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ABSTRACT

The performance of the variational quantum eigensolver depends critically on the choice of ansatz. In this work, we experimentally
evaluate the emergent-coupling-based ansatz (ECBA), a physically motivated variational ansatz for disordered systems. The
ECBA is based on a renormalization (semi-)group approach to determine the dominant effective couplings and construct an
asymptotically correct ground state. A variational layer based on the location and strength of the effective couplings then corrects
the limitations of the renormalization group approach while preserving shallow circuits that capture the essential long-range
entanglement structure and balance local correlations. We implement the ECBA on superconducting quantum processors and
benchmark it on disordered Heisenberg chain models. Using classically pre-optimized parameters and error mitigation techniques,

we study systems of up to 30 qubits and observe a relative experimental energy accuracy of 96.41% for the largest system.

Furthermore, we find that the ECBA can be efficiently embedded on hardware with two-dimensional square-lattice connectivity.

‘We compare to commonly used hardware efficient ansédtze and observe that the ECBA achieves significantly higher accuracy at a

similar gate count.

1 | Introduction

Simulating quantum many-body systems that are beyond the
reach of classical methods [1, 2] is a primary motivation for
the development of quantum computers. This capability is
of particular relevance for the study of complex materials,
chemical reactions, and strongly correlated quantum systems
[3-6]. However, current quantum hardware operates in the
noisy intermediate-scale quantum (NISQ) regime [7, 8], where
limited qubit numbers, finite coherence times, and gate errors
severely constrain the depth and complexity of executable quan-
tum circuits. These limitations pose significant challenges for
achieving accurate and scalable quantum simulations, empha-
sizing the crucial importance of shallow and resource-efficient
quantum circuits.

Among the most studied approaches for exploiting NISQ devices
is the variational quantum eigensolver (VQE) [9, 10], a hybrid
classical-quantum algorithm that approximates ground-state
properties of quantum systems using parameterized quantum
circuits. In VQE, a classical optimizer iteratively updates circuit
parameters to minimize an energy expectation value measured
on a quantum device. The practical performance of VQE is
strongly influenced by hardware noise, optimization difficulties,
and the choice of ansatz [11]. In particular, issues, such as
barren plateaus can severely hinder convergence, especially for
deep or highly expressive circuits [12-14]. A barren plateau is
a regime in which the variational energy landscape becomes
exponentially flat with system size, causing gradients to vanish
and making variational optimization extremely difficult because
of the large number of measurements necessary to resolve mean-
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ingful gradient estimates. Consequently, the design of efficient,
hardware-compatible ansédtze remains a central challenge in
VQE-based quantum simulation [15-18].

Various strategies have been proposed to improve ansatz perfor-
mance [19]. Hardware-efficient ansitze (HEA) [11] are tailored
to the native gate sets and connectivity of quantum devices,
thereby reducing circuit depth and facilitating implementation
on near-term hardware. However, they often exhibit limited
problem-specific expressivity, can suffer from barren plateaus,
and may require substantial optimization effort to accurately
approximate complex many-body ground states. To overcome
these limitations, a broad range of physically motivated ansitze
has been developed. Problem-inspired approaches, such as the
Variational Hamiltonian Ansatz [20] aim to mimic adiabatic
state preparation, potentially improving convergence, although
at the cost of reduced flexibility or increased circuit depth.
Similarly, chemistry-inspired ansétze such as UCCSD encode
physically motivated excitation operators [21-24], while adaptive
approaches dynamically construct circuits during the optimiza-
tion. Beyond these approaches, symmetry-preserving circuits
exploit conserved quantities to reduce the accessible Hilbert
space and improve trainability [25, 26]. More recently, approaches
such as the Quantum-optimal-control-inspired ansatz [27] have
explored symmetry breaking and control-theoretic concepts to
enhance expressivity and optimization performance.

Despite these advances, identifying ansétze that simultaneously
balance expressivity, trainability, hardware efficiency, and noise
resilience remains an open problem, particularly for disordered
systems, where rugged energy landscapes and frustration com-
plicate state preparation [28, 29]. Systems with long-range inter-
actions and disorder represent a driver in the study of strongly
correlated systems, due to the complexity of their correlations,
such as rare region effects [30], and the challenges they pose for
classical simulation methods [31-39].

In this work we investigate, how an advanced many-body
method, strong disorder renormalization-group (SDRG), can be
used to derive an effective circuit ansatz and how this ansatz
can be implemented efficiently without overhead onto a state-
of-the-art superconducting quantum processor. This emergent-
coupling-based ansatz (ECBA) uses information from SDRG to
identify the relevant initial state and couplings in the parame-
terized quantum circuit [40]. The central idea of ECBA is that,
while in principle every qubit may interact with every other qubit,
only a subset of couplings contributes significantly to the relevant
low-energy physics.

