resulting dynamics are described by a
Fröhlich-type Hamiltonian:

Ĥ eff
BEC = P̂2

2M
+

∑
k

ωkα̂
†
kα̂k

+
∑

k

(Vkeik·R̂α̂k + H.c.), (19)

where Vk represents the effective coupling strength. This
connection to Eq. (18) is established by identifying Vk ≈
Uimp

√
nb[ (εk/Ek )1/2k2

k2+2mbc2 ]1/2 in the long-wavelength limit, where nb

is the density of the molecular condensate mb is the molecular
mass, and c is the speed of sound. The Bogoliubov factors
account for the many-body dressing of the interactions.

(ii) BCS/impurity limit (Chevy). In the limit of extreme
population imbalance (n↓ � n↑), the effective model in
Eq. (18) reduces to the problem of a single impurity interact-
ing with a finite-size background bath |B〉. In this regime, the
impurity is dressed by particle-hole excitations. The polaron

energy Epol is determined by the pole of the many-body T
matrix derived from the effective interaction geff , which cor-
responds to the renormalized Uimp:

T −1(q, ω) = 1

g
+ 1

V

∑
k

1 − nF (ξk+q/2,↑) − nF (ξ−k+q/2,↓)

ω + i0+ − ξk+q/2,↑ − ξ−k+q/2,↓
,

(20)

where V represents the system volume and nF denotes the
Fermi-Dirac distribution function. The zero crossing of this
function (T −1 = 0) identifies the stable quasiparticle energy.

B. Qubit mapping: Jordan-Wigner transformation

To simulate fermionic statistics, we employ the Jordan-
Wigner transformation (JWT) [19]:

ĉ†
j = 1

2
(X̂ j − iŶj ) ⊗

j−1⊗
k=0

Ẑk, (21)

ĉ j = 1

2
(X̂ j + iŶj ) ⊗

j−1⊗
k=0

Ẑk . (22)

This nonlocal mapping preserves the canonical anticommu-
tation relations {ĉi, ĉ†

j } = δi j . Under JWT, the density-density
interaction terms decompose into a sum of Pauli-Z strings:

Uα n̂in̂ j = Uα

4
(I − Ẑi − Ẑ j + ẐiẐ j ), (23)

where α ∈ {ff, imp}. This diagonal form allows for the tun-
ing of interaction strengths across the BEC-BCS crossover
by simply adjusting the rotation angles of RZ and multi-RZ

gates. The kinetic terms of the Hamiltonian, which dictate
the hopping dynamics across the lattice, are decomposed
into parity-preserving interactions through the Jordan-Wigner
transformation. The transverse interactions are implemented
using the operators R̂XX and R̂YY , which correspond to the
unitary evolution of the exchange terms

C. Time evolution and Trotterization

Since the kinetic component Ĥkin and the interaction com-
ponent Ĥint of the discretized effective Hamiltonian in Eq. (18)
do not commute ([Ĥkin, Ĥint] �= 0), we approximate the uni-
tary evolution Û (t ) = e−iĤt using a first-order Trotter-Suzuki
decomposition:

e−iĤt ≈
(∏

k

e−iĥk�t

)Nsteps

, (24)

where ĥk denotes the individual local terms, such as site-
specific hopping or interaction operators, that sum to the total
Hamiltonian Ĥ = ∑

k ĥk . Physically, a low number of Trotter
steps corresponds to a system where particles hop and then
interact in separate, sequential blocks. To recover the correct
quantum interference where these processes occur simultane-
ously, a sufficient number of steps (Nsteps) is required.

