
PHYSICAL REVIEW RESEARCH 7, 033153 (2025)

Filter-enhanced adiabatic quantum computing on a digital quantum processor

Erenay Karacan ,1,* Conor Mc Keever,2 Michael Foss-Feig ,3 David Hayes ,3 and Michael Lubasch 2,†

1Quantinuum, Leopoldstraße 180, 80804 München, Germany
2Quantinuum, Partnership House, Carlisle Place, London SW1P 1BX, United Kingdom

3Quantinuum, 303 S. Technology Ct., Broomfield, Colorado 80021, USA

(Received 27 March 2025; accepted 23 July 2025; published 14 August 2025)

Eigenstate filters underpin near-optimal quantum algorithms for ground-state preparation. Their realization on
current quantum computers, however, poses a challenge as the filters are typically represented by deep quantum
circuits. Additionally, since the filters are created probabilistically, their circuits need to be rerun many times
when the associated success probability is small. Here, we describe a strategy to implement a ground-state
filter on quantum hardware in the presence of noise by prepending the filter with digitized adiabatic quantum
computing. The adiabatically prepared input state increases the success probability of the filter and also reduces
its circuit depth requirements. At the same time, the filter enhances the accuracy of the adiabatically prepared
ground state. We compare the approach to the purely adiabatic protocol through numerical simulations and
experiments on the Quantinuum H1-1 quantum computer. We demonstrate a significant improvement in ground-
state accuracies for paradigmatic quantum spin models.
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I. INTRODUCTION

Ground-state calculations on quantum computers are use-
ful to numerous areas of research, e.g., quantum chemistry
[1–8], condensed matter physics, and materials science
[6,9–11]. Over the past few years, considerable research ef-
forts have focused on variational quantum algorithms [12,13]
for ground-state computations [14], due to the feasibility of
running them on current quantum hardware. Although sub-
stantial progress has been made using variational approaches,
skepticism persists because of their heuristic nature and an
ongoing dispute over their scalability [15–24]. These as-
pects motivate a renewed interest in nonvariational quantum
algorithms that usually come with asymptotic performance
guarantees but are generally too demanding to realize on
present quantum devices.

One particularly versatile, nonvariational procedure is adi-
abatic quantum computing (AQC) [25–27], which starts from
an easy-to-prepare ground state |ψinit〉 of an initial Hamil-
tonian Hinit and transforms it into a final state |ψAQC〉 that
approximates the desired ground state |ψtarg〉 of the target
Hamiltonian Htarg. This transformation is governed by a time-
dependent Schrödinger equation that evolves the state from
an initial time t = 0 to a total time t = T , according to the
interpolating Hamiltonian

H (t ) = [1 − s(t )]Hinit + s(t )Htarg. (1)
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Here, s(t ) parameterizes the so-called adiabatic path with
s(0) = 0 and s(T ) = 1. The target ground state is success-
fully prepared if T is sufficiently large and, often, T needs
to scale as O(1/�2

min), where �min is the minimum spectral
gap (i.e., the energy difference between the ground and first
excited state) of all Hamiltonians along the adiabatic path.
While AQC originally assumes evolution in continuous time,
a digitized AQC form [26,28–30] has been developed for gate-
based quantum computers with exciting applications [31–33].
If highly accurate ground-state preparation is required, how-
ever, the conditions for adiabaticity can lead to large circuit
depths, which in turn impose challenging experimental re-
quirements on quantum gate errors.

Quantum algorithms based on eigenstate filtering (F)
[34–45] offer us alternatives to AQC for ground-state prepa-
ration. One such filtering algorithm is the so-called quantum
eigenvalue transformation of unitary matrices (QETU) [41],
which employs a polynomial to approximate a step func-
tion via quantum singular value transformation (QSVT)
[46–49]. The QETU method can be used to filter out ex-
cited states in the eigenbasis of the target Hamiltonian Htarg

for an arbitrary input state |ψinput〉, leaving behind an ap-
proximation to the target ground state |ψtarg〉. State-of-the-art
filter-based algorithms can achieve near-optimal asymptotic
complexities Õ(�−1

targ), where Õ denotes the complexity up
to polylogarithmic factors and �targ is the spectral gap of the
target Hamiltonian [37,39,45]. Therefore, eigenstate-filtering
schemes for ground-state preparation can have significantly
better asymptotic gate requirements compared to AQC.