Hierarchical renormalization-based methods such as the
multi-scale entanglement renormalization ansatz (MERA)
have demonstrated the potential of exploiting scale-
dependent entanglement structures for efficient quantum state
representations [41, 42]. In contrast to MERA, which provides
a general tensor-network representation optimized to describe
many-body quantum states, the ECBA uses renormalization-
group information to construct a problem-specific variational
quantum circuit tailored to the dominant couplings of disordered
systems. This approach yields shallower circuits while retaining
the essential entanglement structure of the target states and
improved performance over naive variational ansitze. Such

shallow circuits enable error mitigation techniques to be
applied efficiently. We implement and assess the ECBA on a
superconducting quantum processor. Benchmarking against
a generic HEA, we show that the ECBA accurately represents
ground states of systems with up to 30 qubits while the HEA
does not achieve comparable accuracy. We further realize an
embedding of the ECBA on square lattice hardware and show
that the long-range entanglement structure identified by a
renormalization group approach can be resolved experimentally.

This paper is organized as follows. In Section 2, we introduce the
methods used in our simulations, including a detailed description
of the error mitigation techniques employed, and an overview
of the employed quantum devices. The paper proceeds with a
case study of the rainbow chain model as an introductory and
preliminary example in Section 3, followed by the more challeng-
ing random quantum critical chain model in Section 4. For both
systems, we discuss the choice of ansatz, the embedding on the
hardware, and a detailed comparison of the results obtained with
different ansitze. We conclude our analysis in Section 5.

2 | Methods

The VQE implementation is described in detail in Appendix A.
In this work, we use a pre-optimized set of parameters obtained
from the Python tensor-network package quimb [43], meaning
that the classical optimization steps have already been performed
to determine the best parameters for the chosen quantum circuit.
Numerical details can be found in Appendix B and code is
available in Ref. [44]. We stress that the present work is concerned
primarily with the expressivity of the ansatz, and not with its opti-
mizability. Because the circuits studied here are predominantly
shallow, optimization is not expected to be a limiting factor. This
is confirmed in Section 4, where classical simulations show that
the variational parameters can be optimized reliably even for
relatively large numbers of qubits.

2.1 | Error Mitigation

Quantum error mitigation (EM) is a rapidly evolving area of
quantum computing which, in contrast to error correction, does
not attempt to fix errors in the evolution of an encoded state
through active measurement and feedback. Instead, EM focuses
on mitigating the effects of noise on specific expectation values
through averaging over several modified versions of the logical
circuit in combination with pre- and post-processing [45, 46]. In
this study, we employ several such techniques.

First, we use Pauli Twirling [47, 48] to mitigate coherent errors
of two-qubit entangling operations by “dressing” each two-qubit
gate in four random single-qubit Paulis, such that it remains
logically unchanged. This reduces the impact of coherent noise
while reducing the worst-case error rate. To address readout
errors, we utilize Twirled Readout Error Extinction (TREX) [49].
This technique diagonalizes the readout error map by applying
random bit-flip operations just before measurement, followed by
inversion in post-processing. This method significantly improves
the fidelity of the measurement process, which is crucial for
accurate results. We average over 16 TREXed and twirled cir-
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TABLE 1 | Median values of the T1 relaxation time, T2 coherence
time (Ramsey), PRX gate fidelity, and CZ gate fidelity for the IQM Garnet
and IQM Emerald devices [53, 54].

TABLE 2 | Comparison of number of two-qubit gates, depth of the
circuit, and number of variational parameters for the HEA and the CBA
for 10 qubits after transpilation for the IQM Garnet device.

device T, T, PRX fidelity CZ fidelity Ansatz  # CZ gates Circuit depth # Parameters
Garnet 36.53 us  8.61us 99.91 % 99.37 % HEA 36 18 78
Emerald 50.05us 15.75us 99.94 % 99.45 % CBA 38 18 99

cuit instantiations, each consisting of 10 000 shots, to ensure
statistical robustness.

We furthermore implemented dynamical decoupling [50], which
reduces unwanted crosstalk, dephasing, and decoherence by
applying a sequence of single-qubit gates to idling qubits, fol-
lowed by their inverses. We use a minimal sequence of two
Pauli-X gates during idle sequences. Finally, we apply digital
Zero Noise Extrapolation (ZNE) [51]. This method manually
boosts the noise present in the circuit through the application of
logically redundant two-qubit gates, which usually account for
the majority of noise on superconducting devices. By undoing
and redoing the entangling operations everywhere they appear,
the base noise level, A = 1, associated with the circuit can be
amplified in increments as 4 € 2N + 1. An extrapolation to the
zero-noise level 1 = 0 can then be made, using an exponential
noise model O(1) = O, exp(ad). These error mitigation strate-
gies were implemented manually on top of Qiskit’s “Sampler”
primitive [52].

In practice, we calculate every observable reported below as
follows: for a given circuit instantiation where the two-qubit gates
have been dressed, and random bit-flip operations applied, we
calculate the observable over the 10 000 samples. We then average
these expectation values over the 16 instantiations, carrying
through uncertainty from the shot noise from each instantiation
by adding in quadrature. We perform this for 1 € {1, 3, 5}, for
a total of 48 application circuits. The error bars reported below
come from a Levenberg-Marquardt fitting procedure where the
above calculated shot noise is propagated through as uncertainty.
The dominant factor in the uncertainty comes from the fitting
procedure and not the shot noise.

