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Hamiltonian simulation is a major proposed application of quantum computers, but its practical value depends on whether
real hardware can preserve the intended dynamics of interacting quantum systems. This study benchmarks an archived
execution of a 15-qubit one-dimensional tilted-field Ising chain on the IBM quantum backend ibm marrakesh. A localized
spin-down excitation was initialized at the central qubit, and local magnetization, total magnetization, and the 14 center-to-site
connected spin correlations were compared with a noiseless second-order product-formula simulation. The parameters were
hx = 0.35625, hz ∈ {0,hx}, and J/hx ∈ {0.9,1.0,1.4}. Sparse matrix-exponential-action evolution validated all three ideal
observable families, and a fixed-H timestep study gave fitted global-error slopes of 2.002, 2.005, and 2.001, consistent with
second-order convergence. Hardware local and total magnetization outperformed an all-zero trajectory in all six cases, with
zero-baseline skill of 15.4–27.8% and 27.0–52.6%, respectively. Connected correlations failed to outperform zero in four
cases and improved by only 2.9% and 0.8% in the other two. An empirical exponential-contraction fit captured part of the
local-magnetization amplitude reduction without identifying a unique noise mechanism. The code requested Runtime resilience
level 1 and XpXm dynamical decoupling, but returned per-job metadata, raw bitstrings, repeated executions, and physical
layouts were not retained; the realized settings and device-specific uncertainty therefore cannot be independently reconstructed.
The results support partial retention of magnetization-scale information in this archived execution, while faithful center-to-site
connected-correlation dynamics were not established.
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Introduction

Hamiltonian simulation is one of the main proposed appli-
cations of quantum computers because it allows the dynam-
ics of quantum systems to be represented using quantum cir-
cuits1,2. This is especially relevant for quantum many-body
systems, where even small changes in the Hamiltonian can
produce a wide range of dynamical behavior, and where the
Hilbert space grows exponentially with system size. In some
cases, the dynamics are constrained by integrability, while in
other cases these constraints are broken and the system can
show more complex behavior associated with quantum chaos,
thermalization, and the spread of information across the sys-
tem3. However, near-term quantum computers are noisy de-
vices. Even when a many-body Hamiltonian can be mapped
onto a circuit, the physical hardware must still preserve the
intended dynamics while facing gate errors, readout errors,
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finite sampling, decoherence, and circuit-depth limitations4.
Therefore, an important question is whether present-day open-
access quantum hardware can reproduce physically meaning-
ful many-body observables.

A particularly useful model for studying this is the one-
dimensional Ising spin chain in external magnetic fields.
When only a transverse field is present, the transverse-field
Ising model is exactly solvable and serves as a standard ex-
ample of an integrable quantum many-body system5. Adding
a longitudinal field generally removes the free-fermion inte-
grability of the transverse-field model. Previous work has
identified quantum-chaotic signatures of the ideal tilted-field
model using diagnostics such as avoided crossings and entan-
glement behavior6. The magnetization and two-point observ-
ables measured in this study do not independently diagnose
quantum chaos, so differences between the two field settings
are not interpreted as evidence of chaos or thermalization.

These dynamics can be characterized using experimentally
accessible observables extracted from circuit measurements.
In this study, local magnetization, total magnetization, and
connected spin correlations are used to track the evolution of
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the spin chain and to compare ideal simulation results with
hardware measurements.

This study investigates the extent to which the IBM quan-
tum backend ibm marrakesh can reproduce the intended
many-body dynamics of a 15-qubit one-dimensional tilted-
field Ising chain, as measured through local magnetization,
total magnetization, and connected spin correlations follow-
ing the evolution of an initially localized spin-down excitation
at the central qubit q8. Throughout the manuscript, spin sites
are labeled 1–15. The central logical site q8 corresponds to
Qiskit circuit-qubit index 7; this notation does not identify the
final physical hardware qubit.

The purpose of this investigation is to compare an ideal
second-order Trotter simulation with IBM hardware data for
the same spin-chain circuit. The reference case hz = 0 is com-
pared with the tilted-field case hz = hx, across three nearby
coupling ratios: J/hx = 0.9, J/hx = 1.0, and J/hx = 1.4.
These are lower, matched, and higher coupling cases rather
than asymptotic field- or interaction-dominated limits. The
ideal simulation provides the intended noiseless behavior,
while the hardware results on ibm marrakesh show which
features remain visible after the circuit is run on real open-
access quantum hardware. Recent many-body experiments
have likewise used classically verifiable observables to assess
utility and noise-control strategies on quantum processors7.
The scope of the study is limited to a 15-qubit chain, one initial
state, one backend, and one execution period. The hardware-
submission code configured IBM Runtime EstimatorV2 with
resilience level 1 and XpXm dynamical decoupling, while no
additional user-implemented error mitigation or full quantum
error correction was used. Complete returned per-job meta-
data were not retained, so the realized Runtime settings can-
not be independently confirmed from the archived expecta-
tion values. Accordingly, this study does not attempt to rank
quantum processors. Instead, it applies an observable-level
benchmark to one archived 15-qubit execution, combining
exact-reference validation, fixed-Hamiltonian timestep con-
vergence, zero-predictor skill, temporal-correlation analysis,
empirical scale-contraction tests, and reflection-symmetry di-
agnostics. This complements broader Hamiltonian-simulation
benchmarks by examining which conclusions remain support-
able when expectation-value trajectories, rather than complete
shot-level records and transpilation metadata, have been pre-
served8–10.

Theoretical Methods

Quantum Information and Many-Body States

Quantum mechanics describes physical systems using states.
A quantum state contains the information needed to calculate
the probabilities of different measurement outcomes11,12. Un-

like a classical system, where a quantity may be assigned a
definite value before measurement, a quantum system is gen-
erally described by probability amplitudes. These amplitudes
are complex numbers, and their squared magnitudes give the
probabilities of possible measurement results according to the
Born rule.

For a two-level spin system, a general state can be written
as a linear combination of two basis states:

|ψ⟩= α|0⟩+β |1⟩. (1)

Here, |ψ⟩ represents the state of the system, |0⟩ and |1⟩ are
basis states, and α and β are complex probability amplitudes.
The probabilities of measuring the system in the states |0⟩ and
|1⟩ are |α|2 and |β |2, respectively. Since the total probability
must be one, |α|2 + |β |2 = 1.