Despite their promising asymptotic scaling, filter-based
quantum algorithms such as QETU typically require deep
quantum circuits to be implemented in practice. This is
due to the sizable constant gate overhead required to real-
ize the controlled time-evolution operator in QETU and the
large number of queries to this operator needed to create a
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sufficiently high-degree polynomial approximation of the de-
sired filter. These practical challenges are compounded by the
probabilistic nature of the QETU scheme in which the filter is
realized with a success probability that is low when the input
state |ψinput〉 has only a small overlap with the target ground
state.

In this paper, we aim to address the practical challenges of
implementing ground-state filters on digital quantum comput-
ers with limited circuit depths. To that end, we precondition
the input state using adiabatic state preparation, |ψinput〉 =
|ψAQC〉, such that the resource requirements for the filtering
algorithm are significantly reduced. We refer to the com-
bined approach as AQC + F. Similar strategies have been
put forward, from a theoretical perspective, by Refs. [50,51].
Here, we focus our efforts on experimentally demonstrating
the advantage of AQC + F over AQC alone and, in doing
so, develop a different spectral profiling method, which is
appropriate for current quantum computers.

We summarize our protocol in Fig. 1. Starting with an
initial state |ψ〉 = |ψinit〉, which is the easy-to-prepare ground
state of the Hamiltonian Hinit, we perform adiabatic evolution
according to Eq. (1) for a total evolution time T such that the
adiabatically prepared state |ψAQC〉 has significant overlaps
with only the ground state and low-lying excited states of
Htarg. Next, we carry out spectral profiling to compute an
upper and a lower energy bound on the significantly occupied
states in the eigenbasis of Htarg. Rescaling the target Hamilto-
nian according to these bounds and using |ψAQC〉 as the input
state to the filtering algorithm allows us to utilize the lowest-
degree polynomial filter to efficiently suppress the remaining
excited states such that only the target ground state is left. The
lowest-degree, nontrivial polynomial in the QETU framework
corresponds to �η/2� = 2 [41]. In practice, this approach can
significantly reduce the gate count of the ground-state prepa-
ration circuit compared to, alternatively, simply increasing the
QETU polynomial degree [45].

In our experiments on Quantinuum’s H1-1 trapped-ion
quantum computer, we observe substantially improved energy
accuracies using AQC + F compared to just AQC for a quan-
tum Heisenberg spin chain of eight qubits. Additionally, we
numerically simulate AQC and AQC + F without noise for
the transverse-field quantum Ising model on square lattices of
sizes up to 5 × 4. In this context, our numerical results for
the ground-state overlap show an improvement of at least one
order of magnitude, assuming sufficiently large circuit depths
and comparing AQC + F with AQC at the same two-qubit
gate count.

The remainder of the paper is organized as follows. Sec-
tion II contains descriptions of the methods that are used in
this analysis. We present the results in Sec. III and conclude
with a discussion in Sec. IV. Further technical details are
provided in Appendixes A–C.

II. METHODS

In the following, we first describe the AQC implementation
in Sec. II A. Then, we explain the QETU-based eigenstate-
filtering procedure in Sec. II B as well as the corresponding
spectral profiling in Sec. II C.

FIG. 1. Steps of the AQC + F procedure to prepare the ground
state of the target Hamiltonian Htarg. The stages of the procedure are
described in terms of the trial state’s fidelity spectrum in the eigenba-
sis of Htarg at each stage; i.e., we plot the fidelity f j (|ϕ〉) = |〈ϕ|ψ j〉|2
for each eigenstate |ψ j〉 as a function of its energy (rescaled energy)
λ j (λ̃ j). (a) Fidelity spectrum f j (|ψinit〉) of the ground state of Hinit

showing significant overlap with many excited states of Htarg. (b) Fi-
delity spectrum of the state |ψAQC〉 resulting from adiabatic evolution
according to the interpolating Hamiltonian (1). Spectral profiling
is performed on |ψAQC〉 to determine upper and lower bounds λUB

and λLB, respectively. (c) Fidelity spectrum f̃ j (|ψAQC〉) with respect
to the rescaled Hamiltonian H̃ given in Eq. (3), where λmin (λmax)
is λLB (λUB). Superimposed are degree η/2 polynomial functions
F (λ̃) applied via the QETU circuit according to Eq. (4). The QETU
circuit is chosen such that F (λ̃) approximates a periodic square wave
filter with discontinuities at 2lπ ± λ̃c for integer l . (d) Successful
application of the lowest degree (η = 4) filter on the preconditioned
input state |ψinput〉 = |ψAQC〉 results in a state |ψAQC+F〉 with a large
ground-state overlap and strongly suppressed excited states.

