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ABSTRACT

Accurate determination of ground-state energies for molecules remains a challenge in quantum chemistry and a cornerstone
for progress in fields such as drug discovery and materials design. The Variational Quantum Eigensolver (VQE) represents
a leading hybrid quantum-classical paradigm for addressing this challenge; however, its widespread realization is limited
by noise and the restricted scalability of current quantum hardware. Achieving efficient simulations on Noisy Intermediate-
Scale Quantum (NISQ) devices and forthcoming Fault-Tolerant Application-Scalable Quantum (FASQ) systems demands
a detailed understanding of how computational resources scale with molecular complexity and fermion-to-qubit encoding
schemes. In this study, resource requirements for VQE implementations employing the Unitary Coupled Cluster Singles and
Doubles (UCCSD) ansatz are systematically analyzed. The molecular Hamiltonian is formulated in second quantization and
mapped to qubit operators through the Jordan-Wigner (JW), Bravyi-Kitaev (BK), and Parity (Pa) transformations. Hamiltonian
reduction strategies, including Z, tapering and frozen-core approximations, are examined to assess their effect on quantum
resource scaling. The analysis reveals that appropriate transformations, when combined with symmetry-based reductions,
can substantially reduce qubit counts by up to ~ 50% and quantum gate counts by up to ~ 27.5x and Hamiltonian Pauli string
counts by up to ~ 2.75 x, relative to the corresponding unreduced Hamiltonian representations within the same active-space
configuration for the representative set of molecular systems under study. These findings provide practical circuit-level insights
for executing chemically relevant simulations on NISQ hardware, while establishing physical-resource baselines that may inform
future logical-level analyses targeting FASQ systems.

Keywords: Quantum Computing - Quantum Algorithms - Resource Estimation - Fermion-to-Qubit Mapping - Hamiltonian
Reduction - VQE - UCCSD

*email: jaiganesh@qclairvoyance.in, drjaiganesh15 @ gmail.com (Corresponding Author)


https://arxiv.org/abs/2512.01605v2

1 Introduction

Quantum computing (QC) is poised to transform computational paradigms by exploiting quantum-mechanical phenomena such
as quantum superposition!2, quantum interference®“, and quantum entanglement>° to perform computation using qubits rather
than classical bits>’~10. Several classes of quantum algorithms have demonstrated theoretical promise in addressing problems
in simulation®!-12, optimization'> !4, and search® !>, Among the most compelling early applications is quantum-assisted
molecular modelling, where quantum computers are employed to solve the electronic structure problem'®'® by evaluating the
expectation value of the molecular Hamiltonian'”- acting on the molecular wavefunction.

The Quantum Phase Estimation (QPE) algorithm provides an asymptotically optimal, fully quantum method for extracting
the eigenvalues of the Hamiltonian by coherently simulating its time evolution and performing an inverse quantum Fourier
transform-based phase readout'>2°. Although QPE enables chemically accurate energy estimation with polynomial scaling,
its implementation requires deep circuits, long coherence times, and fault-tolerant error correction. These requirements limit
its near-term applicability on NISQ?! hardware and underscore the long-term need for FASQ?? devices. The VQE algorithm,
on the other hand, approximates the ground-state energy of the given Hamiltonian by preparing parameterized quantum
circuits (ansitze) and iteratively optimizing their parameters using classical optimizer feedback loops®>%*. A widely adopted
chemistry-inspired ansatz is the UCCSD ansatz>>, which provides a physically motivated way to represent correlated electronic
wavefunctions on QC hardware. The practical realization of VQE with UCCSD remains strongly constrained by the current
state of QC hardware, which is dominated by noise, limited connectivity, and shallow circuit depths characteristic of the NISQ
era’®.

Given these engineering challenges and the limited hardware availability of NISQ and the long-term development of
FASQ devices, a priori resource estimation is essential for assessing the scale of quantum circuits that can be realistically
executed. Recent research has examined the algorithmic components that fundamentally determine the resource demands of
quantum chemistry simulations, particularly for small-molecule VQE workflows. Foundational comparisons of fermion-to-qubit
mappings (FTQMs) across 86 molecular systems have shown that the BK transformation often reduces Pauli string lengths
and gate counts relative to the JW mapping, offering tangible savings for NISQ hardware implementations>’. Complementary
investigations of UCCSD-VQE accuracy on small molecules demonstrated that the method can capture chemically meaningful
energies for both open- and closed-shell species, while also highlighting that practical usefulness depends on the attainable qubit
counts, circuit depths, and noise levels of NISQ devices?®. Beyond chemistry problems, broader VQE resource studies, such as
those for the Hubbard model, have underscored the scaling bottlenecks associated with two-qubit operations and measurement
shot requirements, showing that meaningful simulations of 50-qubits already require tens of thousands of entangling gates and
low two-qubit-gate-error rates (~ 10™%)>°. These insights collectively emphasize that, even before algorithmic optimization,
Hamiltonian structure, mapping choice, and ansatz construction are major determinants of VQE feasibility.