2.2 | Quantum Processors

We use two quantum computing devices provided by IQM, the
Garnet device with 20 qubits and the Emerald device with 54
qubits. Both devices are based on superconducting transmon
qubits, which are widely used in quantum computing due to
their relatively long coherence times and ease of manipulation.
The qubits in both devices are arranged in a square lattice
configuration and are connected via tunable couplers, allowing
for control of qubit interactions. The systems are calibrated
to support Phased X Rotation (PRX) gates, which implement
arbitrary X and Y rotations as native single-qubit gates (i.e.,
rotations of the form exp[—ig(cosqbX +sin¢Y)]) and CZ as
the native two-qubit gate [53, 54]. Some important hardware
properties are listed in Table 1.

Qubit selection and circuit transpilation are performed using the
Qiskit transpile function, based on a square lattice embedding.

This ensures that the circuits are properly optimized for the
hardware architecture of the respective device, without requiring
any SWAP gates. For the measurement process, we perform
readout in the x, y, and z bases, as required for calculating
the energy expectation value of the specific Hamiltonians under
investigation in this work.

3 | Rainbow Chain

As an introductory example, we consider the rainbow chain [55,
56], described by the Hamiltonian

-1 n/2

He=a 3 (5-5,) 472 (55000) @

i=1 i=1

where n denotes an even total number of qubits. This one-
dimensional chain model can be mapped to a qubit ladder, see
Figure 1la, in which the long-range couplings are mapped to
the rungs of the ladder. We set J/a = 100, i.e. with dominant
long-range interactions, and analyze the effect of explicitly
incorporating long-range connections into the ansatz, as opposed
to restricting it to short-range terms. In the rainbow-chain
model, the long-range interactions are already present at the
Hamiltonian level, so the dominant coupling structure is manifest
from the outset.

3.1 | Circuit and Embedding for the Rainbow
Chain

We compare different ansitze, each pre-optimized by classi-
cal simulation. We evaluate a linear hardware-efficient ansatz
(HEA) consisting of two hardware-efficient layers in a brick
wall structure, and a coupling-based ansatz (CBA) consisting
of one layer including the long-range couplings of the system,
one nearest-neighbor layer and a second long-range layer. One
R, and one R, gate are added to each qubit at the end of the
circuit in both cases. The ansitze are depicted in Figure 1c,d. Note
that, by construction, the HEA with its two-layer architecture
can generate correlations only up to a maximum range of
six spins. This inherent limitation already suggests that the
ansatz will encounter difficulties in representing the ground
state of larger problem instances, where longer-range correlations
become essential. We show that there exists the possibility to
create an ansatz with the same circuit depth as the HEA that is
nevertheless capable of realizing the required correlations and
accurately capturing the ground state.

Strictly speaking, our HEA does not meet the definition of
hardware efficiency established in Ref. [11] because we omit
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FIGURE 1 | (a)Schematic illustration of the rainbow model for a system size of six qubits. The upper part shows the qubit chain, the lower part
a mapping to a qubit ladder structure. (b) Example of an embedding of the rainbow chain for the CBA onto the IQM Garnet device. Blue connection
lines indicate nearest-neighbor gates, green dashed lines denote long-range gates, and red numbers label the mapping of the i-th qubit of the chain
to the corresponding physical qubit. (c) Hardware-efficient ansatz (HEA) consisting exclusively of single-qubit and nearest-neighbor gates, shown as
an example for six qubits. (d) Coupling-based ansatz (CBA) composed of alternating layers of single-qubit gates combined with long-range two-qubit
gates reflecting the coupling structure of the model and layers of single-qubit gates combined with nearest-neighbor gates. (e) Relative accuracy of the
simulated (noise-free) data and the experimental data obtained for 10 qubits on the IQM Garnet device, each compared to the exact value, for both the

HEA and the CBA with and without error mitigation. Error mitigation is applied only to the experimental data.

ladder-rung coupling gates. This, however, is exactly the point
we want to illustrate here. Our HEA labeled method attempts to
force a one-dimensional layout on a system that clearly shows
long-range couplings, which turns out to be far less efficient than
including the natural entanglement geometry.

Table 2 compares the number of gates, the circuit depth, and
the number of variational parameters for the two ansitze for
10 qubits.

For accurate results, all qubit pairs acted on by two-qubit gates
should be adjacent on the square lattice of the quantum processor,
because nonlocal operations require additional SWAP gates and
thereby lead to substantial errors. For the HEA, this is given by
construction as two-qubit gates are only applied to neighboring
qubits. The CBA, however, includes two-qubit gates between
non-neighboring qubits. In the case of the rainbow chain, the
embedding is straightforward by mapping the chain to a qubit
ladder structure. This is visualized in Figure 1b for 10 qubits on
the IQM Garnet device.