A. Adiabatic time evolution

We implement digitized AQC by time-dependent Hamil-
tonian simulation using a product formula approach. More
specifically, we discretize continuous time into S · T time
steps of equal size τ = 1/S. For each time t j = j · τ , we
assume that the Hamiltonian is time-independent during the
associated time step and has the form H (t j ) of Eq. (1).
The entire adiabatic evolution is then given by the product∏ST

j=1 exp[−iτH (t j )]. We use a Trotter product formula [52]
to approximate each of the unitary operators exp[−iτH (t j )]
via a quantum circuit. Further details on the specific Trotter
circuits used in this paper are given in Appendix A.
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B. Eigenstate filtering

The aim of the filter is to apply the function F (H̃ ) to an
input state |ψinput〉 such that

F (H̃ )|ψinput〉 =
∑

j

c jF (λ̃ j )|ψ j〉, (2)

where c j = 〈ψ j |ψinput〉, |ψ j〉 is the jth eigenstate of Htarg,
F (λ̃) = F [cos(λ̃/2)], and F is the QSVT polynomial. The
rescaled Hamiltonian H̃ with eigenvalues λ̃ j is given by

H̃ = π (Htarg − λmin1)

λmax − λmin
, (3)

where 1 is the identity operator and λmin < λmax are real
numbers. In accordance with the original QETU construction
[41], the real polynomial F (x) for x ∈ R is chosen to have
even parity, maximum degree �η/2�, and to satisfy |F (x)| � 1
for all x ∈ [−1, 1]. Reference [41] shows that the filter (2)
with these properties is obtained by applying the unitary

UQETU( �φ) = eiφηX cU †eiφη−1X · · · cUeiφ0X (4)

to the input state plus one additional ancilla qubit and by
postselecting measurement outcomes related the ancilla qubit.
Here, exp(iφ jX ) is a Pauli-X -matrix rotation of angle φ j act-
ing on the ancilla qubit, �φ = (φ0, φ1, . . . , φ1, φ0) ∈ Rη+1 is a
symmetric sequence of phase factors, and cU denotes the con-
trolled time-evolution operator for U = exp(−iH̃ ) controlled
by the ancilla qubit. As shown in Ref. [[41], Theorem 1],
applying UQETU to the quantum state |ψinput〉 and the ancilla
qubit initialized in |0〉anc, and successfully measuring the an-
cilla qubit in the state |0〉anc creates the desired filter,

〈0|anc UQETU|0〉anc ⊗ |ψinput〉 ∝ F (H̃ )|ψinput〉. (5)

It is possible to optimize the QSVT phases �φ such that F (x)
approximates a symmetric, shifted sign function

S(x) =
{

0, |x| � μ

1, |x| > μ
, (6)

for |x| ∈ [0, 1] and cutoff value 0 � μ � 1 [41]. Taking
into account the cosine transformation resulting from the
combination of forward and backward time evolution, the
resulting filter F (H̃ ) = F [cos(H̃/2)] approximates a square-
wave function illustrated in Fig. 1(c), where λ̃c = 2 cos−1(μ).
Appendix B provides further information on our QETU circuit
constructions.

C. Spectral profiling

In Ref. [[41], Theorem 6], an algorithm is outlined for
ground-state preparation based on the assumption that the
entire spectrum of H̃ is contained in [ν, π − ν] for some
small ν > 0. For many interesting Hamiltonians, the required
polynomial degree η of that approach is too demanding for
current hardware. To alleviate the cost, we exploit that we can
prepare the filter input state |ψAQC〉 via sufficiently long adi-
abatic evolution after which this state has significant overlaps
only with the ground state and low-energy eigenstates of the
target Hamiltonian. We use this property to rescale the target
Hamiltonian such that only those eigenstates are contained
in [ν, π − ν]. More precisely, in the rescaling transformation

(3), we set λmax = λUB to be an upper bound on the highest
significantly occupied eigenstate and λmin = λLB to be a lower
bound on the ground-state energy. The procedure is illustrated
in Figs. 1(b)–1(d), where one can see that, crucially, even
a low-degree polynomial can successfully filter out the re-
maining excited states. The purpose of the following method,
which we call spectral profiling, is to determine appropriate
values for λLB and λUB.