Further work has focused on quantifying and reducing the dominant runtime overheads associated with measurement,
optimization, and Hamiltonian evaluation. Robust amplitude-estimation-based measurement protocols have been shown to
reduce the shot complexity of VQE energy estimation by one to two orders of magnitude compared with standard sampling
strategies, though they remain impractically demanding for many chemical systems>’. Parallel efforts have produced resource-
estimation tools, such as QREChem, which analyze logical gate counts for Trotterized QPE and provide baselines for molecules
ranging from 107 to 10'° T gates, illustrating the enormous gap between NISQ and FASQ requirements’'. The measurement
overhead associated with evaluating the expectation value of the Hamiltonian in VQE represents a well-recognised practical
bottleneck3?33. The number of required measurement circuits scales with the number of unique Pauli strings in the Hamiltonian,
and achieving chemically meaningful precision requires large numbers of circuit repetitions, a cost that grows with system
size. Reviews on quantum-chemistry measurement strategies for VQE and QPE**, as well as practical hardware studies
evaluating UCCSD versus hardware-efficient ansitze on IBM Quantum hardware?, further highlight that measurement
grouping, symmetry exploitation, and noise-robust ansatz choices are essential for molecule simulations on QC hardware. More
broadly, recent assessments of quantum advantage in computational chemistry>® and perspectives on 25 to 100 logical-qubit
early FASQ devices®’ suggest that quantum chemistry will remain a leading candidate for early utility, but only with careful
co-design of resource-aware algorithms and chemically relevant problem instances. Together, these works establish resource
estimation not only as a forecasting tool but also as a design principle, central to evaluating the realistic prospects of QC
simulations for small-molecule electronic structure calculations.

In this work, we perform a systematic, hardware-agnostic quantum-resource analysis of VQE with the UCCSD ansatz for
a representative set of small molecules: H,, LiH, HF, BeH,, H0, N, O», CO, NH3, CHy, C;H,, H,O;, and C,Hy, on QC
simulators, thereby isolating mapping-dependent effects from hardware-specific compilation constraints. To enable a balanced
and consistent comparison across fermion-to-qubit mappings, we adopt the UCCSD ansatz as a static, chemically motivated,
and systematically improvable reference framework that remains independent of hardware topology. Hardware-efficient ansatz
(HEA)*%:3? and adaptive ansatz (ADAPT)**#! constructions can significantly reduce circuit depth relative to UCCSD. However,
these adaptive schemes require substantial additional measurement overhead during ansatz construction. Recent developments,
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including measurement-efficient ansatz strategies such as COMPASS*? and COMPASS-PRO*3, SURGE—VQE44, as well as
approaches such as COMPACT* and RBM-VQE*®*7 have partially or fully alleviated these costs. While UCCSD is known to
generate deeper circuits than hardware-efficient, adaptive, and measurement-efficient alternatives, the resulting circuit metrics
may be interpreted as representative upper bounds on resource requirements within the single- and double-excitation manifolds
of a chemically motivated ansatz framework. A systematic evaluation of hardware-efficient, adaptive, and measurement-efficient
ansatz families is therefore outside the scope of the present study.

The resource metrics reported here are physical circuit-level quantities after transpilation, directly relevant to NISQ and
near-term quantum hardware. Logical-level resource estimates, including logical qubit counts, 7T-gate counts, and error-
correction overheads, as well as full measurement-cost analysis, including shot-count and Pauli grouping overheads, are outside
the scope of this work but represent a natural extension of the baselines established here. Concretely, we (1) quantify qubit
counts, Pauli string counts, and quantum gate counts, across common FTQMs”, and (2) evaluate the impact of the frozen-core
approximation®® and Z,-symmetry-based qubit tapering*® on reducing resource requirements. The theoretical background of
the work is outlined in Section 2, followed by the methodology employed in Section 3. The results and their discussion are
presented in Section 4, and the concluding remarks are provided in Section 5.

2 Theoretical Background

Accurate quantum simulation of molecular systems requires a rigorous formulation of the molecular Hamiltonian and its
associated wavefunction, followed by a sequence of transformations that render the problem suitable for execution on quantum
hardware. Starting from the non-relativistic molecular Hamiltonian H,,,; and the molecular wavefunction q/(?,l_é) (Section 2.1),
the problem is systematically reduced to an effective electronic Hamiltonian H,,. and electronic wavefunction ,(7; I_é)
(Section 2.2). The Hamiltonian H,,, is then expressed in its second- quantlzed fermionic form qu with the corresponding
state |Wy,) (Section 2.3). Subsequently, H,, is mapped to a qubit Hamiltonian H,,ir, and the state |yyq) is transformed to the
qubit basis to obtain [¥,,;) (Section 2.4) using FTQMs such as JW%5!, BK3>-5* and Pa'”+>% (Section 2.5). This enables
quantum simulation of the molecular system on universal gate-based quantum computers. To further enhance simulation
efficiency, Hamiltonian reduction techniques, such as freezing core orbitals to obtain I:I fc and tapering symmetries to derive the
symmetry-reduced Hamiltonian A, pered> May be applied (Section 2.6).

2.1 Non-relativistic Molecular Hamiltonian and Wavefunction
Within the framework of non-relativistic quantum mechanics®, the total energy of a molecular system is represented by the
Hamiltonian operator, which can be expressed as the sum of its kinetic energy and potential energy:

A=T+V, (1)
where the total kinetic energy operator 7' in Eq. (1) consists of the nuclear Ty and the electronic 7, contributions:

. . . . Nn ﬁ2 Ne ﬁ2
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@

and the potential energy operator V in Eq. (1) consists of all the Coulomb interactions present in the molecular system. These
consist of the electron—nuclear (V,y), electron—electron (V,.), and nuclear—nuclear (Vyy) interactions:

N N N N Ne Zy - &2 v lNe L ZA-ZB-e2
V =Ven +Vee +Vn; eN— ZZ Z 252*7’ 3)
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combining these components from Egs. (2) and (3) yields the standard non-relativistic molecular Hamiltonian H,,,,; in atomic
:£55
units

. Ny Ne l ) Ne Nu N ZA'ZB
Hyo = — Z A Z Vi ZZ Z Zf, “
i—1A= 1|rtA| |r,,\ A,B |RaB|