3.2 | Results for the Rainbow Chain

We perform simulations on a 10-qubit rainbow chain model. First,
we consider ideal, noise-free VQE outcomes, which we refer to
as simulation results, throughout the remainder of this work.
This provides a baseline to determine the maximum accuracy
the chosen ansatz can achieve on an error-free quantum device.

We then evaluate the energy on the real device, where noise is
present, and refer to this data as experimental results. In the case
of the experimental results, we distinguish between calculations
performed with and without error mitigation. For each circuit, 10
000 shots are used. Consequently, without error mitigation a total
of 30 000 shots are performed, as we need one circuit for each
measurement basis. In the case where error mitigation is applied,
each individual circuit contributing to the mitigated value is also
executed with 10 000 shots. In total, for the rainbow chain and for
the random Heisenberg chain, we used 1 920 000 shots.

Figure le evaluates the performance of the HEA and the CBA.
Specifically, we plot the relative accuracy of both the experimental
and simulation data with respect to the numerically computed
exact solution, defined as

|-xexact - xsim,exp |

1- ) (2)

[ =
Smerp | Xexact |

where X, denotes the exact value, and X, and X, refer to
the values obtained on the real device (experiment) and the ideal
noise-free VQE (simulation), respectively.

While the CBA simulation yields highly accurate results, with
a relative error of 107, the ideal HEA simulation reaches a
relative energy accuracy of only ~ 60%. In Ref. [40] we show that
the required number of HEA layers needed to reach accuracies
comparable to those of a fixed depth CBA scales with the system
size. However, on the real quantum device, this increase in
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circuit depth amplifies the impact of gate errors and decoherence,
leading to lower overall fidelity. The CBA achieves comparable
accuracy with fewer layers, thereby mitigating the adverse effects
of hardware noise. Even without error mitigation, we find that
the CBA outperforms the HEA. Nonetheless, error mitigation is
needed for experimental data to reproduce the exact value. With
the CBA and error mitigation, we obtain 98.20% + 0.95% relative
energy accuracy.

Our results clearly demonstrate that the CBA significantly out-
performs the conventional method. It should be noted, however,
that the simulations presented here were carried out for a
comparatively large ratio of J/a. As shown in Ref. [40], the
accuracy of the CBA decreases as this ratio is reduced, with
the CBA outperforming the conventional approach starting from
J/a = 1. To further validate our findings under these conditions,
we complemented the experiments performed on the real IQM
quantum device with additional simulated experiments using the
IQM FakeBackend at J/a = 1. Using the simulated experimental
data, we obtain a relative accuracy of 80.13% + 1.49% with respect
to the exact results for the HEA, whereas the CBA achieves a
relative accuracy of 90.04% + 0.74%. These results demonstrate
that, even in a regime where the simulated advantage is less
pronounced, the CBA still yields more accurate results when
executed on a noisy quantum device.

The rainbow chain serves as a preliminary result of how long-
range couplings can be handled in a VQE ansatz. We now use
this knowledge to build an ansatz for a model in which long-
range couplings are not explicit in the Hamiltonian but emerge
from the underlying interactions. We therefore refer to this ansatz
as the emergent CBA (ECBA). The underlying idea remains the
same.

4 | Random Quantum Critical Point Model

In random quantum critical qubit chains, quenched randomness
drives the system toward the random-singlet phase, a critical
state in which qubits pair into singlets over broadly distributed
length scales rather than only between neighboring sites [57-
59]. In this regime, the pattern of singlet bonds is not imposed
microscopically, but emerges due to bond fluctuations, leading
to long-range entanglement across the entire chain [59]. We
consider the random Heisenberg chain

Hyy = Zjisi “Sivt s 3

where the number of qubits n is chosen to be even and the
couplings J; > 0 are drawn from any non-singular distribution.
In our case, we use the distribution

P(J) = %J-W‘l 4

with a disorder strength § > 1, as proposed in Ref. [60]. Larger
values of § correspond to broader coupling distributions and
hence stronger disorder. We study several disorder realizations for
different values of § and system sizes n.

TABLE 3 | Comparison of number of two-qubit gates, depth of the
circuit, and number of variational parameters for the HEA and the ECBA
for 30 qubits after transpiling them on the IQM Emerald device.

Ansatz  # CZ gates Circuit depth  # Parameters
HEA 189 27 87
ECBA 189 39 87

The formation of nonlocal singlets can be understood within the
strong disorder renormalization-group (RG) [61] framework. Iter-
atively, the strongest bond J; satisfying J; > J,_,,J,,, is identified,
and a singlet is built between the two qubits coupled by this bond.
The neighboring qubits of the resulting singlet are then coupled
by the smaller renormalized coupling strength [59]

JisJin
‘Ii,—l,i+2 =7 ®)

1

arising from second-order perturbation theory. Repeating these
two steps until all qubits are paired into singlets yields an accurate
approximation of the ground state of the system, with singlets
connecting arbitrarily distant sites. This description becomes
asymptotically exact in the limit of strong disorder and large
distances. In this way, an initial state can be constructed entirely
from the classical RG flow, without prior optimization on the
quantum device. We use this initial state as an approximate
starting point, which we refine using a variational layer, in which
the two qubit-gates are balancing long-range correlations derived
from the RG flow and local correlations. The algorithm to obtain
the ansatz is provided in Appendix C.