To perform spectral profiling, we make use of our ability
to choose the rescaling parameters λmin and λmax associ-
ated with H̃ in Eq. (3) together with the filter described
above; i.e., we use the QETU filter F (H̃ ) (5), where F (x)
approximates the shifted sign function of Eq. (6). Given an
input state |ψinput〉, the key quantity we are interested in is
the success probability—the probability of measuring |0〉anc

after applying the filter—for a given pair of rescaling pa-
rameters λmax and λmin. This success probability depends
on the overlaps of |ψinput〉 with the eigenstates correspond-
ing to eigenvalues λ̃ for which F (λ̃) > 0, according to
Eq. (5).

To determine λLB, we begin by fixing λmax 
 λ0, where
λ0 is the true ground-state energy of Htarg. We proceed by
evaluating the success probability for a range of values of
λmin with fixed polynomial degree η and cutoff value μ. Snap-
shots of the spectrum scan for different values of λmin, shown
in Figs. 2(a)–2(d), demonstrate how the success probability,
plotted in Fig. 2(e), is associated with the overlap between
the filter and the fidelity spectrum of the input state in the
eigenbasis of H̃ and, furthermore, how it varies as a function
of λmin.

In the second stage of the spectral profiling, we set λmin =
λLB and evaluate the success probability as a function of λmax.
Figure 3 shows the success probability as a function of λmax,
as well as a set of snapshots of the spectral profiling procedure
used to determine λUB.

It is important to emphasize that the spectral profiling
circuits are separate to the final ground-state preparation
circuits. In practice, we use larger-degree polynomial fil-
ters (and therefore deeper circuits) in spectral profiling than
we do in the final ground-state preparation. This is possi-
ble because the single-qubit success probability estimation
required for spectral profiling is typically more resilient to
noise than the multiqubit energy expectation value estima-
tion that is used as a figure of merit for final ground-state
preparation.

III. RESULTS

We now analyze how AQC + F performs, compared to
pure AQC, in the context of two paradigmatic quantum spin
models. We consider ground-state preparation, first, for a
one-dimensional (1D) quantum Heisenberg Hamiltonian in
Sec. III A and, second, for two-dimensional (2D) transverse-
field Ising Hamiltonians in Sec. III B.

A. 1D Heisenberg model

We demonstrate the AQC + F protocol by preparing the
ground state of a one-dimensional Heisenberg model (HM)
with periodic boundary conditions. The target Hamiltonian is
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FIG. 2. Example of spectral profiling to determine a lower bound
λLB using a filter with μ = 0.98 and η = 16 or η = 64, where only
the ground and first excited state of Htarg are significantly occupied.
Panels (a)–(d) show the spectrum (fidelity as a function of rescaled
energy λ̃) in the eigenbasis of H̃ (3) for fixed λmax 
 λ0 and a range
of λmin, where λ0 is the true ground-state energy of Htarg. In each
case, filters F (5) are superimposed. (e) The success probability
as a function of λmin for two different filters. The lower bound
λLB � λ0 is chosen to the left of the peak, i.e., at or in the vicinity of
position (b).

given by

H (HM)
targ =

∑
O∈{X,Y,Z}

L−1∑
j=0

O jO j+1, (7)

where X , Y , and Z are the Pauli matrices, OL = O0 due to the
periodic boundary conditions, and we choose the system size
L to be an even number. We initialize the system in the ground
state of the initial Hamiltonian

H (HM)
init =

∑
O∈{X,Y,Z}

L/2−1∑
j=0

O2 jO2 j+1. (8)

The adiabatic path of the interpolating Hamiltonian with total
time T is given by

s(t ) = sin2

(
πt

2T

)
. (9)

Details of the Trotter circuits used to implement the
time-dependent evolution along this path are provided in
Appendix A. We implement the controlled time-evolution op-
erators required for the QETU circuit (4) using the so-called
control-free implementation [41]. This exists for Hamiltoni-
ans that can be expressed as a sum of terms such that each
term anticommutes with a specific single Pauli string. For