A#B

In Egs. (2), (3), and (4), h = h/2m, where h is Planck’s constant. @fx and @1-2 denote the Laplacian operators corresponding
to nucleus A and electron i, respectively. N, and N, represent the numbers of electrons and nuclei; Z4(Zp) and M4 correspond
to the atomic number and mass of nucleus A(B); m, is the mass of an electron; and e is the elementary charge. |7i4], |7 j|, and
|§AB\ denote the electron-nucleus, electron-electron, and nucleus-nucleus separations, respectively, as shown in Figure 1. In
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Figure 1. Schematic representation of a diatomic molecular system described by the non-relativistic molecular Hamiltonian in
Eq. (4). The nuclei A and B (shown in red) and electrons i and j (shown in blue) are located by their respective position vectors
ﬁA,ﬁB, 7;, and 7; with respect to the origin. The inter-particle vectors 74,74, and 7;; are represented as solid lines, while the
internuclear vector iéA B= I_éA — EB is shown as a dotted line to indicate that, under the Born—Oppenheimer approximation, the
internuclear separation is treated as a fixed parameter.

Eq. (4), the first two terms describe the nuclear and electronic kinetic energy operators (Ty and T, ), the third term represents
the electron—nucleus attraction (V,y), the fourth term corresponds to the electron—electron repulsion (V.), and the final term
accounts for the nucleus—nucleus repulsion (VNN).

The total molecular wavefunction y/(7,R) is defined over both the electronic coordinates 7 = (71,7, .., 7y,) and the nuclear
coordinates R = (R}, R, ... 71_6’1\1,1)55’56:

l[/(?,]_é)zl[/(?],?z,...,FNe,ﬁl,ﬁz,...,ﬁNn). (5)

This wavefunction encompasses all dynamical variables of the system, including the correlated motion of electrons and
nuclei, within the Born-Huang representation’’ .

Accordingly, the molecular energy E,,,; is obtained by solving the time-independent molecular Schrodinger equation:

ﬁm(}[ W(Fﬁ) = Eo1 W(77§)7 ©)

where H,,,; is the non-relativistic molecular Hamiltonian defined in Eq. (4). The molecular wavefunction y/(7, R) is antisym-
metric under exchange of any two electrons, consistent with the Pauli exclusion principle®-36-38:59,

This formulation, referred to as the first-quantized molecular Hamiltonian, provides the foundation for further approxima-
tions such as the Born-Oppenheimer (B.O.) separation of electronic and nuclear motion, leading to the first-quantized electronic
Hamiltonian H,;,.%’. While the B.O. separation provides a practical and widely used route to electronic-structure calculations,
several non-B.O. frameworks, such as the early protonic-structure®'-%2, nuclear-orbital plus molecular-orbital (NOMOQ)%*-¢7,
multicomponent molecular-orbital (MCMO)®-%° | nuclear-electronic orbital (NEO)’%7!, and more recent constrained NEO
(CNEO)7> 7, treat electrons and selected nuclei quantum mechanically. A detailed treatment of these non-B.O. formulations,
although essential for fully correlated nuclear-electronic dynamics, lies beyond the scope of the present work. Here, we focus
on H,,,; derived under the B.O. approximation, yielding H.,;.. as discussed in the next section.
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2.2 Electronic Hamiltonian and Wavefunction
To simplify the many-body system in Eq. (4), the B.O. approximation assumes that nuclei remain effectively stationary due to
their much larger masses compared to electrons. Consequently, the nuclear kinetic energy term Ty can be neglected, and the
nuclei are treated as fixed classical point charges>> 70

The resulting first-quantized electronic Hamiltonian H,;,., parametrized by the nuclear coordinates R, is expressed as:

( Nn
elec Z Vz Z Z

1
+ = Z = +VNN7 @)
i—1A=1 [7al 2 = |7

i#j

where Vyy = 5 ZAZ‘” B ‘ZIQ‘ZBl represents the constant nuclear—nuclear repulsion energy.

The correspondmg electronic wavefunction depends explicitly on the electronic coordinates ¥ = (¥|,7»,...,Fy,) and
parametrically on the nuclear coordinates R. Incorporating spin, each electron is described by combined space—spin coordinates
xi = (¥i,0i), where o; € {1,]}. The complete electronic wavefunction y,(x;R) is therefore given by:

We(%;ﬁ)ZWe(X17X2a"'7XNg;]_é)' (8)

The electronic energy at a fixed nuclear configuration Eelec(l_é) is obtained by solving the time-independent electronic
Schrddinger equation:

ﬂelec (I_é) Ye (%,E) = Eelec (E) Ve (X’I_é)y (9)

where H,,. (I_é) is the electronic Hamiltonian for a given nuclear geometry R.

However, operating directly in the continuous first-quantized coordinate representation of H,.. and v, (x ;I_é) is com-
putationally inefficient for many-body systems. To enable efficient numerical treatment and facilitate quantum simulation,
the Hamiltonian is reformulated in second quantization as I-AIS,,, where the wavefunction of the system is expressed in the
discrete occupation-number basis as |,). In this representation, the Hamiltonian is written in terms of fermionic creation and
annihilation operators (4", 4), as discussed in detail in the following section.