4.1 | Circuit and Embedding for the Random
Quantum Critical Point Model

For the HEA, we initialize the system by forming singlets between
nearest neighbors and thus in the S, = 0 symmetry sector. We
then apply U, :=R,.R,R,, gates in a brick wall structure,
potentially allowing the ansatz to stay within the symmetry sector
[62]. The total number of U, gates is n — 1. In the ECBA, we
incorporate the RG singlets into the structure of the circuit to
capture the dominant couplings. First, the singlet initial state is
formed according to the long-range interactions resulting from
the RG flow, then we apply the variational circuit, which consists
of two parts. In the latter part, n/2 U, gates are applied to the
qubits forming singlets according to the RG flow. Reference [40]
showed that the performance of the ansatz improves further
when RG singlets are incorporated not only in the initial state but
also in the variational circuit itself. The former part consists of
applying U, gates to neighboring qubit pairs with the strongest
couplings, excluding those already coupled within the RG flow.
This is done until we reach a number of n/2 —1 gates. This
procedure allows us to balance the effects of both short- and long-
range couplings in the variational circuit. In Appendix D, we
analyze the improvements introduced at each step of the ECBA.
This allows to distinguish the improvements resulting from the
RG initial state from those arising from the variational circuit
selecting the strongest coupling. Using the ECBA, we obtain the
same total number of gates and parameters as in the HEA, see the
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FIGURE 2 | (a)Schematic illustration of the random quantum critical point model. The upper part depicts the RG decimation procedure: if J; is the

strongest coupling in the chain, sites i and i + 1 form a singlet (dashed line). Quantum fluctuations generate an effective interaction between sites i — 1
and i + 2 (dotted line). The lower part shows one possible configuration illustratively for six qubits, where singlets may connect arbitrarily distant sites.
(b) ECBA for the random chain, shown for six qubits and a single realization of the RG flow. The initial state is constructed from singlets corresponding to
the RG singlet pairs. The variational circuit first applies U, gates to qubit pairs associated with the strongest couplings not forming RG singlets, followed
by U, gates acting on the RG singlet pairs. (c) HEA for the random chain, shown for six qubits: The initial state is constructed from singlets between
neighboring qubits (dashed lines), with solid lines indicating the J couplings, followed by a layer of U, := R,R,R;, gates entangling the qubits in
a brick wall structure. (d) Embedding of the 20 qubit configuration with disorder parameter § = 2, used for the results shown in Figures 2e, 4 and 5,
on the IQM Emerald device. Green dashed lines indicate RG singlet pairs, blue lines denote the strongest remaining couplings not associated with RG
singlets, and red numbers label the mapping from logical qubit indices to physical qubits. The long-range singlet pairs are given by (5, 8) and (0, 17). The
two isolated singlets (18,19) emerge because the influence of the long-range couplings outweighs that of the couplings between the neighboring qubits
(17,18). (e) Relative energy accuracy of experimental results without and with EM and of ideal simulated results for different system sizes and disorder

parameters, each referenced to the exact ground-state energy.

30-qubit case in Table 3, allowing for a direct comparison. Note
that consequently, in the ECBA, gates are not applied between all
nearest neighbors, as some local neighbor gates are replaced by
long-range gates targeting RG singlets. The ansitze are depicted
in Figure 2b,c.

When laying out the circuit onto the hardware, we want all
qubit pairs acted on by two-qubit gates to be adjacent. Since the
singlet pairs arise randomly from the RG flow, the mapping is not
necessarily trivial as it was previously in the case of the rainbow
chain. The problem corresponds to a unit embedding [63, 64] of
a planar graph with a maximum degree of three and no triangles.
While it is not trivial to show analytically that an embedding
is always possible, numerical tests suggest that it is feasible in
practice. To test this, we implemented a recursive backtracking
algorithm that incrementally constructs a self-avoiding walk on
the square lattice while enforcing the chain connectivity and
the nearest-neighbor constraints imposed by the singlet pairs.
Whenever a partial embedding violates one of these constraints,
the algorithm backtracks and explores an alternative branch of

the search tree. For systems with 20 qubits, we sampled 1 000 000
random configurations of RG singlet pairs, and in all cases a valid
embedding was found. Similarly, for systems with 40 qubits, a
valid embedding was obtained for all 1000 randomly generated
configurations. For these configurations, all nearest-neighbor
interactions were included alongside the long-range couplings.
In the case of the ECBA not all nearest-neighbor couplings are
present, meaning that the graph is no longer connected, which
further increases the likelihood of a feasible embedding. We
therefore conclude that, except for potentially rare cases, a valid
embedding exists for each RG configuration provided that the
employed quantum device is sufficiently large.