In our implementation, we decompose the interaction
terms e−i Uα

4 Ẑi Ẑ j�t using the multirz gate architecture. This
implies a sequence of two CNOT gates sandwiching an RZ

rotation. This construction ensures that the relative phase is
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FIG. 1. Quantum circuit architecture. Schematic representation of the interferometric protocol (top). An ancilla qubit (q0) acts as a quantum
controller. The state preparation phase includes the initialization of the impurity (q1) and a finite-size bath represented by bath modes (q2, q3).
The core of the quantum circuit consists of two controlled unitary operations: e−iĤimpt and eiĤ0t , followed by a final Hadamard gate and
projective measurement on the ancilla to extract the overlap function S(t ) = 〈	0|eiĤ0t e−iĤimpt |	0〉. Detailed Trotter-Suzuki decomposition
of forward-in-time evolution under the full Hamiltonian Ĥimp, incorporating impurity-bath interactions (middle) and the backward-in-time
evolution under the bare bath Hamiltonian Ĥ0 (bottom). Note that in this block, the impurity qubit remains decoupled, and the signs of the
propagation phases are inverted to implement the Hermitian adjoint of the free evolution. Interqubit correlations are mapped through multitarget
RZ , RX X , and RYY gate sequences. These multiqubit interaction blocks operate sequentially on pairs of adjacent qubits (e.g., q2-q3 followed by
q3-q4).

accumulated only when the parity of the qubits differs, accu-
rately emulating the density-density repulsion or attraction.

D. Ramsey interferometry protocol

To probe the spectral properties, we measure the temporal
overlap function S(t ) via an ancilla-controlled Ramsey inter-
ferometry scheme as shown in Fig. 1:

S(t ) = 〈	0|eiĤ0t e−iĤt |	0〉, (25)

where Ĥ , defined in Eq. (18), denotes the full Hamiltonian of
the system in the presence of the impurity, including kinetic
and interaction terms, whereas Ĥ0 represents the Hamiltonian
of the unperturbed bath, obtained by setting the impurity in-
teraction Uimp = 0.

To minimize hardware execution time, we extract exclu-
sively the real part of the overlap function. While initial-state
preparation errors may introduce a global phase offset caus-
ing lineshape asymmetry, Fourier theory guarantees that the
central frequency peak our primary observable for energy
renormalization remains strictly invariant.

The quantum circuit in Fig. 1 consists of four stages: (i)
initialization of the finite-size bath |B〉 and ancilla |0〉; (ii)
creation of an ancilla superposition via a Hadamard gate; (iii)
conditional evolution where the system evolves under Ĥ0 if

the ancilla is |0〉 and Ĥimp if |1〉; and (iv) a final Hadamard
mixing to extract Re[S(t )] from the measurement probabilities
P(|0〉) − P(|1〉).

V. RESULTS AND DISCUSSION

In this section, we present the results of the quantum sim-
ulation, analyzing the dynamics of the heavy polaron and its
spectroscopy across the interaction transition. The numerical
results are compared with theoretical predictions from the
functional determinant formalism [20].

A. Benchmarking and code validation

To verify the reliability of the digital quantum simula-
tion, we perform a dual-stage validation. First, we establish
a theoretical baseline for a minimal system of N = 4 qubits
using exact diagonalization (ED) of the Hamiltonian in a
classical environment. This provides the exact theory curve
by computing the matrix exponential e−iĤt within the full 24-
dimensional Hilbert space, involving two fermions in the bath,
one impurity and one ancilla. Figure 2 illustrates the temporal
evolution of the real part of the Ramsey signal, Re[S(t )],
for an interaction strength of Uimp/ti j = 2.5 under ideal
conditions (see Table I). In this stage, the default.qubit
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FIG. 2. Quantum simulation against the exact classical solution
(ED) for Uimp = 2.5ti j . The blue dots represent the data obtained via
the state vector simulator, showing nearly perfect agreement with the
theoretical curve (red dashed line).

simulator in pennylane [21] is used in state vector mode,
which bypasses measurement noise to isolate algorithmic per-
formance.

The close agreement observed confirms that the Trot-
terization protocol effectively captures the noncommuting
dynamics of the discretized effective Hamiltonian. It should
be noted that while a digital quantum simulation is inherently
approximate due to the Trotter error O(�t2) [22], the use of
a sufficiently small discretization step ensures that the results
are indistinguishable from the exact theory.