2.3 Second Quantization: Fermionic Representation
In the second-quantized framework, the first-quantized electronic Hamiltonian A, is expressed as:

Hy, = thqapaq—i— Z h qrsap ;ards, (10)
pqrs

where d;f, and 4, are the (a",a) acting on spin orbitals labeled by indices p and g. These operators obey the canonical

anti-commutation relations>-30:

{&;7&51}:5%, {‘ipvaAq}ZOa {&T AI} 0. (11)

The coefficients &), and . represent the one- and two-electron integrals evaluated over the selected spin orbital basis. The
one-electron integrals are given by:

. 1’\2 N ZA
hpq:/drép(r) 7§V 7Zm

A=11"—

%q(7), 12)

incorporate the electronic kinetic energy and electron—nucleus attraction, where £, (7) is the spin orbital for index p, Zs
represents the atomic number associated with A, Ry is its position. The two-electron integrals:

qrs—//d iy ;’1)&,1(i’z)ér(;’l)és(rg)7 .

|71 — 72

account for electron-electron repulsion. The prefactor 1/2 in Eq. (10) avoids double counting over electron pairs.
The indices p, g, r,s span the complete set of spin orbitals in the chosen basis (e.g., STO-3G”>, cc-pVDZ%). The resulting
operator I-Alsq acts on Fock space’’, a discrete Hilbert space spanned by the occupation-number basis:

1) @ |Am—2) @ ... ®|m) @ |ng), nje{0,1}, (14)
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where m denotes the total number of spin orbitals, and |n;) denotes whether the 7™ spin orbital is occupied. The many-electron
wavefunction in its second quantized form |y,,) is then expressed as a superposition of these occupation-number basis states:

m—1
Vig) =Y c; @ lm) =Y cjlds) . me€{0,1}, (15)
J k=0 J

where c; are the probability amplitudes of the basis states |¢;) expressed in occupation number basis (Eq. (14)). The
time-independent electronic Schrodinger equation in occupation-number basis is given as:

HSQ(E) |‘Vsq> = EeleC(ﬁ) |‘Vsq> (16)

where, Hy,(R) is second quantized electronic Hamiltonian for the given nuclear geometry R.

This fermionic representation I-Alsq forms the bridge between H,;,. and its qubit-based encoding via mappings that transform
fermionic operators into qubit operators suitable for implementation on QC hardware. The resulting qubit Hamiltonian I:Iquhil
serves as the input to quantum algorithms, discussed in the next section.

2.4 Qubit Hamiltonian and Wavefunction
The second-quantized Hamiltonian, I-Alsq, can subsequently be transformed into the I:Iqubit, represented as a linear combination
of tensor products of Pauli operators (6, 6y, 6;) and the identity operator I:

. o 1] . o =] . [t 0] . [1 0
GX_L 0}’ Gy‘[i 0}’ Gz_[o —1}’ HZ_{O 1]' a7

This transformation is performed through FTQMs such as JW, BK, and Pa. These mappings yield the I:Iqub,-,:

qubzt ZT/® 617 € {6x»6ya6-zvﬁ2}a (18)
J

where @} 01 6 G), are the Pauli strings of Hquh,t and 7; are the co-efficients of the Pauli strings. The corresponding statevector
representation of the wavefunction |‘Pqub,,> takes the form:

m—1
|quubit> :ch®|qk> :ch‘cbj>7 qk € {071}7 (19
J = J

where, ¢; are the probability amplitudes corresponding to the computational basis states |®;). |®;) is given as @], |qk> and
|gx) denotes the state of the k" h qubit. Therefore, the general time-independent electronic Schridinger equation given A, qubir and
|W gupi) is expressed as:

I:Iqubit (I_é) ‘lpqubit> elec( ) |quub1t> (20)

where, ﬁqubi, (ﬁ) is the qubit Hamiltonian for a given nuclear geometry R. Given an FTQM, the representations of I:Iqub,-t and
|W yupir) are detailed in the next section, which serve as the input to quantum algorithms such as VQE and QPE, applicable to
both near-term and future fault-tolerant architectures.

2.5 Fermion-to-Qubit Mappings (FTQMs)

Several mapping schemes have been proposed to achieve FTQM efficiently, each balancing trade-offs between operator locality,
qubit overhead, and circuit depth 32337885 n this section, we outline the theoretical background of the three most widely
used mappings: JW>°, BK>?, and Pa>*. For each mapping, we present the corresponding basis construction and show how
(a',a) are represented in terms of Pauli operators.

2.5.1 Jordan-Wigner (JW)

In the JW mapping, each qubit represents the occupancy of an individual spin orbital, with the computational states |0) and |1)
denoting unoccupied and occupied orbitals, respectively!”. This formulation aligns with the occupation-number basis and is
often referred to as the JW basis:

|nm—l>®‘nm—2>®---®‘nl>®|n0>_>|‘Im—l>®‘Qm—2>®"'®‘q1>®|qo>a Qj:fje{0a1}~ 21
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In this representation, the state of each qubit |g;) encodes the occupation number f; of the 7" spin orbital. The corresponding
(a',4) in the JW mapping are given by:

T A 1. .
(Gj—sz)@GZ{J, ajzi(q{—ﬂc)’,)@@gl, (22)

N —

A
a;

where 6{; L= 6zj ® cA)'Zj 1o.-® CA)'Z1 ® 6z0, and any qubit not explicitly acted upon is implicitly operated on by I,. The operator
6! :,1 acts as a parity string, with eigenvalues +1 corresponding to even or odd parity states, respectively>>.

While conceptually straightforward, the JW transformation introduces long Pauli strings, leading to increased circuit depth
for non-local operators. The BK transformation addresses this limitation by balancing parity and occupation information across
qubits.