The expression above is an example of superposition. Su-
perposition means that, before measurement, the state is not
described as being only one of the basis states. Instead, the
state is a combination of the possible basis states, with each
component contributing an amplitude to the final measure-
ment probabilities. In the context of a quantum spin system,
this is important because a spin does not have to remain fixed
as simply “up” or “down” along one axis. The Hamiltonian
can generate dynamics in which different spin configurations
exist in quantum superposition with others.

The set of possible quantum states is called a Hilbert space.
For a chain of N qubits, the Hilbert space has dimension 2N ,
which is one reason many-body quantum systems are difficult
to simulate even on the most powerful classical computers. In
our study, we consider a 15-qubit 1D spin-chain, leading to a
Hilbert space with dimension 215 = 32768.

Physical quantities in quantum mechanics are represented
by operators. An operator is a mathematical object that acts
on a quantum state and represents either a measurable quantity
or a transformation of the state. A measurable physical quan-
tity is called an observable, and its expectation value gives the
average result expected from repeated measurements of iden-
tically prepared systems11. For spin-1/2 systems, the relevant
local operators are the Pauli operators X , Y , and Z 13. The
operator Zi measures spin orientation along the z direction at
site i, while Xi changes the spin state between the two Z-basis
states.

An important feature of quantum mechanics is that some
operators are non-commuting, meaning that applying them in
different orders can produce different results. The commutator
of two operators is defined as

[A,B] = AB−BA. (2)

If [A,B] = 0, the operators commute; if [A,B] ̸= 0, the or-
der of application matters. This becomes important in the
tilted-field Ising model because the Hamiltonian contains both
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Z-type and X-type terms. These terms represent competing
physical effects, and their non-commuting structure is one rea-
son the model produces nontrivial quantum dynamics.

Time Evolution

All calculations use natural units, = 1. We obtain the
time evolution of a closed system from the time-dependent
Schrödinger equation12:

i
d
dt
|ψ(t)⟩= H|ψ(t)⟩. (3)

Here, |ψ(t)⟩ denotes the state at time t, and H is the Hamil-
tonian. As the total-energy operator, the Hamiltonian deter-
mines how that state evolves. Solving the Schrödinger equa-
tion with a specified Hamiltonian and initial state gives the
state at any later time.

When the Hamiltonian is independent of time, this equation
has the formal solution

|ψ(t)⟩= e−iHt |ψ(0)⟩, (4)

Here, U(t) = e−iHt is the time-evolution operator. Its uni-
tarity preserves the norm of the state, so the total probability
remains unchanged as the ideal closed system evolves.

d
dt
⟨O⟩t = i⟨[H,O]⟩t , (5)

When [H,O] = 0, the expectation value of O stays constant
and O is conserved. For [H,O] ̸= 0, the expectation value gen-
erally changes as the system evolves.

We calculate local magnetization, total magnetization, and
connected correlations as expectation values of the state after
evolution under U(t). Their time dependence follows from
the commutators above: the local Zi and pair ZiZ j observables
do not commute with the transverse-field term. The explicit
commutator derived below also shows which operator combi-
nations allow the transverse field and Ising interaction to gen-
erate correlations together.

Integrability, Chaos, and Operator Growth

An integrable many-body model has an extensive set of con-
served quantities. These constrain its evolution and allow a de-
scription in simpler degrees of freedom3. At hz = 0, a Jordan–
Wigner transformation maps the transverse-field Ising chain
to free fermions5. Interactions, correlations, and information
spreading can still appear in the spin dynamics, but the con-
served quantities restrict how the state explores Hilbert space.

A nonzero longitudinal field generally breaks this free-
fermion description and makes the tilted-field model non-
integrable6. Information that was initially accessible through
a local observable can then spread across many degrees of

freedom, allowing local relaxation and more complicated
dynamics. Establishing quantum chaos or thermalization
in a finite-time trajectory requires further diagnostics; non-
integrability alone does not establish either behavior.

Here we use magnetization and equal-time two-point ex-
pectations to benchmark the hardware dynamics. These quan-
tities do not supply the level-spacing statistics, out-of-time-
order correlators, or entanglement measurements needed to
independently diagnose chaos, thermalization, or operator
growth. We therefore compare hz = 0 with hz = hx through
their measured magnetization and connected correlations. The
longer theoretical discussion is given in Supplementary File
S1.

The 1D Tilted-Field Ising Model

The Ising model is a standard model in statistical mechanics
and condensed matter physics used to study how local spin in-
teractions can produce collective behavior. In the quantum
Ising model, spins are represented by Pauli operators, and
the dynamics are governed by a Hamiltonian. The tilted-field
Ising model is written as14

H =−J
N−1

∑
i=1

ZiZi+1 −hx

N

∑
i=1

Xi −hz

N

∑
i=1

Zi. (6)

Open boundary conditions are used throughout. For N =
15, the interaction sum therefore contains 14 nearest-neighbor
bonds, while each field term acts on all 15 sites. Throughout
this work, natural units are used, so = 1, and the parameters J,
hx, and hz are treated as dimensionless simulation parameters
that set the relative strengths of the Hamiltonian terms. Here,
Zi and Xi are Pauli operators acting on site i, J is the nearest-
neighbor coupling strength, hx is the transverse-field strength,
and hz is the longitudinal-field strength. In this study, the com-
putational basis states are identified with the spin states in the
z-basis according to the standard Pauli-Z convention,

|0⟩ ≡ | ↑⟩, |1⟩ ≡ | ↓⟩.
Thus,

Z|0⟩=+|0⟩, Z|1⟩=−|1⟩.
Therefore, a qubit in the state |0⟩ has spin-up orientation

along the z direction, while a qubit in the state |1⟩ has spin-
down orientation along the z direction. This convention is used
when interpreting local magnetization values, so ⟨Zi(t)⟩ ≈+1
corresponds to a spin mostly aligned upward along the z
axis, while ⟨Zi(t)⟩ ≈ −1 corresponds to a spin mostly aligned
downward along the z axis.
The first term,

−J ∑
i

ZiZi+1, (7)
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describes the interaction between neighboring spins. For
a pair of neighboring spins in a Z-basis configuration, the
measurement outcome of ZiZi+1 is +1 when the two spins
are aligned and −1 when they are anti-aligned. Therefore,
this term determines whether the system energetically favors
aligned or alternating spin configurations. For positive J,
aligned configurations are favored, which is called ferromag-
netic behavior; for negative J, alternating configurations are
favored, which is called antiferromagnetic behavior14. This
term makes the model many-body because the energy of one
spin depends on the state of its neighbor.