FIG. 3. Example of spectral profiling to determine an upper
bound λUB using a filter with μ = 0.98 and η = 16 or η = 64,
where only the ground and first excited state of Htarg are significantly
occupied. Panels (a)–(d) show the spectrum (fidelity as a function
of energy) in the eigenbasis of H̃ (3) for different values of λmax,
where λmin = λLB is fixed to the value determined from the lower
bound scan of Fig. 2, and λ1 is the true first excited state energy of
Htarg. (e) Success probability as a function of λmax. As λmax decreases,
dips in the success probability indicate eigenstates being omitted
from the filter. We choose λUB � λ1, i.e., at or near position (b). For
λmax � λ1, the spectral gap acquires a value of ≈2π at which point
the success probability increases due to the periodicity of the filter,
as shown in panel (d).

additional details on how to implement the QETU circuit, we
refer the reader to Appendix B.

Figure 4 shows the results of spectral profiling for the HM
with eight spins after an adiabatic evolution of time T = 5,
conducted using the emulator of Quantinuum’s H1-1 quan-
tum computer taking into account realistic hardware noise.
In Fig. 4(a), we plot the success probability as a function of
λmin, where the peak centered at λmin ≈ −15 enables us to
determine the lower bound λLB = −20. Similarly, in Fig. 4(b),
we observe dips in the success probability as a function of
λmax, which allow us to locate the upper bound λUB = −5.
By choosing the value of λLB (λUB) immediately to the left
(right) of the peak (dip) of the success probability, we avoid
incorrectly determining a lower (upper) bound due to the finite
resolution in λmin (λmax).

Using these rescaling parameters, we compare the perfor-
mance of AQC + F to the one of AQC without any filter by
evaluating the respective circuits via both noiseless statevector
simulations and hardware experiments on the Quantinuum
H1-1 quantum computer. In particular, we calculate the
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FIG. 4. Spectral profiling for the Heisenberg model of Eq. (7)
with eight spins and for total adiabatic time T = 5. We carry out
the success probability measurements using η = 12 and μ = 0.8
on a grid of energy values, where λmin ∈ [−40, −5] (a) and λmax ∈
[−15, 10] (b). The results are computed using the emulator of
Quantinuum’s H1-1 trapped-ion quantum device. Each data point
is calculated from 3000 measurements of the ancilla qubit. For the
lower bound scan (a), we set λmax to 0.

relative energy error,

εE(λ) = |λ − λ0|
|λ0| , (10)

between its exact value λ0, calculated numerically, and its
measured value λ. For further details on the postprocessing
procedures carried out using the measurement results related
to λ, we refer the reader to Appendix C.

Figure 5 shows εE(λ) for the HM (7) with eight spins as
a function of the total number of two-qubit gates used in
each state preparation circuit. For the AQC as well as the
AQC + F results, those circuits with larger two-qubit gate
counts realize a larger total adiabatic time T , where, for the
AQC + F results, the number of two-qubit gates contributed
by the filter remains the same throughout [corresponding to
88 native Quantinuum two-qubit gates exp(−iφZ ⊗ Z/2) with
variable angle φ]. In both the statevector and hardware results
of Fig. 5, we observe that AQC + F consistently outperforms
AQC for all total adiabatic evolution times investigated. We
also see in Fig. 5 that increasing the adiabatic evolution time,
and thereby the number of two-qubit gates, reduces the energy
error for statevector results as expected. For the hardware
results, however, energy errors begin to increase for large
adiabatic evolution times due to the accumulation of hardware
noise resulting from the larger circuit depths.

In addition to the experimental analysis of the eight-spin
HM, let us also consider larger system sizes via statevector
simulations. To compare the performance of AQC and AQC +
F, we compute the state infidelity

εF(|ϕ〉) = 1 − |〈ϕ|ψtarg〉|2 (11)

FIG. 5. Relative energy error (10) for ground-state approxima-
tions of the Heisenberg model (7) with eight spins as a function of
the number of native Quantinuum two-qubit gates exp(−iφZ ⊗ Z/2)
with variable angle φ contained in the state preparation circuit.
Quantum states are prepared using either AQC or AQC + F. Re-
sults from circuits evaluated via noiseless statevector simulations are
compared to those of circuits run on Quantinuum’s H1-1 trapped-ion
quantum computer. For the AQC + F results, we use the lowest-
degree polynomial filter with η = 4 and the cutoff value μ = 0.8.
For both AQC and AQC + F, we use S = 3 Trotter steps per unit
time. We vary the adiabatic time T ∈ {1, 4, 6, 7, 9, 10} for AQC and
T ∈ {1, 3, 4, 5, 7, 9} for AQC + F. For the hardware results, energies
are estimated using up to 1000 measurement shots per observable and
the associated error bars represent an upper bound for the standard
deviation of the sampling. Larger error bars for AQC + F are due to
the discarding of shots for which the ancilla qubit is measured in the
unwanted state |1〉anc. For the statevector simulations, the energy was
computed using 10 000 shots per observable.