2.5.2 Bravyi—Kitaev (BK)

In the BK transformation, each qubit encodes a partial parity of the fermionic occupation numbers, rather than a single orbital
occupation!”. This results in a more balanced distribution of parity and occupation information across qubits, leading to
logarithmic rather than linear operator locality>”. The occupation numbers contributing to each partial sum are determined by
the BK transformation matrix 3,

J

1) @ [tm—2) @ ... @ [n1) @|no) = lgm—1) @ |gm—2) @---@|q1) @q0), g = [Z[ﬁm]jkfk] mod 2. (23)
k=0

Here, f3,, denotes the transformation matrix that maps occupation-number basis vectors of dimension m to their corresponding
BK basis representation. The matrix is recursively defined as:

Bi=[1], By = [ﬁz’ ;‘:] , 24)

o

In this formulation, & represents a [2! x 2!] zero matrix, while ¢ is also a [2/ x 2!] zero matrix except for its bottom row,
which is filled with ones. The corresponding (4',4) in this mapping are defined as:

L UG) - ai o aP() . AUG) = ai— apli U)o ai L APG) L AUG) - s apli
djzE(o)f](’)®G){®cf(’)—ch(’)®oyf®cf(’>); ajEE(Gg(’)®6){®azpm—i—zc)f](”@a)l@Gf(”). (25)
Where,
~_ | P()) if j is even;
() { R(j)  if jisodd. (26)

and R(j) = P(j) \ F(j), where R(j), P(j), F(j), and U(j) correspond to the remainder, parity, flip, and update sets, respec-
tively>>.

Alternatively, the Parity mapping encodes parity information directly on each qubit, providing symmetry-related benefits
and facilitating efficient qubit tapering.

2.5.3 Parity (Pa)
In the Parity mapping, parity information is encoded locally on each qubit, whereas occupation numbers are represented
non-locally!”. The j™ qubit thus corresponds to the parity of the first j fermionic modes:

J

[Mn—1) @ |Mp—2)®...®|n1) Do) = [gm-1) ®|qm—2) @---®|q1)®|q0), q;= [Z[”m]jkfk] mod 2 = [

J
k=0 =i

) fk] mod 2, (27)

k=0

where the associated transformation matrix 7, is defined as:
1 j<k
[ﬂ:m]jk = { 0 j> ko (28)

The (4", a) under this mapping are expressed as:

—_—

Al P I N | AN ~
6lllw6lwe! " —i6lI ®6]):,  a;

5(3{7:‘ ®é&l06!/ " +is/T ©6]), (29)
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here, 6{ c=6"1R6M®-® 61 ® 6{ denotes the update operator, responsible for flipping all qubits associated with
partial sums that contain the (j — 1)™ orbital whenever its occupation state changes>>.

In Pa, when spin-orbitals are ordered in separate spin blocks, and the total particle number (and/or spin sector) is known, it
permits an immediate two-qubit reduction by fixing global parity eigenvalues. This two-qubit reduction is a consequence of
two independent Z, symmetries (particle-number parity and an ordering-induced parity); each fixed symmetry allows removing

one qubit by replacing its Pauli operator with its eigenvalue*®-33.

2.6 Hamiltonian Reduction Strategies

Following the transformation of the fermionic Hamiltonian into its qubit representation I:Iqubil, additional reductions can be
applied to optimize computational resources without compromising the physical fidelity of the simulation. Despite efficient
FTQMs, the resulting ﬁqubi, often contains redundant degrees of freedom that exceed the capabilities of current NISQ and
near-term devices. To address this, reduction techniques are used to minimize the active qubit space and simplify the operator
structure while preserving the eigenvalue spectrum relevant to the target state.

2.6.1 Frozen-Core Approximation

The frozen-core (FC) approximation leverages the observation that core orbitals that are deeply bound and chemically inert
contribute negligibly to correlation effects among valence electrons. These orbitals are treated as doubly occupied and excluded
from the active orbital space used in electronic correlation and qubit mapping®®®’, yielding an FC Hamiltonian H fe:

active 1 active

Hie=FEcoret+ Y. h,,qaj,aﬁi Y, hpgrs@halara, (30)
Pq pqrs

where E,. is the energy contribution from the frozen orbitals, and the summations are restricted to the active orbital subset.
This approach substantially reduces the number of qubits, one- and two-electron terms, while maintaining chemical accuracy
for valence properties*S.

2.6.2 7, Symmetry Tapering
Many fermionic Hamiltonians possess discrete symmetries that form an Abelian Z, group*®-8. Each independent generator
corresponds to a conserved quantum number, such as particle-number parity, total spin-parity, or molecular point-group
symmetry, and partitions the Hilbert space into distinct symmetry sectors.

The Z, symmetry converter identifies these commuting symmetries from the qubit Hamiltonian and exploits them to remove
redundant qubits. For each symmetry generator with a known eigenvalue +1, one qubit can be eliminated, yielding a reduced
Hamiltonian:

N

I:Itapered = g(Hqubit)a 3D

where 7 embeds the symmetry constraints into the remaining qubits. This process preserves the physical spectrum while
significantly reducing qubit count and circuit depth**-#’. Formally, the tapering procedure identifies an Abelian subgroup
< C Py of the N-qubit Pauli group:

f@N = i{ﬁ276-xa6-yaé-z}®]v7 (32)

such that all § € . commute with I:Iqubil. Each §; defines a Z; symmetry with eigenvalues 1. Clifford transformations U fi
map these generators to single-qubit Pauli operators:

08,07 = a1, (33)

allowing qubits g; to be replaced by their eigenvalues and removed from the simulation®®. Beyond Z, symmetries, additional
reductions based on spatial geometry, like point-group symmetries, can be combined with tapering for further compression of
the active Hilbert space*®8%-90,

Together, the FC approximation and Z, tapering represent two complementary reduction techniques that, when combined
with efficient FTQMs, enable scalable quantum algorithms for molecular simulations within the resource limits of NISQ and
near-term quantum hardware?’. Building on these theoretical foundations, the following section outlines the quantitative
methodology employed to evaluate these strategies and their associated resource trade-offs.
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3 Methodology

The overall methodology for performing resource estimation in VQE-based molecular simulations is divided into four sequential
stages, as summarized below. Each stage transforms the molecular input into progressively more universal gate-based QC
hardware-relevant representations, culminating in circuit-level resource metrics.