The second term,

−hx ∑
i

Xi, (8)

represents the transverse field. It is called transverse be-
cause it acts in the x direction while spin-up and spin-down
are defined along the z direction. The operator Xi flips the
spin on site i, changing |0⟩ into |1⟩ and |1⟩ into |0⟩. This
term introduces quantum fluctuations because it prevents the
system from remaining fixed in a single classical spin config-
uration. It is therefore essential to the quantum dynamics of
the transverse-field Ising model.

The third term,

−hz ∑
i

Zi, (9)

represents the longitudinal field. It is called longitudinal
because it acts along the same z direction as the Ising inter-
action. This term biases the system toward one spin direction
along the z axis. A positive longitudinal field favors spin-up
states, while a negative longitudinal field favors spin-down
states. The longitudinal field is theoretically important be-
cause it breaks the integrable structure of the transverse-field
Ising model.

Integrable
When

hz = 0, (10)

the Hamiltonian reduces to the transverse-field Ising model.

Non-Integrable
When

hz ̸= 0, (11)

the model becomes the tilted-field Ising model. The
longitudinal field breaks the free-fermion structure of the
transverse-field Ising model and generally makes the system
non-integrable. This means the additional conserved structure
of the integrable model is lost, allowing more complex many-
body dynamics to emerge15.

The dynamics depend on the relative strengths of the interac-
tion and field terms. In the field-dominated limit h≫ J, single-
site rotations set the leading motion and the weaker spin–spin
coupling generally produces correlations more slowly. In the
interaction-dominated limit J ≫ h, neighboring spins strongly
influence one another and the response becomes more collec-
tive. The intermediate regime J ≈ h contains direct competi-
tion between field-driven rotations and interaction-driven or-
ganization in the Z basis, so neither contribution can be ne-
glected.

The six benchmark cases use J/hx = 0.9, 1.0, and 1.4. All
three lie near this intermediate scale rather than deep in ei-
ther asymptotic limit. They are therefore described as lower,
matched, and higher coupling cases, not as distinct field- and
interaction-dominated phases. Supplementary File S1 retains
the extended discussion of these limiting regimes.

Quantum Circuits

A quantum circuit applies an ordered sequence of unitary
gates to qubits13. A gate acts on one or more qubits while
preserving total probability. To simulate a Hamiltonian digi-
tally, we approximate the continuous evolution U(t) = e−iHt

by repeating gate layers for its simpler component terms1,2.
This gives a circuit that can be executed on the device. The
approximation introduces a product-formula error when the
components do not commute, as discussed below. Supplemen-
tary File S1 gives the fuller introduction to qubits, gates, and
digital simulation.

The gates follow from the form of each Hamiltonian term.
Exponentiating the transverse-field term involving Xi gives
single-qubit rotations about the x axis. The longitudinal-field
term involving Zi gives rotations about the z axis. The interac-
tion term involving ZiZi+1 acts on neighboring spin pairs, so
its exponential requires two-qubit operations.

Hardware Noise in Quantum Circuit Implementation

On quantum hardware, control pulses approximate the in-
tended unitary gates, so coherent over- or under-rotation, un-
wanted phases, and stochastic gate errors can accumulate with
circuit depth4. Two-qubit errors are particularly relevant be-
cause the repeated RZZ layers create the nearest-neighbor in-
teractions and correlations being benchmarked. Readout as-
signment error can flip recorded outcomes and bias both ⟨Zi⟩
and ⟨ZiZ j⟩, while finite sampling adds estimator variance
rather than a deterministic contraction.

Environmental coupling also produces T1 relaxation and T2
dephasing; residual coupling and crosstalk can introduce ad-
ditional qubit- and layer-dependent errors16. These processes
can alter amplitudes, phases, and correlation structure, but the
retained archive contains expectation values rather than raw
outcomes, covariance, calibration-matched controls, or path-
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specific calibration records. The observed discrepancies there-
fore cannot be assigned to one unique hardware-noise mecha-
nism. Supplementary File S1 retains the extended mechanism-
by-mechanism discussion.

Trotterization

Trotterization approximates evolution under the full Hamil-
tonian by applying the simpler component evolutions in se-
quence17,18. With the signs in Eq. (6), we write H = HZZ +
HX + HZ , where HZZ = −J ∑

N−1
i=1 ZiZi+1, HX = −hx ∑

N
i=1 Xi,

and HZ = −hz ∑
N
i=1 Zi. The two diagonal terms, HZZ and HZ ,

commute with each other. The transverse term HX gener-
ally does not commute with them, and the Baker–Campbell–
Hausdorff expansion expresses the resulting splitting error
through these commutators19.

Combining the commuting diagonal terms gives the follow-
ing symmetric second-order step:

S2(∆t) = e−i(HZZ+HZ)∆t/2e−iHX ∆te−i(HZZ+HZ)∆t/2. (12)

At t = n∆t, the product-formula state is |ψTrot(t)⟩ =
S2(∆t)n|ψ(0)⟩. In Qiskit’s convention, Rα(θ) = e−iθσα/2, so
each diagonal half-layer uses −J∆t for RZZ and −hz∆t for RZ .
The intervening transverse layer uses −2hx∆t for RX . Sym-
metric ordering gives a local error of O(∆t3) and a fixed-time
global error of O(∆t2)19; the convergence test below checks
this scaling. Reducing ∆t lowers the splitting error, but re-
quires more gate layers and exposes the state to hardware
noise for longer. Supplementary File S1 gives the derivation
and the corresponding resource trade-off.