Then, we executed the simulation on the BSC-CNS QRed
cluster, which features 35 superconducting transmon qubits.
In this run, we introduced quantum projection noise [23] by
limiting the measurement to a finite sampling of N = 1000
shots per time step (see in Table II).

As shown in Fig. 3, the data points no longer lie per-
fectly on the theoretical curve but fluctuate according to the
expected statistical uncertainty of 1/

√
N . These deviations

represent the fundamental nature of quantum measurement
collapse [24]. Despite the fluctuations, a quantitative regres-
sion analysis yields a coefficient of determination of R2 ≈
0.998, indicating that the simulation is statistically consistent
with the analytical model and capable of resolving the po-
laron’s coherent oscillations.

TABLE I. Temporal simulation results for S(t ) and ancilla prob-
abilities (ideal/no noise).

Time (t) P(|0〉)Ancilla P(|1〉)Ancilla Re[S(t )]

0.00 1.000 0.000 1.000
0.50 0.833 0.167 0.666
1.00 0.523 0.477 0.046
1.50 0.408 0.592 –0.184
2.00 0.564 0.436 0.127
2.50 0.716 0.284 0.432
3.00 0.588 0.412 0.175
3.50 0.248 0.752 –0.505
4.00 0.036 0.964 –0.928

TABLE II. Quantum computing demonstration of the polaron-
molecule transition on the BSC QRed hardware (N = 1000 shots).

Time (t) P(|0〉)Ancilla P(|1〉)Ancilla Re[S(t )]

0.00 1.000 0.000 1.000
0.50 0.827 0.173 0.654
1.00 0.497 0.503 –0.006
1.50 0.417 0.583 –0.166
2.00 0.558 0.442 0.116
2.50 0.716 0.284 0.432
3.00 0.354 0.646 –0.292
3.50 0.252 0.748 –0.496
4.00 0.039 0.961 –0.922

B. Spectroscopic phase diagram

By applying a fast Fourier transform (FFT) [25] to
the Ramsey signal in Fig. 3, we extract the energy spec-
trum shown in Fig. 4. This procedure is analogous to
radio-frequency (RF) spectroscopy used in ultracold gas ex-
periments [4,16]. To accurately localize the peak centers from
the short-time Ramsey evolution, we applied zero padding to
the time-domain signal prior to the FFT. This digital signal
processing technique interpolates the spectral density grid,
allowing for a smoother visualization of the peak in Fig. 4,
although it does not circumvent the fundamental Fourier
uncertainty principle. Thus, the energy resolution remains
strictly bounded by the maximum simulation time, yielding a
physical linewidth of �ω ≈ 2π/Tmax ≈ 1.25. Consequently,
the apparent bifurcation and energy gaps smaller than this
threshold do not represent physically resolved orthogonal
states, but rather interpolated estimates of the spectral weight
centroids. The resulting spectral peaks [26] allow us to iden-
tify the transition from the polaron regime to the molecular
state as the interaction Uimp is tuned [14,27], with the explicit
caveat that the region where the separation is narrower than
�ω must be treated as an unresolved crossover zone consis-
tent with the finite time window of Ramsey evolution.

FIG. 3. Quantum simulation executed on the BSC QRed cluster
with N = 1000 shots (blue dots) compared to the exact theoretical
prediction (red dashed line). The fluctuations around the curve rep-
resent the intrinsic statistical uncertainties.
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FIG. 4. Spectral density obtained via FFT, executed on BSC
QRed. The peak position corresponds to the renormalized polaron
energy Epol.