We perform experiments for a system size of 10, 20, and 30
qubits. For 10 qubits, we use the IQM Garnet device, and for
20, and 30 qubits, the larger IQM Emerald device. For example,
an embedding of 20 qubits corresponding to a sampled disorder
realization with § = 2 can be seen in Figure 2d. The values of
the couplings for the different configurations used are given in
Ref. [44].
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FIGURE 3 | Logarithmic value of the relative error between the
respective VQE simulation and the exact result as function of the system
size. The inset shows the average variance of the gradient sampled over
100 initial parameter sets each. The error bars indicate the variance across
the different gradient components.

4.2 | Results for the Random Quantum Critical
Point Model

We compute the optimal energy with ECBA for different system
sizes and different disorder strengths § and compare the results
with the exact value. As before, we use pre-optimized circuits
and 10 000 shots per circuit for the experimental results. We
first consider a system size of 10 qubits and a disorder strength
of § = 8. The experimental result obtained with the ECBA on
the quantum processor corresponds to 98.69% + 0.52% of the
exact value. To investigate the scalability of the approach, we
increase the system size to 20 and 30 qubits while keeping & = 8.
In these cases, the experimental result reaches 96.47% + 1.71%
and 96.41% = 1.57% of the exact result, respectively. As shown
in Ref. [40], variational circuits utilizing an RG structure achieve
excellent accuracy, especially at strong disorder. The relative error
between the ECBA simulation and the exact solution at § = 8 is
only ~ 107%.

For smaller §, however, the relative error of the ECBA simulation
compared to the exact result increases. Therefore, in a final
step we perform the calculation for 20 qubits and § =2 to
investigate how the accuracy depends on disorder strength.
We obtain 91.48% + 0.91% agreement of the experimental result
with the exact result. As expected, the accuracy is reduced for
smaller &, but the result remains close to the exact solution.
Figure 2e presents these results, demonstrating also that the HEA
is significantly less accurate than the ECBA.

For the HEA, it is known that in critical systems the number
of layers, and thus the circuit depth, required to achieve high
accuracy scales with system size [65]. In particular, once a certain
system size is exceeded, a single-layer ansatz no longer provides
accurate results. This behavior is evident in Figure 2e, where the
optimized HEA performs poorly for one layer. In contrast, the
ECBA performs well already at a single-layer depth. To examine
the dependence on system size, we plot the logarithm of the
relative error as a function of system size in Figure 3 for § =
8 for simulations of up to 120 qubits. The data show that the
ECBA outperforms the HEA by approximately four orders of

0 50 100 150
Sorted pairs (4, j)

FIGURE 4 | Correlation matrix C;; for 20 qubits and & = 2 for the
ECBA. Comparison between ideal simulated results of the VQE circuit
(lower left half) and experimental results (upper right half). The bottom
panel sorts the entries by the absolute error between simulation and
experiment.

magnitude across the entire range of system sizes considered,
without degradation as the system size increases. Because critical
ground states are generally difficult to represent with shallow
local circuits, whose finite depth induces an effective finite
correlation length, the key observation here is that the ECBA
reaches a substantially higher accuracy than the HEA, consistent
with the inclusion of the relevant nonlocal correlations

To further examine the impact of barren plateaus, we show in
the inset of Figure 3 the variance of the energy gradient as a
function of system size sampled over a large number of parameter
initializations. A larger variance is beneficial for optimization,
as nonzero gradient components provide directions along which
the parameters can be updated. Previous works have shown
that the gradient variance typically approaches zero as both the
circuit depth and the system size increase, leading to the onset
of barren plateaus [12, 66]. If one of these quantities is kept
fixed, the variance is expected to converge to a finite value. This
behavior is visible in our setup, where only a single layer is
employed. We also find that the ECBA exhibits a slightly larger
gradient variance than the HEA, indicating a somewhat more
favorable optimization landscape already at minimal depth. At
the same time, achieving comparable accuracy with the HEA
would require a circuit depth that grows with system size, which
in turn increases the effect of noise and barren plateaus. Note that
noise does not lead to barren plateaus for shallow circuits [67].

To visualize the presence of long-range entanglement, we inves-
tigate the correlation matrix C;; = (X;X;) +(Y,Y;) + (Z,Z;), for
20 qubits and & = 2. Note that a single entry serves as an
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FIGURE 5 | Correlation matrix1 — C; j for 20 qubitsand § = 2 for the
ECBA shown on a logarithmic scale. Comparison between exact (lower
left half) and experimental results (upper right half). The bottom panel
sorts the entries by the absolute error between experiment and exact
calculation.

entanglement witness for the corresponding qubit pair when
C;; < —1. In Figure 4, we show this matrix for the experimental
data obtained with the ECBA and for the VQE simulation together
with the absolute difference of those two sorted by size of the
difference. The heatmap clearly shows that the experimental
data closely match the simulated results. The off-diagonal cor-
relations coincide with the long-range RG singlet pairs. The
sorted differences show that only a few pairs exhibit larger
differences, whereas the majority show little to no substantial
difference. In Figure 5, we compare C;; between the experimental
data of the ECBA to the exact calculation and again the sorted
absolute difference. We observe that the exact heatmap shows
richer structure, with more values deviating from zero. The
experimental results accurately capture the structures around the
RG singlets, reproducing both short- and long-range correlations
very well. As expected, correlations at intermediate ranges are
missing, which can be attributed to the limited range of our
approach, restricted to a single layer.