Observables

For the ideal state |ψTrot(t)⟩ obtained from this product for-
mula, we evaluate three observable families:

mi(t) = ⟨Zi⟩t ,Mz(t) =
15

∑
i=1

mi(t), (13)

Cconn
8 j (t) = ⟨Z8Z j⟩t −m8(t)m j(t), j ̸= 8. (14)

Local magnetization gives the polarization at each site; to-
tal magnetization sums those values over the chain. Connected
correlations remove the product of the two one-site polariza-
tions, leaving the part that cannot be explained by indepen-
dent measurements. A nonzero value indicates statistical de-
pendence between the measured components, but is insuffi-
cient on its own to establish entanglement. We use 15 local
components, one derived total, and 14 center-to-site connected
components. Full definitions and their physical interpretation
appear in the Supplementary Information section “Expanded
observable definitions.”

Quantitative Benchmarking Metrics

To quantify hardware–simulation agreement, the IBM hard-
ware data were compared with the noiseless second-order
Trotterized simulation at the same 71 hardware sampling
times. Let HO,ℓ(tk) and TO,ℓ(tk) denote the hardware and ideal
Trotter values, respectively, for component ℓ of observable O
at sampled time tk 8–10. Hardware data were not interpolated.
The pooled raw root-mean-square error was defined as

RMSEO =

√︄
1

ntnO

nt

∑
k=1

nO

∑
ℓ=1

[︁
HO,ℓ(tk)−TO,ℓ(tk)

]︁2
. (15)

Because the three observable families have different natural
scales and component counts, raw RMSE is compared within
rather than across families.

Small connected-correlation amplitudes make an all-zero
output an important baseline. Zero-baseline skill was defined
as

S0 = 1− RMSE(H,T )
RMSE(0,T )

. (16)

A positive value means that the hardware trajectory is closer
to the ideal trajectory than an all-zero predictor; a nonpositive
value means that it is not. This baseline prevents a small raw
error from being interpreted as faithful dynamics when the tar-
get signal is itself close to zero.

Temporal shape was assessed component-wise using Pear-
son coefficients and Fisher-z averaging. An empirical
exponential-contraction fit and circular moving-block sensi-
tivity analysis are reported in Supplementary File S1. These
are trajectory diagnostics, not experimental confidence in-
tervals. For 2048 independent direct Pauli measurements,
SE(⟨P⟩) ≤ 1/

√
2048 = 0.0221, but connected correlations

and total magnetization require unavailable covariance infor-
mation. The breakdown-time statistic is retained in S1 only as
a threshold-sensitivity diagnostic.

Numerical and Hardware Methods

Trotterization Procedure

The tilted-field Ising Hamiltonian cannot be implemented as
one single operation in a gate-based quantum circuit, so it
must be decomposed into simpler pieces that can be applied
sequentially. For the tilted-field Ising Hamiltonian, the rele-
vant positive generators used for the circuit decomposition are
the z-dependent generator,

D = J ∑
j

Z jZ j+1 +hz ∑
j

Z j,

and the transverse-field generator,

© The National High School Journal of Science 2026 | 5



Xgen = hx ∑
j

X j.

Using the Pauli commutation relation [Z j,Xk] = 2iYjδ jk and
the standard product identity [AB,C] = A[B,C] + [A,C]B, the
commutator becomes

[D,Xgen] = 2ihx

[︄
hz ∑

j
Yj + J ∑

j

(︁
Z jYj+1 +YjZ j+1

)︁]︄
. (17)

This commutator shows that the transverse field does not
act independently of the z-dependent terms. The transverse
field flips spins, while the Ising interaction and longitudinal
field align neighboring spins and bias them along the z direc-
tion. Since these effects do not commute, they generate new
operator structures involving Yj and neighboring combinations
such as Z jYj+1 and YjZ j+1. These structures show how local
spin flips become linked to neighboring spin configurations,
providing a way for connected correlations to form between
sites.

This same commutator also controls the reliability of
the product-formula approximation. The Baker–Campbell–
Hausdorff expansion shows that products of exponentials of
non-commuting operators produce additional commutator and
nested-commutator terms18. In this simulation, the relevant
dimensionless factors are

∆tJ, ∆thx, ∆thz.

The second-order error depends on commutators and nested
commutators, not on a universal rule that each bare parame-
ter must be below one. Accuracy was therefore established
directly through exact sparse matrix-exponential-action vali-
dation and fixed-H timestep convergence rather than inferred
from parameter magnitude alone.
The six base cases used hx = 0.35625; hz = 0 or 0.35625; and
J = 0.320625, 0.35625, or 0.49875. The transverse field was
fixed so that the comparison focused on the longitudinal field
and nearest-neighbor interaction.

The hz = 0 cases act as the transverse-field Ising reference
set, while the hz = 0.35625 cases show how the selected ob-
servables change after the tilted field is introduced. The pa-
rameter values were fixed before the archived hardware exe-
cution after approximately 250 exploratory development sim-
ulations. The outputs and numerical selection rule from that
preliminary scan were not archived and therefore cannot now
be reconstructed or quantitatively assessed. Because select-
ing cases for stable late-time behavior could favor trajectories
for which decoherence produces apparent agreement with a
small ideal signal, the preliminary scan is treated as a possible
source of selection bias rather than as evidence for the bench-
mark conclusions. The six cases are therefore interpreted as an

exploratory parameter set rather than a representative sweep of
parameter space.
Second-order symmetric Trotterization was used with
timestep

∆t = 0.1.

This timestep provided a manageable circuit depth while
still allowing the dynamics of the model to be resolved. Its ac-
curacy was assessed against exact sparse matrix-exponential-
action evolution for local magnetization, total magnetiza-
tion, and all 14 center-to-site connected correlations in all six
base cases. Across those cases, exact-versus-product-formula
RMSE ranges from 1.069 × 10−4 to 1.069× 10−3 for local
magnetization and from 1.192×10−3 to 8.335×10−3 for to-
tal magnetization; the largest connected-correlation RMSE is
7.498 × 10−4. A fixed-H test at ∆t = 0.20, 0.10, and 0.05
gives fitted global-error slopes of 2.002, 2.005, and 2.001
for the three observable families, consistent with a symmet-
ric second-order product formula whose local one-step error
scales as O(∆t3)20. Complete residuals and convergence ta-
bles are reported in the Supplementary Information. The 4×
parameter calculation in Figure 1(b) is retained as a stress test,
not a timestep-convergence test, because it changes the Hamil-
tonian while holding ∆t fixed.