The central result of this work is the spectroscopic phase
diagram presented in Fig. 5, constructed by sweeping the
interaction strength Uimp/ti j ∈ [0.1, 5.0]. The heatmap re-
veals the continuous evolution of the system’s ground-state
energy:

(i) Polaron regime (Uimp � Uff). At low interaction
strengths (left side in Fig. 5), the system’s energy deviates
only slightly from the noninteracting case. Here, the impu-
rity is dressed by a cloud of bath excitations, but retains its
quasifree character [7,16].

(ii) Molecular regime (Uimp � Uff). As Uimp increases, a
clear bifurcation occurs. The upper bright branch exhibits a
linear energy dependence (Epol ∝ Uimp), which is the spectro-
scopic signature of a bound state. In this regime, the attraction
is strong enough to trap a bath fermion, forming a composite
bosonic molecule (dimer) [3].

The color scale in Fig. 5 indicates the spectral amplitude
A(ω) [16], which physically represents the probability density
of finding a single-particle excitation at energy ω (formally
related to the imaginary part of the retarded Green’s func-
tion) and is obtained via the fast Fourier transform of the
time-domain overlap function Re[S(t )]. Bright regions denote
stable and well-defined quasiparticle states. At Uimp/ti j = 4,

FIG. 5. Spectroscopic phase diagram. The horizontal axis rep-
resents the interaction strength Uimp and the vertical axis denotes the
polaron energy Epol, both expressed in units of the hopping amplitude
ti j . The linear energy shift at high coupling (bright upper branch)
signals the transition to the molecular bound state. Executed on the
BSC QRed cluster.

FIG. 6. Mean VQE convergence as a function of the number of
Trotter steps (solid line) with shaded regions representing the one-
standard-deviation statistical trial-to-trial variation, compared to the
exact diagonalization ground state (red dashed line). Executed on the
BSC QRed cluster.

a peak in the spectral amplitude represents the formation of a
molecule or dimer [13], behaving as a single composite bound
state [3].

The visual divergence between the upper bright branch
(molecule) and the lower diffuse branch (scattering contin-
uum) is a direct consequence of the molecular binding energy,
which opens an energy gap relative to the continuum [3]. This
behavior qualitatively reproduces the physics of the polaron-
to-molecule transition described in theoretical literature [7]
and observed in experiments [16,27].

C. Stability and error mitigation

Finally, we demonstrate the stability of our approach on
the BSC-CNS hardware. Figure 6 shows the convergence of
the variational quantum eigensolver (VQE) [28]. The action
of the classical optimizer (SPSA/COBYLA) [29,30] manages
to mitigate the stochastic hardware noise, guiding the system
toward the ground state.

To further reconstruct the physical polaron signal on the
NISQ device, we apply two error mitigation strategies:

(i) Zero-noise extrapolation (ZNE) [9,31]. Implemented
via unitary folding (UU †U ). By observing signal degradation
at different noise levels, we perform a polynomial extrapo-
lation to the zero-noise limit. It should be noted that applying
continuous algebraic transformations (ZNE polynomial fitting
and REM matrix inversion) to discrete measurement shots nat-
urally yields high-precision floating-point expectation values
in the exported datasets. These extended decimal representa-
tions are simply the raw, untruncated numerical outputs of
the postprocessing pipeline. Given that ZNE extrapolation
carries inherent statistical fitting uncertainties and exhibits
fundamental limitations under hardware decoherence, these
floating-point values do not imply physically significant pre-
cision, but merely reflect the direct computational outcome of
the error-mitigation algorithms.

(ii) Error mitigation and signal fidelity. To estimate the
accuracy of the spectroscopic signals in the presence of
hardware noise, we implemented a multilayered mitigation
protocol. Readout errors were addressed by constructing
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TABLE III. Operational characteristics of the BSC-CNS QRed
processor (May 2026). T1 and T2 denote relaxation and dephasing
times. 2Q Fidelity represents the average two-qubit entangling gate
(CX) fidelity, measured via interleaved randomized benchmarking.
The tCX values reflect the optimized gate durations corresponding to
the Jordan-Wigner hardware requirements.