The molecular geometry (in Cartesian coordinates), basis set, total spin, charge, and the desired backend are taken as input
for resource estimation. The process is divided into four sequential stages: Hamiltonian Modeling, Qubit Mapping, Ansatz
Preparation, and Quantum Circuit Preparation, each producing specific intermediate and final outputs, as shown in Figure 2.

Hamiltonian Modeling Qubit Mapping
1

1

| Molecule

| Input

1

1

1

Choose the

itiali
Initialize the backend

Calculate Molecular Perform Jordan-Wigner

— I 1
3 | | '
2 ti Iy Mappi 1 Hartree-Fock Stat I I
roperties appin, artree-Fock State :
: ° 1k Pene I : (sim/qc) :
I ! ! : I I
"""""" 11 1 -
| Coordinates: 1 : Obtain the Second 1], Perform Bravyi-Kitaev 1 Generate the ! Obtain the :
1 :- Basis Set oy Quantized Hamiltonian | | | Mapping ] UCCSD Ansatz : ISA Ansatz 1
| =~ Spin : 1 Iy 1 | | 1
: I+ Charge g N | I 1
"""""" i | Retri K 1 I 1
| etrieve the Nuclear | . . |y |
1 : : Repulsion Energy 1 T Perform Parity Mapping 1 ' :
|
: I (Optional) Frozen : 1 (Optional) Qubit Tapering : 1 I
1 ] Core Approximation | (Z2 Symmetries) I 1
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Figure 2. Workflow for resource estimation in the VQE framework, showing the sequence from molecular input to
Hamiltonian modeling, qubit mapping, ansatz construction, and circuit compilation, along with key outputs at each stage.

3.1 Hamiltonian Modeling
In this stage, molecular properties are computed using the chosen basis set, and the second-quantized electronic Hamiltonian
I-Alsq7 is obtained. The nuclear—nuclear repulsion energy term, Vyy, is also retrieved. Hamiltonian reduction may be performed
by enabling the frozen-core approximation, which decreases the number of active orbitals and thereby reduces both qubit
requirements and gate counts. The outputs of this stage include the number of ¢ and 3 electrons, the number of spatial and
spin orbitals, V. and the ﬁsq.

3.2 Qubit Mapping

The I:Isq is transformed into its qubit-representable form, quubi,, through FTQMs such as JW, BK, and Pa. To further reduce
the Hamiltonian dimension, qubit tapering via Z; syrpmetries can be applied, lowering the qubit count without introducing
approximation. The outputs of this stage include the Hy,p;, the total number of Pauli strings, and their decomposition into &,
6y, 6, and i, operators.

3.3 Ansatz Preparation

The Hartree-Fock®! reference state |y ) is formulated using molecular parameters derived from the Hamiltonian modeling
stage. Subsequently, the UCCSD ansatz is constructed to approximate the molecular ground state within the defined active space.
The resulting outputs comprise detailed specifications of the initial state and the parametrized UCCSD ansatz corresponding to
the target molecule.

3.4 Quantum Circuit Preparation

In the final stage, the UCCSD ansatz is compiled into the Instruction Set Architecture (ISA) format for a designated quantum
simulator or hardware backend. This yields circuit-level resource information, including the number of qubits, total quantum
gates, circuit depth, single-qubit and two-qubit gate counts, and individual gate breakdowns by type.
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Together, these stages provide a comprehensive framework for assessing the computational resources required to simulate
a given molecular system on a specific quantum simulator/hardware backend. The implementation was carried out in
Python (v3.11)%%% using NumPy (v2.2.1)%, PySCF (v2.7.0)%%7, Qiskit (v1.3.1)%, Qiskit-Aer
(v0.15.1)9% and Qiskit-Nature (v0.7.2)19 The results obtained from this workflow for the representative set
of molecular systems are discussed in the following section.

4 Results and Discussion

We first present the results obtained from VQE(UCCSD)-based resource estimation performed using the workflow described
in Section 3 on two representative molecular systems: Methane (CH,4) and Fluoromethane (CH3F). Their 3-dimensional
(3D) molecular geometries are shown in Figure 3, and the corresponding atomic coordinates are provided in Table S1 of
the Supplementary Information. Both geometries were generated using the Avogadro molecular editor'%' using its built-in
universal force field (UFF) auto-optimisation tool'%>. These molecules are employed here as input geometries for the purpose
of illustrating the resource-estimation workflow.

For a direct comparison, all calculations employed the same STO-3G basis set and the JW FTQM, without applying any
Hamiltonian reduction techniques mentioned in Section 2.6. The ISA-level ansatz circuits were transpiled using optimization
level 3 and the Qiskit—-Aer simulator backend in Qiskit. The simulator was employed with its default transpilation
configuration, corresponding to an all-to-all qubit connectivity model without a hardware-imposed coupling map. As a result,
no initial layout selection or routing procedures were required. Circuits were decomposed into the default transpilation target
gate set of the Qi skit—Aer backend, consisting of single-qubit gates {U,(¢,1), Rz(0), Ry(6), H, Sx (VX), Sxdg (\/)?T),
X} and two-qubit gates {CX, UnitaryGate!%?}. Under these conditions, the transpilation process is deterministic and yields
identical compiled circuits across repeated runs for a given input circuit. The same compilation configuration was consistently
applied to all subsequent calculations presented in this work.