Finally, the Trotter timestep was fixed at ∆t = 0.1 for the
IBM quantum hardware implementation. The selected back-
end was ibm marrakesh. To reduce the total hardware run-
time while preserving the same Trotterized dynamics, IBM
hardware observables were sampled every 0.5 units of evo-
lution time. The IBM hardware circuits were run with 2048
shots per circuit. Circuits were transpiled with optimization
level 0. This level still performs layout, routing, and basis
translation and therefore does not guarantee that the logical
Trotter-layer structure is preserved on the device. The histori-
cal transpiled circuits were not archived, so native gate counts,
two-qubit depth, duration, routing overhead, and calibration-
weighted error cannot be reconstructed. The simulation curves
were evaluated on the ∆t = 0.1 grid, while hardware results
are shown at the 71 sampled times. At finite ∆t, the repeated
layers also define a discrete Floquet evolution whose devia-
tions from continuous-time dynamics are quantified by the ex-
act and fixed-H checks above7.

In the base calculation, the exact and Trotterized connected-
correlation curves remain closely aligned across all six cases,
with maximum RMSE 7.498 × 10−4. The 4× calculation
shows more noticeable separation because the Hamiltonian
scale is changed at fixed timestep. It therefore demonstrates
a higher-scale stress condition but does not establish conver-
gence with respect to ∆t. The separate fixed-H study estab-
lishes the expected global second-order scaling. Together,
these checks separate the small product-formula error of the
base reference from the much larger hardware discrepancy.
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Figure. 1 Comparison of exact sparse matrix-exponential-action and
second-order Trotter evolution for the 14 center-to-site connected
correlations in the 15-site chain up to t = 35. Subfigure (a) uses
the base parameters of the hardware benchmark. Subfigure (b) mul-
tiplies J, hx, and hz by four at fixed ∆t = 0.1 and is a stress test rather
than a convergence test. Each subfigure contains the six parameter
cases, with hz/hx = 0 in the top row, hz/hx = 1 in the bottom row,
and J/hx = 0.9, 1.0, and 1.4 across columns. Mirror-related curves
overlap because the uniform open Hamiltonian and centered initial
state are reflection symmetric. The dashed green line is the closest
transient-stability time used when generating the original plots; it is
not used as a fidelity metric in this revision. Numerical errors for all
three observable families and a fixed-H timestep-convergence test are
reported in the Supplementary Information.

Circuit Implementation

The Qiskit convention for the two-qubit rotation is22

RZZ(θ) = exp
(︃
− iθ

2
Z ⊗Z

)︃
. (18)

For the interaction Hamiltonian −JZiZi+1, the diagonal
half-step exp(+iJZiZi+1∆t/2) uses the Qiskit angle θ =
−J∆t, rather than −J∆t/2, because the gate definition al-
ready includes the factor of one half. The longitudinal
half-step uses RZ(−hz∆t), and the full transverse step uses
RX (−2hx∆t). These layers give the symmetric sequence
D(∆t/2)Xgen(∆t)D(∆t/2).

Each qubit represents one site of the spin chain. We pre-
pared the chain with all spins up except the central qubit, q8,
which was flipped down. Starting with every qubit in the com-

Figure. 2 IBM Quantum Composer rendering21 of the initialization
and one symmetric second-order Trotter step for the hz = hx, J = hx
case. An X gate prepares site 8 in |1⟩ while all other sites remain in
|0⟩. The complete step is D(∆t/2)Xgen(∆t)D(∆t/2): each diagonal
half-layer contains nearest-neighbor zzphase and one-site RZ ro-
tations, and the central layer contains RX rotations. In Qiskit’s gate
convention the displayed half-step angles are −J∆t =−0.035625 and
−hz∆t = −0.035625, while the full transverse angle is −2hx∆t =
−0.07125. The original image is retained; its terminal preview of the
following repeated block is cropped so that the displayed unit ends
after the second diagonal half-layer.

putational basis state |0⟩, we applied an X gate to the eighth
qubit. The resulting state of the 15-qubit system is

|ψ(0)⟩= |000000010000000⟩.

The central spin flip lets us examine how a localized ex-
citation affects site-resolved magnetization and center-to-site
correlations over time.
We implemented each term of Eq. (6) through its correspond-
ing time-evolution operator. The initial Pauli-X gate creates
the spin-down excitation before this evolution begins. A diag-
onal half-step applies exp[−i(HZZ +HZ)∆t/2] using nearest-
neighbor RZZ rotations and one-site RZ rotations. The central
layer applies exp(−iHX ∆t) through RX rotations. Repeating
the complete symmetric step 350 times gives the trajectory up
to t = 35.

Reproducibility details

All hardware circuits were executed on the IBM backend
ibm marrakesh. The hardware data were collected on
May 16, 2026. The aggregate backend values reported in
supplementary file S1 describe the run period but are not a
calibration record for the unknown physical 15-qubit path.
The circuits were run without user-implemented postselection
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or full quantum error correction. In the archived hardware-
submission code, IBM Runtime EstimatorV2 was configured
with resilience level = 1, and dynamical decoupling
was requested using the XpXm sequence. No additional user-
implemented zero-noise extrapolation, postselection, or cus-
tom measurement-error mitigation was applied. Because per-
job Runtime metadata were not preserved in the stored cache,
the realized settings cannot be independently reconfirmed
from the archived expectation-value arrays alone.

Exact trajectories used scipy.sparse.linalg.expm
multiply; numerical checks included state-norm preserva-

tion and observable convergence23. Qiskit’s little-endian map-
ping was applied consistently. Six cases at 71 times produced
426 circuits, each requested with 2048 shots and optimization
level 0. The saved array contains 15 local and 14 pair expec-
tations per case and time. Raw outcomes, covariance, com-
plete Runtime metadata, layouts, historical transpiled circuits,
and path-specific calibration snapshots were not retained. The
full software versions, string-indexing rule, archive shape, and
logical-resource counts remain in the Supplementary Informa-
tion under “Reproducibility and archived resources.”