Qubit T1 (µs) T2 (µs) 2Q Fidelity (%) tCX (µs)

0 145.20 135.50 99.45 0.095
1 138.45 122.10 99.10 0.090
2 152.10 148.60 99.40 0.090
3 128.90 115.30 99.28 0.089
4 115.60 102.40 99.40 0.091
5 132.30 128.70 99.09 0.088
6 141.00 130.20 99.34 0.090
7 125.40 112.50 99.38 0.090
8 138.70 125.10 99.26 0.090
9 119.80 105.90 99.30 0.089
Mean 133.75 122.63 99.30 0.0902

a device-specific confusion matrix M during the calibra-
tion phase [8], subsequently applying the inversion Pcorr =
M−1Pexp to the measured bit-string distributions. Furthermore,
the inherent resilience of the hybrid variational approach,
combined with the use of multi-RZ gate architectures to mini-
mize circuit depth, effectively mitigated stochastic gate noise.
This technical framework ensures that the observed bifurca-
tion in the spectral density is a genuine physical manifestation
of the polaron-to-molecule transition rather than a numerical
artifact of the NISQ environment.

While ZNE is a standard tool for extracting high-precision
floating-point values via algebraic transformations (poly-
nomial fitting), its mathematical foundation assumes weak
perturbative noise. To quantify the efficiency of our scheme,
the application of the REM confusion matrix improved the
raw bit-string assignment fidelity by approximately 4–6% on
average. Furthermore, the ZNE protocol successfully recov-
ered up to 25% of the spectral amplitude that was otherwise
obscured by coherent dephasing in the deepest circuits. Al-
though ZNE effectively improves the algorithmic readout
and recovers spectral amplitude, we note that fundamental
physical limitations arise when execution times exceed the co-
herence window. Beyond this threshold, the mitigated signals
are degraded by depolarization.

D. Hardware characterization and reproducibility

To ensure the reproducibility of this demonstration, we
report the operational parameters of the BSC-CNS QRed
quantum processor at the time of execution. The system
consists of 35 superconducting transmon qubits. Table III
summarizes the coherence times (T1, T2), resonance frequen-
cies, and error rates for the qubits utilized in the Ramsey
protocol (qubits Q0 to Q9).

The gate fidelities and coherence times reported were
obtained via standard dispersive readout and randomized
benchmarking protocols performed by the BSC-CNS facility.
These parameters were used to calibrate the readout error
mitigation matrix M and to set the scale for ZNE. The stability

of these metrics during the 1000-shot acquisition window
ensures that the observed spectral bifurcation is a physical
property of the effective Hamiltonian and not a drift-induced
artifact.

VI. RELATIONSHIP BETWEEN POLARONS
AND THE BEC–BCS TRANSITION

The BEC-BCS transition is governed by the population
imbalance and the dimensionless coupling 1/(kF a) [2]. In
our lattice simulation, this continuum parameter maps to the
effective on-site interaction strengths Uff and Uimp. Specif-
ically, sweeping the interaction Uimp from weak to strong
corresponds to varying 1/(kF a) from negative values (BCS)
to positive values (BEC).

In the BCS regime (weak attraction, small Uff), fermions
form large, overlapping Cooper pairs [6]. As the attraction
increases towards the BEC limit (large Uff), these pairs shrink
into tightly bound bosonic molecules that undergo condensa-
tion [3,13].

The polaron enters this picture in the extreme imbalanced
limit, where a single impurity interacts with a majority Fermi
sea [16]. Our digital quantum simulation captures the smooth
crossover between these phases. In the polaron regime, the
impurity is dressed by particle-hole excitations of the sur-
rounding bath, forming a quasiparticle with a renormalized
mass and energy [7]. When the interaction strength Uimp ex-
ceeds the self-interaction of the bath Uff, a phase transition
(or smooth crossover in finite systems) occurs, leading to the
formation of a molecular dimer [14,32].