Table 1 summarizes the results from the Hamiltonian Modeling and Qubit Mapping stages. The outputs include the chosen
basis set, number of & and f electrons, number of molecular spatial and spin orbitals (N, ), and the Vnw. Additionally, we
report the total number of terms in I:Isq (Nsqh), the number of Pauli strings in the I:Iqu;,,-, (Nps), and the respective counts of 6y, 6y,
6, and f» (Nx, Ny, Nz, Ny). These metrics collectively characterize the algebraic complexity and qubit-space dimensionality of
each system. Subsequently, Table 2 presents the results from the Ansatz Preparation and Quantum Circuit Preparation stages.
The outputs include the total number of qubits or circuit width (W), variational parameters (P), circuit depth (D), and total
quantum gates (G), followed by a breakdown of the quantum gates into single-qubit, two-qubit, and arbitrary gate categories.
These results characterize the relevant hardware-agnostic quantum circuit-level resource footprint for executing VQE(UCCSD).

(a) ,‘ (b)

Figure 3. 3D molecular structures: (a) Methane (CH,) and (b) Fluoromethane (CH3F).

To further evaluate scalability, we extended our analysis across a series of molecules of increasing electronic and structural
complexity, including H,, LiH, HF , BeH,, H,O, N>, O, CO, NH3, CHs, CoH», HyO;, and C>Hy, in the STO-3G basis set. For
each molecule, the input geometry was obtained by performing a full geometry optimisation at the CCSD/STO-3G level of theory
using PySCF quantum chemistry package”’. All optimised atomic coordinates are tabulated in Table S2 of the Supplementary
Information. For each molecule, resource estimation was performed under four configurations combining Hamiltonian reduction
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Table 1. Resource estimation results for CHy and CH3F. Section 1 of the table presents the molecular information, followed
by the I-Alsq information in Section 2, and finally the I:Iqubil information in Section 3. In Section 1, Vyy denotes the
nuclear—nuclear repulsion energy, as given in Eq. (7); Ha denotes Hartree, and e represents an electron. In Section 2, the
Number of Terms refers to the number of one- and two-body operators in ﬁsq, as shown in Eq. (10). In Section 3, the Number
of Pauli Strings Nps denotes the unique Pauli strings that compose H i, and the counts of &, 6y,Aand 6, (Nx, Ny, Nz, Ny)
indicate the total number of the corresponding Pauli operators appearing across all Pauli strings in H,;;, as given by Eq. (18).

Property Methane (CHy) \ Fluoromethane (CH;F)
1. Molecular Information
Basis-Set STO-3G STO-3G
Number of & electrons (e™) 5 9
Number of 3 electrons (e™) 5 9
Number of Spatial Orbitals 9 13
Number of Spin Orbitals (Nyo) 18 26
Vwn in Ha 13.408333940368452 37.83061899847712

2. Second-Quantized Hamiltonian H, Information

Number of Terms (Nygn) \ 25,350 | 93,002
3. Qubit Hamiltonian H,,;;; Information
Number of Pauli Strings (Nps) 8,172 28,984

Number of 6, [%] (Nx)

13,744 [09.34%]

50,648 [06.72%]

Number of 6, [%] (Ny)

13,744 [09.34%

50,648 [06.72%]

Number of 6, [%](N)

166,260 [22.06%]

]
30,612 [20.81%]
]

Number of I, [%] (Ny) 88,996 [60.50% 486,028 (64.50%]

Table 2. Resource estimation results for CHy and CH3F. Section 1 of the table provides the ansatz information, while
Section 2 presents the quantum circuit information, followed by Sections 2.1, 2.2, and 2.3, which give detailed information on
the corresponding single-qubit, two-qubit, and arbitrary gates, respectively. The quantum gate decomposition shown in
Section 2 corresponds to using Qiskit—Aer as the backend with transpilation optimization level 3 in Qiskit. Additional
quantum gate information can be found in the Qiskit documentation!%*.

Property / Gate | Methane (CH,) | Fluoromethane (CH3F)
1. Ansatz Information
No. of Qubits (W) 18 26
No. of Parameters (P) 560 1,800
2. Quantum Circuit Information
Circuit Depth (D) 70,182 3,12,660
Total Gates (G) 77,787 3,37,423
Single-Qubit Gates 12,673 41,985
Two-Qubit Gates 62,468 2,86,892
Arbitrary Gates 2,646 8,546
2.1. Single-Qubit Gates Information
Us(9,4) 7,339 24,475
Rz(0) 4,240 13,968
H 529 1,733
Sx or VX 462 1,518
Sydgor VX' 95 275
X 8 16
2.2. Two-Qubit Gates Information
CX /CNOT 62,468 \ 2,86,892
2.3. Arbitrary-Qubit Gates Information
Unitary \ 2,646 \ 8,546
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options: frozen-core approximation (F) and Z; symmetries, qubit tapering (T), with boolean combinations of:
(F,T) — (False,False),(True,False),(False, True),(True, True).

Each configuration was evaluated using the JW, BK, and Pa FTQMs, and all circuits were transpiled at optimization level 3 for
the Qi skit—Aer simulator backend under the same compilation settings described above. The corresponding Hamiltonian
and circuit-level resource counts for all configurations are reported in Tables S3 and S4.