Overall, the ECBA maintains robust agreement with exact calcu-
lations for systems up to 30 qubits, even in the more challenging
regime of weak disorder. In contrast the performance of the
HEA degrades with system size. This suggests that the HEA is
unable to capture the long-range correlations in this random
quantum critical model for a single layer. This underlines the role
of the ansatz, as a well-suited variational circuit is essential for
achieving high accuracy.

5 | Conclusions

In this work, we investigate the emergent-coupling-based ansatz
(ECBA) for variational quantum simulations on NISQ devices.
We motivate its construction in the rainbow chain model, where
the relevant long-range couplings are explicitly encoded in the
Hamiltonian. This example allowed us to directly investigate
how building the variational ansatz around the dominant cou-
plings leads to shallow circuits that accurately reproduce the
ground-state properties on superconducting quantum hardware,
achieving an relative energy accuracy of up to 98% after error
mitigation. Building on this controlled setting, we then applied
the ECBA to disordered quantum critical qubit chains, where
the relevant correlations emerge only implicitly through the
renormalization flow.

Across both models, the ECBA consistently outperforms com-
monly used hardware-efficient ansidtze (HEA) by reaching higher
accuracy at a similar gate count. Our numerical simulations show
that the renormalization-based structure of the ECBA enables an
efficient representation of long-range entanglement in strongly
disordered systems, and remains effective for system sizes up to
the simulated 120 qubits, suggesting potential scalability beyond
the experimental regime explored here.

We further argue that the ECBA can be efficiently embedded
on superconducting quantum processors with two-dimensional
square lattice connectivity, making it compatible with state-
of-the-art hardware architectures. The resulting reduction in
circuit depth mitigates the impact of decoherence and gate
errors and allows error mitigation techniques to be applied
effectively, thereby extending the accessible system sizes on
present-day devices.

Beyond the specific qubit-chain models studied here, a general-
ization of the ECBA provides a framework for constructing varia-
tional circuits based on emergent couplings in the strong disorder
renormalization group sense. Natural extensions include other
disordered models [61], higher-dimensional lattice systems [68,
69], applications in quantum chemistry [11], and non-equilibrium
dynamics [70, 71] where identifying dominant effective couplings
may similarly enable shallow yet expressive ansitze. Examples
for other potentially interesting models for the ECBA method
are the disordered transverse-field Ising model [59], the Ashkin-
Teller model [61] and the random Hubbard model [72]. The
disordered transverse-field Ising model is a particularly inter-
esting candidate for an extension to higher dimensions, as it
retains an infinite disorder fixed point in these dimensions [36,
39]. When considering quantum chemistry applications, it would
be interesting to investigate the performance of our ansatz for
molecular systems [11, 73, 74]. Quantum chemistry problems are
often addressed using VQE with hardware-efficient ansitze or
chemically inspired ansétze such as UCCSD [75-77]. However,
finding improved ansétze remains an open challenge. For non-
equilibrium dynamics, the effective Floquet Hamiltonian could
be interesting as it can yield a dimerized structure [78]. For
example, there exist one-dimensional periodically driven Flo-
quet systems which are controlled by infinite-randomness fixed
points of a SDRG flow [79], disorder induced critical phases in
periodically driven dimerized Kitaev chains [80], and symmetry-

8of12

Advanced Quantum Technologies, 2026

85U8017 SUOWILIOD @A 11D 3(cedl|dde aLpy Aq peusenob afe sapie YO ‘8sn JO S9Nl 10y Akeid178UIIUQ AB]IAA UO (SUOTPUOD-PUR-SLLBY WD A3 1M A RRIq 1 [BUIUO//SANL) SUOTPUOD PUe WIS | L) 88S *[9202/0T/ST] U0 ARiqi8uluo A8 |1M ‘PUNWLIOQ TISPAIUN 3Y0SIUYIe 1 A GOS0/ 3Nb/Z00T 0T/I0p/LLI00"A8 | Im" Ake.q Ul |uo"peoueApe//Sdny woJj pepeojumoa ‘0T ‘9202 ‘Tr06TTSZ



enriched random quantum spin chains [81]. More broadly, our
results suggest that leveraging emergent coupling structures
provides a systematic route to shallow circuit initialization for
disordered eigenstate problems.
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Appendix A: VQE

The variational quantum eigensolver (VQE) is a quantum-classical hybrid
algorithm designed to approximate the ground state of a Hamiltonian H
for a system of n qubits. In the VQE, a parameterized quantum circuit is
constructed, described by the unitary operator U(6). The goal of the VQE
is to optimize the parameters 6 in such a way that the resulting quantum
state U(6)|0)®" provides the best approximation of the ground state of
the Hamiltonian.