Results

Exact Validation of the Ideal Product Formula

In all six base cases, the exact-versus-product-formula errors
reported above are much smaller than the hardware discrep-
ancies. The fixed-H convergence slopes are close to two, as
expected for global second-order behavior. Figure 1 shows
the original connected-correlation comparison. The Supple-
mentary Information gives the numerical residuals for local
magnetization, total magnetization, and all 14 connected cor-
relations.

Local Magnetization

All six hardware cases in Figure 3 have lower RMSE than
the all-zero trajectory, with zero-baseline skill between 15.4%
and 27.8%. The agreement in time still varies across sites.
For hz = 0, the ideal ⟨Zi(t)⟩ curves change rapidly at early
times and then approach values close to zero at most sites.
Strong early oscillations are especially visible for J/hx = 0.9
and 1.0. At J/hx = 1.4, several qubits keep a larger positive
magnetization for longer, leaving the curves more separated
and slowing their approach toward zero.

In the bottom row, hz = hx, many ideal local-magnetization
curves remain positive through most of the plotted interval.
Several stay between roughly 0.5 and 1.0, particularly for
J/hx = 1.0 and 1.4, rather than approaching zero. The pos-
itive longitudinal field favors +Z alignment and accounts for

Figure. 3 Site-resolved local magnetization for the six base-
parameter cases. Solid colored curves show the ideal second-order
Strang product-formula trajectories. Filled circles show archived
hardware measurements for sites to the left of site 8, while open
squares show the corresponding reflection-related sites to the right.
Site 8 is shown separately. One ideal curve is displayed for each dis-
tance from the center because ideal mirror-site trajectories overlap to
numerical precision; hardware mirror-site measurements are not av-
eraged. All hardware points are archived expectation values sampled
every 0.5 time units; the requested Runtime settings are described in
Methods but cannot be independently verified from the retained data.

this stronger polarization. That bias alone provides no evi-
dence for quantum chaos or thermalization.

The hardware data also show an early decrease in magne-
tization, but their amplitudes span a smaller range than the
ideal curves. For hz = 0, most hardware values lie near zero
after the initial drop and broadly follow the scale of the ideal
response. The separation is larger for hz = hx: the ideal sim-
ulation keeps higher local magnetization, while the hardware
values are lower and vary less from site to site. We quantify
this loss of amplitude with the contraction analysis below. The
fit describes the discrepancy without identifying a single noise
mechanism.

Total Magnetization

Figure 4 compares the collective magnetization of the ideal
and hardware trajectories. All six hardware trajectories out-
perform the zero predictor, with zero-baseline skill of 36.6–
52.6% for hz = 0 and 27.0–30.6% for hz = hx. In the hz = 0
cases, the ideal simulation begins at 13 and then drops sharply
at early times. For J/hx = 0.9 and 1.0, the ideal total magneti-
zation falls close to zero after the initial transient and remains
near zero for most of the plotted window. In the J/hx = 1.4
case, it also decreases early but retains a larger positive value
during parts of the evolution.

The hardware values in the hz = 0 row also decrease quickly
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Figure. 4 Total magnetization Mz(t) = ∑
15
i=1⟨Zi(t)⟩ for the six pa-

rameter cases. The black curves show the ideal second-order Trotter
simulation, while the orange markers show IBM hardware totals ob-
tained by summing the same 15 local expectations in Figure 3. The
prepared state has Mz(0) = 13. Rows distinguish hz/hx = 0 and 1;
columns show J/hx = 0.9, 1.0, and 1.4. Total magnetization is a de-
rived aggregation rather than an independent hardware circuit family,
and its sampling uncertainty depends on covariance among the local
estimates, which was not saved.

from the initial value. After the early-time drop, they remain
low and relatively stable but do not reproduce the detailed tem-
poral structure of the ideal simulation. For J/hx = 0.9 and 1.0,
the hardware total settles slightly above zero while the ideal
trajectory remains closer to zero. For J/hx = 1.4, both trajec-
tories remain positive after the initial decrease, although their
later-time structures differ.

The hz = hx cases show a larger difference between the ideal
simulation and hardware. In the ideal trajectories, total mag-
netization decreases initially but remains positively polarized,
whereas the hardware total is substantially contracted. The
zero-baseline results nevertheless show that the hardware re-
tains nontrivial collective information in all six cases, without
implying faithful reproduction of the full many-body state.

Signed Site-Resolved Center-to-Site Connected Correla-
tions

Figure 5 shows the signed hardware center-to-site connected-
correlation maps for all six cases. The corresponding ideal
signed maps are provided in Supplementary File S1. In
the ideal simulation, the center-to-site correlations develop
through the combined noncommuting transverse-field and
nearest-neighbor interaction dynamics. The diagonal ZZ inter-
action alone commutes with each local Zi and therefore cannot
generate the observed Z-basis correlation dynamics from the
initial computational-basis product state. The uniform open
Hamiltonian and centered initial state also preserve reflection
symmetry about site 8, as confirmed numerically in the Sup-
plementary Information.

The connected-correlation benchmark gives a different re-
sult from the magnetization observables. Four of the six hard-

Figure. 5 Signed center-to-site connected correlations measured on
IBM hardware for all six parameter cases. The diverging color scale
is centered at zero and is shared across the six hardware panels. Site
8 is absent because the self-correlation is excluded. The ideal signed
maps and matched ideal–hardware comparisons, displayed with sep-
arate source-specific scales, are provided in Supplementary File S1.
Because covariance and shot-level outcomes were not retained, iso-
lated nonzero pixels are not interpreted as statistically resolved cor-
relations or as a propagation front.

ware cases fail to outperform an all-zero trajectory, while the
remaining two improve over zero by only 2.9% and 0.8%.
Their comparatively small absolute RMSE therefore does not
establish faithful reproduction of the ideal correlation dynam-
ics when the ideal signal itself is small.