between the true ground state |ψtarg〉, calculated numerically,
and the state |ϕ〉 prepared either by AQC or by AQC + F. Our
results are shown in Fig. 6(a). We see that, for sufficiently
deep circuits, AQC + F consistently outperforms AQC.

B. 2D transverse-field Ising model

Next, we apply the AQC + F protocol to the preparation
of ground states of a transverse-field Ising model (TFIM) on
two-dimensional square lattices of size Lx × Ly with periodic
boundary conditions. The target Hamiltonian is given by

H (TFIM)
targ =

LxLy−1∑
j=0

Xj −
∑
〈 j,k〉

ZjZk, (12)

where the sum over 〈 j, k〉 runs over all pairs of sites j and k
that are nearest neighbors on the square lattice. We initialize
the system in the ground state of the Hamiltonian

H (TFIM)
init =

LxLy−1∑
j=0

Xj (13)

and for the adiabatic path we use (9).
In Fig. 6(b), the infidelity εF is plotted as a function of the

number of two-qubit gates contained in the state preparation
circuits. We observe that, except for the lowest two-qubit gate
counts considered, AQC + F produces significantly reduced
infidelities compared to AQC at comparable gate counts, with
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FIG. 6. Ground-state infidelity εF (11) obtained by AQC and AQC + F for Heisenberg chains (7) of lengths L ∈ {14, 18, 20} (a) and for
transverse-field Ising models (12) of various sizes (Lx × Ly ) (b). The error is plotted as a function of the number of generic two-qubit gates.
Results are calculated using statevector simulations. For the AQC + F results, we use the lowest-order η = 4 QETU filter with cutoff value
μ = 0.8, which, for each system size, contributes a constant number of two-qubit gates. We realize the digitized adiabatic time evolution
circuits using the fourth-order product formula (A2) for the Heisenberg model and the second-order product formula (A1) for the Ising model.
For both AQC and AQC + F, we use S = 3 Trotter steps per unit time and evaluate circuits by means of statevector methods. We extract
the spectrum bounds for AQC + F via spectral profiling using statevector simulations, where μ = 0.98, η = 12, and energy grids have unit
spacing ranging from −100 to 0 (for both λLB and λUB scans).

an improvement of at least one order of magnitude. We con-
jecture that, for the problems studied in Fig. 6, the input
state to the filter, |ψAQC〉, significantly suppresses excited
states already after relatively short adiabatic evolution times,
i.e., corresponding to a low number of two-qubit gates in
Fig. 6. This would explain why the advantage of AQC + F
over AQC is visible already for low two-qubit gate counts
in Fig. 6.

IV. DISCUSSION

For paradigmatic one- and two-dimensional quantum spin
models, we have experimentally and numerically demon-
strated that AQC + F, i.e., the combination of adiabatic
quantum computing (AQC) with eigenstate filtering (F), can
prepare better ground states than AQC. Excluding experimen-
tal noise, we have numerically shown that AQC + F leads to
systematically improved ground-state results when the circuit
depth increases. In the presence of experimental noise, we
observe that, when the circuit depth increases, the ground-
state accuracy first improves and then worsens (due to the
accumulation of noise in deeper circuits), such that there ex-
ists an optimal circuit depth. For the realization of AQC + F
on current quantum computers without error correction, it is
therefore interesting to develop a protocol to determine the
optimal circuit depth in analogy to Ref. [53].

The performance of AQC + F is sensitive to both the min-
imum spectral gap along the adiabatic path and the spectral
gap of the target Hamiltonian. Smaller spectral gaps lead to
deeper circuits for multiple reasons: They require longer adia-
batic evolution times, larger-degree polynomials for spectral
profiling, and longer effective evolution times in the con-
trolled unitary evolutions of the QETU circuits. Regarding
the performance of AQC + F in the presence of gate noise,

we expect that, as spectral gaps of target problems decrease,
the maximum achievable advantage of AQC + F over AQC
decreases.