ALGORITHM 1 | RG pairing of spins

The quality of this ansatz is quantified by the energy expectation value
E(6) = ($(0)|H|¥p(0)). In VQE, this cost function is evaluated on the
quantum device, while a classical optimizer updates the parameters 6 to
minimize E(6) in an iterative manner. The resulting optimal parameters,
Oopt» define the variational approximation to the ground state, [(€,pt)) =
U(@Opt)|0)®", with corresponding energy E(6,y), which provides an
upper bound to the exact ground-state energy.

Appendix B: Numerical Details

For the variational optimization of the tensor network state, we employ
the TNOptimizer class from the quimb library, implemented in Python.
We use the L-BFGS-B algorithm as the underlying optimizer and rely on
JAX as the automatic differentiation backend. The variational parameters
are initialized as small random numbers drawn uniformly in the range
[0,0.05]. The optimization is performed until convergence is reached,
with a tolerance of tol =107 on the change of the loss function,
while other algorithmic parameters are kept at the default settings of
scipy.optimize.minimize.

Exact reference values are obtained via Density matrix renormalization
group (DMRG) using quimb. The Hamiltonian is represented as a
matrix product operator, and the DMRG bond dimensions are increased
progressively up to 600. The DMRG calculations use a cutoff of 10712, a
convergence tolerance of 107>, and a maximum of 150 sweeps.

Input: Number of qubits N, random couplings J

Output: List of singlet pairs Prg
1 Initialize empty list Pra;
2 Jtemp < J;
s [+ [0,1,...,N—1];
4 while I # () do

5 k < arg max; Jiemp,i;
6 if |I| == 2 then
7 Add pair (Ip, I1) to Prg;
8 Remove entries 0 and 1 from I and entry 0 from Jiemp;
9 end
10 else if £k == 0 then
11 Add pair (Ip, 1) to Prg;
12 Remove entries k£ and k + 1 from I and Jiemp;
13 end
14 else if k == |Jiemp| — 1 then
15 Add pair (I, Ix+1) to Pra;
16 Remove entries k£ and k + 1 from I and Jiemp;
17 end
18 else
19 Renormalize neighboring couplings: Jiemp,k—1 Jtempgjtlc;]:: S
20 Add pair (Ikalk—l-l) to PRg;
21 Remove entries k£ and k + 1 from I and Jiemp;
22 end
23 end

24 return Prg;
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ALGORITHM 2 | Selection of strongest remaining couplings

Input: Number of qubits N, random couplings J

Output: List of added pairs P,qq
1 Compute Prg with Algorithm 1;
2 Jtemp < Jv
3 Initialize empty list P,qq;
4 while |P,qq| < N/2 -1 do

5 k < arg max; Jiemp,s;
6 if pair (k,k+ 1) € Prc then
7 | Jtemp,k — 0;
8 else
9 Add (]{3, k+ 1) to Padd;
10 Jtemp,k < Oa
11 end
12 end

13 return P, 4q;

ALGORITHM 3 | Construction of the variational circuit

Input: Parameter vector 0, pairs (Prg, Padd)

Initialize parameter iterator over 6;
for each pair (i,7) in Paaq do
| Apply Uq(i, j; 0);
end
for each pair (i,7) in Prg do
| Apply Ua(i, 5 0);
end

B = I, N JCRE R

Appendix C: RG-Based Selection of Variational Couplings

The placement of the variational two-qubit gates U, follows a two-stage
procedure: (1) a RG selection of singlet pairs, and (2) an augmentation by
the strongest remaining couplings without renormalization. Algorithm 1
follows the RG procedure from 59, while Algorithms 2 and 3 are
contributions of this work.

Appendix D: Construction of the ECBA

Here, we take a closer look at how the ECBA is constructed and how it
operates. To this end, we plot in Figure D1 the logarithmic value of the
relative error for the three systems considered in the IQM experiments in
Figure 2e for § = 8. In addition to the HEA and the ECBA, we consider
an intermediate ansatz that uses the RG state as its initial state, followed
by the HEA variational circuit.

One can see that adapting the initial state to the RG structure already leads
to an improvement of approximately one to two orders of magnitude.
Incorporating this structure into the variational circuit together with the
strongest couplings, i.e., using the ECBA, results in a further improvement
of about one to three orders of magnitude. This leads to an overall
improvement of approximately four orders of magnitude for all systems.
This behavior is consistent with the results presented in Ref. [40], where
similar behavior was observed for a system size of 120.

0f / 3
—— HEA
-1 —e— RGini-HEA T
= —+— ECBA
<27 +
&
’_(O
73 + 4
10 20 30
nbit

FIGURE D1 | Logarithmic value of the relative error between the
respective VQE simulation and the exact result as function of the system
size for the HEA, the ECBA, and a combination where the RG initial state
is used together with the variational part of the HEA. The three systems
considered here are the three systems used for the IQM experiments in
Figure 2e for § = 8.
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