The archived hardware data also do not retain the covari-
ance required to determine uncertainty in Cconn

8 j . Conse-
quently, isolated nonzero hardware values are not treated as
statistically resolved correlations, and no hardware first-arrival
time or propagation velocity is claimed.

Quantitative Benchmarking of Hardware–Simulation
Agreement

To move beyond visual comparison, agreement between the
IBM hardware results and the ideal second-order Trotter sim-
ulation was quantified using the raw RMSE, zero-baseline
skill, Fisher-z temporal-correlation summaries, and the em-
pirical contraction model defined above. The complete 18-
row RMSE and zero-baseline-skill table is reported in Supple-
mentary File S1. The main findings and numerical ranges are
stated below.

For scale, 2048 independent direct Pauli shots correspond
to a single-expectation standard-error upper bound of approx-
imately 1/

√
2048 = 0.0221. Because the archived Runtime

outputs do not retain the raw measurement outcomes, co-
variance information, or returned Estimator uncertainties, this
value is used only as a nominal sampling scale and not as an
experimental error bar on the reported metrics.

Local magnetization outperformed the all-zero trajectory in
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every case, with S0 between 15.4% and 27.8%. Total magneti-
zation also outperformed zero in every case, with S0 between
27.0% and 52.6%. These results show partial retention of
nontrivial magnetization-scale information under the selected
RMSE metric, while making no claim of state fidelity.

Connected correlations produced a different result. The
hardware failed to outperform zero in four of the six cases.
In the other two cases, improvement over zero was only 2.9%
for hz = 0, J/hx = 1.4 and 0.8% for hz = hx, J/hx = 1.4. Their
comparatively small absolute RMSE therefore does not indi-
cate faithful reproduction when the ideal signal itself is small.

Fisher-z mean temporal correlations for local magnetiza-
tion are 0.694–0.746 for hz = 0 and 0.402–0.459 for hz =
hx. Individual-site values are heterogeneous: the minimum
reaches −0.026, the maximum reaches 0.959, and the central-
site values range from 0.294 to 0.578. For connected corre-
lations, none of the six cases provides evidence of positive
temporal agreement under the seven-sample-block diagnostic:
four intervals include zero, while the hz = 0, J/hx = 1.0 inter-
val is narrowly negative at [−0.182,−0.002] and the hz = hx,
J/hx = 1.4 interval is negative at [−0.194,−0.063]. These in-
tervals are conditional trajectory-shape diagnostics rather than
experimental confidence intervals.

The contraction model reduces pooled local-magnetization
RMSE by 18–49% for hz = 0 and by 67–68% for hz = hx.
Fitted Γ values range from 0.572 to 1.022 and from 0.104 to
0.128, respectively. Residual discrepancy remains, so a scalar
contraction does not fully explain the data and is not identified
with a unique noise process. Complete component statistics,
block-length sensitivity, contraction intervals, signed correla-
tion maps, logical resource counts, and breakdown-threshold
sensitivity are reported in the Supplementary Information.

Discussion

Hamiltonian Dynamics

The hz = 0 cases provide the transverse-field Ising reference.
Here the transverse field and nearest-neighbor Ising interac-
tion determine the dynamics, with no longitudinal bias. For
J/hx = 0.9 and 1.0, Figures 3 and 4 show a rapid early de-
crease in local and total magnetization, and most qubits ap-
proach values near zero. This is consistent with the transverse
field rotating the spins away from the measured Z basis. At
J/hx = 1.4, several sites stay more positively polarized for
longer. The higher selected coupling therefore changes the
magnetization response of this finite chain. These three cases
do not represent asymptotic field-dominated or interaction-
dominated limits.

The lower row, hz = hx, shows how a longitudinal field
changes the response. Figures 3 and 4 show stronger ideal
local and total magnetization than in the corresponding hz = 0

cases. This field acts along the measured Z direction and fa-
vors positive Z-axis polarization. Meanwhile, the transverse
field rotates spins away from the Z basis, and the interaction
couples neighboring sites. The competing terms produce os-
cillations instead of a steady approach toward zero, especially
for J/hx = 1.0 and 1.4. The longitudinal bias explains the con-
trast between rows without requiring an interpretation in terms
of chaos or thermalization.

Interpreting the six hardware panels in Figure 5 also re-
quires the ideal correlation maps. Those correlations de-
velop through the noncommuting transverse-field and inter-
action dynamics: the ZZ interaction alone is diagonal in the
measurement basis and commutes with each local Zi. Reflec-
tion about site 8 leaves both the uniform open chain and the
central spin flip unchanged. The mirror-related ideal curves
consequently overlap to about 10−14 or better in every case.
Increasing J/hx broadens the correlation pattern in this finite
chain, while later bands also contain interference and bound-
ary reflections. The ideal signed maps in the Supplementary
Information distinguish positive from negative structure. We
extract no propagation velocity from the hardware data.

Ideal Simulation vs Hardware

Figure 3 shows that ibm marrakesh reproduces part of
the early magnetization response. The initially upward spins
move away from their starting values, while the flipped cen-
tral spin begins in the opposite state. Both features are visible
in the ideal and hardware trajectories. The hardware curves,
however, cover a smaller range and separate less clearly across
sites. For hz = 0, they outperform the all-zero predictor by
15.4–19.8%. Across all six cases, that improvement ranges
from 15.4–27.8%. The local signal thus contains information
beyond zero in both field settings, even though its temporal
pattern is only partly reproduced. The component-wise corre-
lations make this distinction clear: temporal agreement differs
substantially from one site to another, so the positive skill val-
ues do not establish full temporal fidelity.

The exponential-contraction fit describes part of this am-
plitude loss. It reduces pooled local-magnetization RMSE by
18–49% for hz = 0 and 67–68% for hz = hx, without isolat-
ing the physical source. Readout bias, coherent and stochas-
tic gate errors, relaxation, dephasing, routing, crosstalk, and
backend processing could all contribute. The saved expec-
tations cannot separate them. In the Supplementary Informa-
tion, the seven logical mirror-site pairs provide a second check
that does not depend on an ideal reference trajectory. Ideal
evolution preserves reflection symmetry to numerical preci-
sion; the hardware has overall mirror-asymmetry RMS values
of 0.117–0.167. This asymmetry is strongest early in the evo-
lution and is especially pronounced for the pair at logical sites
4–12. Without the physical layout, we cannot associate it with
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particular device qubits or couplers. Finite-shot sampling adds
variance, but cannot alone explain a systematic contraction. In
the adopted Z convention, T1 relaxation toward |0⟩ would in-
crease ⟨Zi⟩ at the fourteen initially upward sites. It therefore
cannot by itself account for the observed downward amplitude
shift.