It is worth emphasizing that AQC + F can readily be com-
bined with circuit compression techniques and will likely
benefit from them. For adiabatic evolution and Hamiltonian
simulation, several quantum circuit compression algorithms
have been developed and shown to produce circuits that can
significantly outperform their counterparts derived from Trot-
ter product formulas [54–59]. These algorithms can directly
be utilized here to compress the AQC circuit block as well as
the time-evolution operator of QETU.

To improve the performance of the AQC circuit, a powerful
toolset to consider is provided by so-called shortcuts to adia-
baticity [60]. The latter concept has proven to be successful in
numerous applications [61–64].

Throughout our experiments, we rely on expectation value
measurements via sampling to approximate the ground-state
energy. To get better energy accuracies, we can use a ded-
icated circuit layer for the energy extraction at the end
of ground-state preparation, e.g., through iterative quantum
phase estimation (IQPE) algorithms or similar approaches
[65–71]. The IQPE methods estimate the energy one digit
after another. They come with the additional cost of one
more query to the time-evolution operator, whose simulation
time depends on the targeted digit. Mitigating the effects of
hardware noise on these schemes is another interesting future
research direction.
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FIG. 7. Illustration of the Trotter circuit used in this paper to
implement a single time step of AQC for a 2 × 2 lattice. We imple-
ment the time-evolution operator exp(−iτHj ) of each instantaneous
Hamiltonian Hj using the Trotter formula (A1). The circuit is com-
posed of gates Uk,l = exp(−iτH loc, j

k,l ), where H loc, j
k,l is defined in

Eq. (A3).

APPENDIX A: TROTTER CIRCUITS

We approximate the time evolution according to the
Schrödinger equation with the time-dependent Hamiltonian
H (t ) (1), where the adiabatic path is defined in (9), for
a total time T by a product of time-independent evolu-
tions governed by the Hamiltonians Hj = H ( jτ ), where
τ = 1/S and j = 1, 2, . . . , ST . For both the transverse-
field Ising model (TFIM) and the Heisenberg model (HM),
each time-independent step is approximated using either the
second-order Trotter-Suzuki product formula [72]

S2(τ ) =
⎛
⎝∏

〈k,l〉
e− iτ

2 H loc, j
k,l

⎞
⎠

⎛
⎝∏

〈k,l〉
e

iτ
2 H loc, j

k,l

⎞
⎠

†

(A1)

or the fourth-order product formula [72]

S4(τ ) = [S2(uτ )]2S2((1 − 4u)τ )[S2(uτ )]2, (A2)

where u = 1/(4 − 41/3). Here, 〈k, l〉 denotes nearest neigh-
bors on the lattice, H loc, j

k,l is the term from Hj acting on qubits
k and l , and the product is ordered in groups such that all
gates per group commute by acting on different qubit pairs.
The second-order scheme S2(τ ) of Eq. (A1) is illustrated in
Fig. 7 for the case of a 2 × 2 lattice.

For the two-dimensional TFIM, we define

H loc, j
k,l = −s( jτ )ZkZl + 1

4 (Xk + Xl ), (A3)

where s(t ) goes from 0 to 1 according to Eq. (9). The resulting
evolution slowly turns on the interaction strength such that
the system interpolates between the initial Hamiltonian HTFIM

init
(13) and the final Hamiltonian HTFIM

targ (12).
For the one-dimensional HM, we define

H loc, j
k,l =

∑
O∈{X,Y,Z}

OkOl ([s( jτ ) − 1]δk%2,1 + 1), (A4)

where δk%2,1 represents a Kronecker delta, which assumes the
value 0 when k is divisible by 2. The resulting evolution starts
from the product of singlet states and then slowly turns on

interactions between the sites {(2 j + 1, 2 j + 2)}3
j=0, which

slowly interpolates between the initial Hamiltonian HHM
init (8)

and the target Hamiltonian HHM
targ (7).