VII. CORRELATION EFFECTS BEYOND MEAN FIELD

Standard mean-field theories often struggle to capture the
strongly correlated nature of the BEC-BCS crossover, particu-
larly near the unitary limit where the scattering length diverges
[1,33,34]. Our computational approach overcomes these limi-
tations by mapping the full many-body wave function directly
onto the quantum processor’s Hilbert space, thereby ex-
plicitly accounting for correlations beyond the mean-field
approximation.

While an impurity typically causes a complete rearrange-
ment of the Fermi sea leading to vanishing state overlap in
the thermodynamic limit our simulation probes how finite-size
effects and the superfluid gap � modify this behavior [5,35].
The gap acts as a protective shield, suppressing low-energy
particle-hole excitations and consequently stabilising polaron
coherence.

Furthermore, the quantum circuit naturally incorporates
higher-order correlations that are typically neglected in
Chevy-like variational Ansätze [7,36]. By evolving the system
under the full Hubbard-discretised Hamiltonian, we include
multiparticle scattering processes essential for accurately de-
termining the polaron lifetime and the spectral weight transfer
to the molecular branch [14,27].

VIII. SCALABILITY ANALYSIS AND MANY-BODY
CONVERGENCE

A fundamental benchmark for any digital quantum simu-
lation is its performance as the system size scales towards the
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FIG. 7. Classical exact diagonalization (ED) baseline for the
N = 10 Hilbert space (red dashed line), and hardware execution
on the BSC QRed processor for increasing system sizes: N = 6
(blue circles), N = 8 (orange squares), and N = 10 (green triangles),
with vertical bars denoting the associated statistical uncertainty (de-
fined as the theoretical quantum projection noise, 1/

√
Nshots, with

Nshots = 1000). The progressive deviation between the hardware data
and the ED reference as the circuit depth scales from N = 6 to
N = 10 demonstrates the impact of accumulated decoherence and
depolarizing gate errors in the 15-step Trotter evolution.

thermodynamic limit [33]. While the initial results for N = 4
qubits (presented in Fig. 5) established the basic mechanism
of the polaron-to-molecule transition, extending the register
to N = 10 qubits allows us to probe a bath of M = 4 Cooper
pairs.

It is important to state that the N = 10 qubit system
does not reach the macroscopic thermodynamic limit. Due
to the topological constraints of the Jordan-Wigner mapping
on near-term hardware, the simulated configurations reach a
filling factor of ν = M/L = 1.0, where L = 4 represents the
available spatial lattice sites. This band-insulator condition
suppresses the continuous macroscopic hopping characteristic
of the ideal Fermi polaron. However, this maximum-density
scenario naturally serves as a finite-size NISQ benchmark.
Our quantum computing demonstration successfully isolates
the local interactions of a single impurity strongly interact-
ing with a discrete bath. Consequently, while macroscopic
theories (such as the Bogoliubov transformation) serve as
our theoretical framework, our finite-cluster results should
be interpreted as capturing the finite-size precursors of the
crossover and evaluating hardware resilience at the absolute
topological limit.

To assess scalability, we must quantify the algorithmic re-
source overhead. The transpiled circuit for the Jordan-Wigner
Hamiltonian requires exactly 118 CNOT gates per Trotter step.
The optimal 15-step evolution thus demands 1770 CNOTS.
With an average gate duration of ∼90.2 ns, the total execu-
tion time is ∼159 µs. This duration exceeds the processor’s
nominal T2 coherence envelope (∼122 µs, see Table III), in-
ducing exponential decoherence with a suppression factor of
≈ e−159/122. Therefore, the dynamics in Fig. 7 span two dis-
tinct regimes. The dimensionless simulation time t (in units
of h̄/ti j) scales linearly with circuit depth. Reaching t = 5.0
is equivalent to 159 µs, which is over the coherence time T2

of 122 μs or t ≈ 3.8. Up to this boundary, the ZNE protocol
successfully preserves quantum interference, accurately cap-
turing the finite-size physics.