The discrepancy is larger for hz = hx. Several ideal site
trajectories retain positive polarization and oscillations as the
three Hamiltonian terms compete, but the hardware repro-
duces these features less accurately. The Fisher-z mean tem-
poral correlations fall from 0.694–0.746 for hz = 0 to 0.402–
0.459 for hz = hx. Individual components span a broad range,
with central-site values from 0.294 to 0.578. These numbers
describe a difference in the measured observables for the se-
lected circuits. They do not justify attributing the difference
to chaos or to a particular decoherence channel.

Total magnetization in Figure 4 follows a similar pattern.
The ideal total changes rapidly at early times and stays pos-
itive in the tilted-field cases, retaining memory of the initial
Z-basis polarization. The hardware total is lower and moves
closer to zero. Its zero-baseline skill nevertheless reaches
36.6–52.6% for hz = 0 and 27.0–30.6% for hz = hx. Ev-
ery total-magnetization trajectory therefore contains a collec-
tive signal that improves on zero. Four of the six connected-
correlation trajectories fail the same comparison.

Because total magnetization sums every local expectation,
its numerical scale differs from that of one site or a connected
pair. We therefore compare raw RMSE within each observable
family, rather than across families. Uncertainty in the total
also depends on covariance between the local estimates, which
cannot be reconstructed from the saved expectations. Readout
bias, gate imperfections, and errors in the programmed inter-
action layers may each shift the measured total. The archive
does not allow their individual contributions to be separated.

The ideal signed maps in Supplementary File S1 resolve the
center-to-site correlations as they evolve under the noncom-
muting transverse field and nearest-neighbor interaction. The
strongest features remain around site 8. Later bands also con-
tain interference within the finite chain and reflections from
its boundaries. We found no statistically resolved first-arrival
front in the hardware data, so these finite-chain results provide
no estimate of a hardware propagation velocity.

The IBM hardware panels have weaker structured contrast
and more isolated nonzero pixels. Four connected-correlation
cases fail to outperform the all-zero trajectory; the other two
improve on it by only 2.9% and 0.8%. Their small absolute
RMSE must be read alongside the small ideal signal: it does
not demonstrate recovery of the temporal pattern. The primary
conditional moving-block intervals include zero in four cases
and are negative in two, including the hz = hx, J/hx = 1.4 case.

A connected correlation is calculated from ⟨ZiZ j⟩ −
⟨Zi⟩⟨Z j⟩, so errors in the joint expectation and in either lo-

cal expectation enter the final value. These estimates are also
statistically correlated. The finite-shot bound for a directly
measured Pauli expectation, given in Methods, cannot supply
an uncertainty bar for this combined quantity. That calcula-
tion would require a bitstring bootstrap or a delta method that
includes covariance. Raw outcomes were not saved, so neither
can be carried out on this archive. The isolated nonzero hard-
ware pixels consequently do not resolve a propagation front.

Supplementary File S1 gives the threshold-dependent
agreement-breakdown analysis. With the original defini-
tion, local and total magnetization both gave tB = 0.5. The
connected-correlation values ranged from 2.0 to 24.5 at
threshold 0.05, while every case was right-censored beyond 35
at threshold 0.15. The inferred time changes with the thresh-
old, the required persistence, and the signal scale. These de-
pendencies prevent interpreting tB as a measure of fidelity.

The hardware retains different amounts of information in
the three observable families. Total magnetization gives the
strongest improvement over the zero baseline. Local magne-
tization preserves some site-resolved behavior, with substan-
tial variation between sites, while the connected correlations
provide little reliable separation from a zero output. A col-
lective response can therefore survive even when the weaker
multicomponent correlations are poorly reproduced. This con-
clusion applies to the backend, execution period, initial state,
system size, parameter cases, and circuit implementation ex-
amined here.

The archive cannot establish whether error mitigation im-
proved these measurements. Our submission code requested
Runtime resilience level 1 and XpXm dynamical decoupling,
but the complete returned metadata were not saved. We did not
run mitigation-off, dynamical-decoupling-off, or calibration-
matched noisy-simulator controls. Although mitigation may
improve future hardware estimates, it needs a controlled com-
parison in this setting. Future runs should define those control
arms in advance and retain the raw counts, physical layouts,
transpiled circuits, calibration snapshots, and repeated execu-
tions24–26.

Supplementary File S1 gives the recommendations for mea-
surement order and native depth, the covariance information
needed for connected correlations, and the full discussion of
fault-tolerant overhead.

Conclusion

This archived 15-qubit tilted-field Ising execution preserved
part of the magnetization response, but did not establish
faithful center-to-site connected-correlation dynamics. Exact
sparse evolution and the fixed-Hamiltonian convergence test
validate the ideal second-order reference. Every local- and
total-magnetization case improves on the zero baseline. Four
connected-correlation cases do not, and the other two improve
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by only 2.9% and 0.8%. The contraction fit and symmetry
checks describe aspects of the hardware discrepancy; they nei-
ther identify a unique noise mechanism nor demonstrate suc-
cessful reconstruction of the ideal dynamics.

These findings concern one initial state, chain size, back-
end, execution period, and six selected parameter cases. The
archive lacks returned per-job settings, raw outcomes, covari-
ance, repeated executions, physical layouts, historical tran-
spiled circuits, and calibration records for the physical path.
Future experiments should save these records, fix or record
that path, repeat representative circuits across calibration win-
dows, and compare runs with controlled mitigation and dy-
namical decoupling. Supplementary File S1 retains the full
account of the limitations and proposed follow-up work, in-
cluding smaller-chain controls and additional diagnostics of
chaos or operator spreading.

Code and Data Availability. Analysis code and archived
processed data: GitHub repository.
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