APPENDIX B: QETU CIRCUITS

The circuit implementing the QETU filter is depicted in
Fig. 8 and consists of the controlled unitary operator U =
exp(−iH̃ ) and its conjugate U † = exp(iH̃ ) as well as single-
qubit rotation gates acting on the ancilla qubit initialized in
the state |0〉anc. The rescaled target Hamiltonian H̃ corre-
sponds to Eq. (3) with (λmin, λmax) set to (λLB, λUB), which
are determined during the spectral profiling stage explained
in Sec. II C. We realize the controlled unitary operators via
the so-called control-free approach outlined in Ref. [41] and
use the Trotterization given in Eq. (A1) to implement the
time-evolution operator U , with S = 
π/[0.1(λUB − λLB)]�
and Hj set to H̃ , whose local Hamiltonians H̃ loc

k,l are the same
as given in Eq. (A3) [Eq. (A4)] for TFIM (for HM) with s( jτ )
set to 1. More explicitly, we use

e−iH̃ ≈

⎡
⎢⎣

⎛
⎝∏

〈k,l〉
e− i

2S H̃ loc
k,l

⎞
⎠

⎛
⎝∏

〈k,l〉
e

i
2S H̃ loc

k,l

⎞
⎠

†
⎤
⎥⎦

S

. (B1)

When multiple Trotter layers are required in the time-
evolution operator, the control-free implementation allows
for the combination or cancellation of the associated con-
trolled Pauli strings. While rescaling the Hamiltonian may
necessitate multiple Trotter layers, this combination or cancel-
lation of Pauli strings means that gate counts for the rescaled
approach, with fixed polynomial degree, are typically more fa-
vorable than the alternative approach that involves increasing
the polynomial degree.

We determine the symmetric phase factors �φ =
(φ0, φ1, . . . , φ1, φ0) with the help of the python library
pyqsp [49,73,74].

APPENDIX C: EXPERIMENTAL DETAILS

We conducted the hardware experiments using the
Quantinuum H1-1 trapped-ion quantum computer on 23 Au-
gust 2024. We compiled our circuits using the pytket
compiler with the default settings. We estimate the energy
of the prepared state |ϕ〉 through expectation value measure-
ments via sampling. For the HM, we calculate the energy
using the estimated probability distributions as

λ =
∑

O∈{X,Y,Z}

∑
〈k,l〉

〈ϕ|OkOl |ϕ〉, (C1)

where 〈k, l〉 sums over the nearest neighbors and the expecta-
tion value 〈ϕ|OkOl |ϕ〉 is defined as

〈ϕ|OkOl |ϕ〉 =
∑
σk ,σl

(−1)σk (−1)σl PO(σk, σl |ϕ). (C2)

Here, PO(σk, σl |ϕ) is the probability of measuring the kth and
lth qubits in the state |σk〉|σl〉 in the O-basis and (σk, σl ) ∈
{(0, 0), (0, 1), (1, 0), (1, 1)}. These probabilities were esti-
mated by 1000 shots on the quantum hardware for each
O-basis.
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FIG. 8. Circuit representation corresponding to quantum eigenvalue transformation of unitary matrices (QETU) [41]. Here, U = exp(−iH̃ )
is the unitary operator realizing time evolution with the rescaled Hamiltonian H̃ given in Eq. (3), where (λmin, λmax) are fixed to (λLB, λUB).
The operator U acts on the system qubits. The single-qubit rotation gates exp(iφ jX ) with rotation angles φ j are applied to the ancilla qubit.
The symmetric phases (φ0, φ1, . . . , φ1, φ0) ∈ Rη+1 are optimized according to the desired target polynomial F (H̃ ).

Error bars of our results are taken as an upper bound for
the standard deviation of the sampling results. In particular,
we note that the variance, i.e., the squared standard deviation,
satisfies

Var(O1 + O2) = Var(O1) + Var(O2) + 2Cov(O1,O2), (C3)

� Var(O1) + Var(O2), (C4)

since Cov(O1,O2) � 0 for anticommuting Pauli strings O1

and O2 [75]. Therefore, as an upper bound for the standard

deviation, we define δλmax via

δλ2 � δλ2
max =

∑
O∈{X,Y,Z}

∑
〈k,l〉

1 − 〈ϕ|OkOl |ϕ〉2

M
. (C5)

Here, we use 〈ϕ|(OkOl )2|ϕ〉 = 1 for any Pauli string OkOl

and M is the number of samples. In our experiments, M is
equal to 1000 for AQC but reduced for AQC + F due to the
postselection of measuring the ancilla qubit in |0anc〉. The
reduction in M leads to larger error bars for the AQC + F
results compared with the AQC results, visible in Fig. 5.
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