The Fig. 8 shows the evolution of the spectral function
from N = 6 to N = 10 qubits. While the N = 4 qubit spectral
function in Fig. 5 consists of isolated peaks, the N = 10 qubit
simulations demonstrate a broadening and merging of features
[32].

The linear O(N ) scaling of the circuit depth ensures that
our protocol remains viable for near-term NISQ devices.
To maintain high fidelity in even larger systems, future
implementations could utilize second-order Trotter-Suzuki
formulas [37] or variational time-evolution principles [38] to
further mitigate hardware decoherence and resolve the finer
details of the polaron-to-molecule crossover.

IX. CONCLUSION

In this work, we have established a robust framework for
the quantum computing demonstration of strongly correlated
fermionic systems, focusing on the unified physics of the
Fermi polaron and the BEC-BCS crossover [1,2]. By de-
veloping an effective Hamiltonian approach, we successfully
mapped the continuous transition from a quasiparticle-
dominated polaron regime to a molecular dimer phase onto a
gate-based quantum circuit. This formalism demonstrates that
the BEC-BCS crossover and polaron dynamics are emergent
manifestations of the same microscopic contact-interaction
model, governed by population imbalance and the dimension-
less coupling 1/(kF a) [3,5].

The implementation of a first-order Trotter-Suzuki decom-
position allowed for precise control over quantum circuit
depth, with our analysis identifying a minimum of 15 Trot-
ter steps as essential to effectively bridge the gap between
discrete digital operations and physical evolution. Utilizing a
designed Ramsey interferometry protocol, we generated high-
fidelity coherence signals whose subsequent Fourier analysis
revealed a clear signature of molecular bound-state forma-
tion: a linear energy renormalization (Epol ∝ Uimp) in the
strong-coupling limit. This result qualitatively reproduces ob-
servations from seminal ultracold gas experiments [13,16] and
demonstrates the predictive power of our digital model in a
hardware environment.

A key milestone of this study was the performance demon-
stration and scaling of the protocol on the BSC-CNS quantum
hardware. Successful execution provided proof of the viability
of hybrid classical-quantum simulations, where the varia-
tional quantum eigensolver (VQE) demonstrated remarkable
resilience to stochastic noise. By testing the hardware limits
at a maximum-density filling factor (ν = 1.0), we established
a finite-size NISQ benchmark, successfully capturing the
local finite-size precursors of the polaron-to-molecule transi-
tion prior to the ultimate decoherence limits of the processor.

While current hardware constraints, specifically deco-
herence and gate fidelities, limit the achievable spectral
resolution, this work traces a clear path forward. The stability
of spectral features across increasing system sizes confirms
the consistency of our framework in resolving the polaron-to-
molecule crossover. Looking ahead, the integration of error
mitigation, such as ZNE, alongside high-order Trotteriza-
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FIG. 8. Many-body spectral evolution: heatmaps of the spectral response A(ω) for N = 6, 8, and 10 qubits. (N = 6 corresponds to M = 2
Cooper pairs, N = 8 to M = 3 pairs, and N = 10 to M = 4 pairs). The horizontal axes represent the dimensionless interaction strength Uimp/ti j ,
and the vertical axes denote the polaron energy Epol/ti j . The transition from discrete molecular levels to a quasicontinuous spectral weight
validates the physical consistency and scalability of our digital approach. Executed on BSC QRed.

tion and variational quantum time evolution (VarQTE) [38],
will be instrumental in bypassing current decoherence limits.
These advancements will enable the exploration of even more
complex regimes, such as the unitary BEC-BCS crossover, on
near-term quantum processors.

Looking forward, we aim to utilize these high-resolution
spectral distributions as empirical training datasets for ad-
vanced neural network architectures [39], facilitating the
automated recognition of complex many-body phenomena,
including parity-protected topological crossovers and quan-
tum phase transitions.
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