In the trivial case of H,, where no core orbitals are available for freezing, Z, tapering effectively reduces the original
four-qubit Hqubh‘ to a single-qubit representation, illustrating the maximum achievable simplification. A structurally informative
pattern emerges when examining the width reduction for the systems under study, as shown in Table 3. The underlying
raw values from which these reduction factors are computed are listed in Table S4, with the corresponding reduction ratios
provided in Table S5. The JW and BK mappers yield identical qubit reductions across all molecules and all configurations.
This equivalence arises as both encodings preserve the full N-qubit active space before any symmetry reduction, meaning the
number of qubits that can be eliminated through tapering or the frozen-core approximation is governed entirely by the molecular
symmetry content rather than the choice of mapping. The Pa mapper, in contrast, provides a default two-qubit overhead saving.
This reduction stems from two independent Z, symmetries, whose fixed eigenvalues allow two qubits to be removed at the
encoding level, as detailed in Section 2.5. However, because these symmetries are already incorporated into the encoding, the
number of additional exploitable Z, symmetries available for post-mapping tapering is reduced or eliminated*’. Specifically,
for NH3, CH4, CoH>, and H, 0, the Pa mapper under the tapering-only (T) configuration yields no further width reduction, as
confirmed by the 0.0% entries in Table 3. We note that this interaction between the intrinsic symmetry capacity of the mapper
and the molecule’s symmetry content constitutes an important constraint that practitioners should consider when selecting a
mapping strategy.

Table 3. Circuit width reduction (in %) relative to the no-tapering, no-frozen-core baseline (-) for each molecule, qubit mapper,
and reduction strategy combination. Reduction percentage is computed as 100 X (Q— — Qcombo)/Q—, where Q denotes the total
qubit count. A value of x% indicates that the optimised circuit requires x% fewer qubits than the baseline. T = tapering only;
F=1frozen core only; TF =both tapering and frozen core applied. Summary statistics (min, max, mean, median) are computed
across all 12 molecules per column.

Jordan—Wigner Bravyi-Kitaev Parity

Molecule T F TF T F TF T F TF

LiH 33.3% | 16.7% | 50.0% | 33.3% | 16.7% | 50.0% | 20.0% | 20.0% | 40.0%
HF 333% | 16.7% | 50.0% | 33.3% | 16.7% | 50.0% | 20.0% | 20.0% | 40.0%
BeH» 35.7% | 14.3% | 50.0% | 35.7% | 14.3% | 50.0% | 25.0% | 16.7% | 41.7%
H,0 21.4% | 143% | 35.7% | 21.4% | 14.3% | 35.7% | 8.3% | 16.7% | 25.0%
NH; 12.5% | 12.5% | 25.0% | 12.5% | 12.5% | 25.0% | 0.0% | 14.3% | 14.3%
CH,4 11.1% | 11.1% | 222% | 11.1% | 11.1% | 22.2% | 0.0% | 12.5% | 12.5%
0, 25.0% | 20.0% | 45.0% | 25.0% | 20.0% | 45.0% | 16.7% | 22.2% | 38.9%
N, 20.0% | 20.0% | 40.0% | 20.0% | 20.0% | 40.0% | 11.1% | 22.2% | 33.3%
Cco 15.0% | 20.0% | 35.0% | 15.0% | 20.0% | 35.0% | 5.6% | 22.2% | 27.8%
CH, 83% | 16.7% | 25.0% | 83% | 16.7% | 25.0% | 0.0% | 18.2% | 18.2%
H,0, 83% | 16.7% | 25.0% | 83% | 16.7% | 25.0% | 0.0% | 18.2% | 18.2%
CoHy 10.7% | 14.3% | 25.0% | 10.7% | 14.3% | 25.0% | 3.8% | 15.4% | 19.2%
Min 83% | 11.1% | 222% | 83% | 11.1% | 22.2% | 0.0% | 12.5% | 12.5%
Max 35.7% | 20.0% | 50.0% | 35.7% | 20.0% | 50.0% | 25.0% | 22.2% | 41.7%
Mean 19.6% | 16.1% | 35.7% | 19.6% | 16.1% | 35.7% | 9.2% | 18.2% | 27.4%
Median | 17.5% | 16.7% | 35.4% | 17.5% | 16.7% | 35.4% | 7.0% | 18.2% | 26.4%

Beyond H,, for the given set of molecules, tapering and frozen-core techniques yield progressively smaller reductions but
still significantly lower the total gate count and qubit width, as shown in Figure 4. A finer-grained inspection of the qubit
widths, reported in Table 3, reveals that the frozen-core approximation (F) delivers more uniform width reductions across
molecules. This reduction ranges from 11.1% to 20.0% for JW and BK, whereas tapering alone (T) exhibits considerably
higher variance, spanning from 0% to 35.7% depending on the available Z, symmetries of the system. This uniformity is
physically intuitive: freezing core orbitals removes a fixed number of spin-orbitals proportional to the number of inner-shell
electrons, which scales predictably with atomic composition, whereas tapering is highly sensitive to point-group symmetry and
may yield no benefit when the applicable symmetry sectors are already saturated. When both techniques are combined (TF),
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Figure 4. Scaling behaviour of qubit and gate requirements across molecular systems using JW, BK, Pa mappings and
Hamiltonian reduction configurations. (a)-(d) correspond to the first set of molecular systems (LiH, HF, BeH,,and H,O). Here,
T denotes qubit tapering via Z, symmetries, and F denotes the FC approximation. Symbols indicate the applied configurations:
(-) both T and F are false, (T) only tapering is applied, (F) only frozen-core is applied, and (TF) both techniques are applied.
Error bars are omitted as the resource-estimation procedure is deterministic.
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Figure 4. (continued) Scaling behaviour of qubit and gate requirements across molecular systems using JW, BK, Pa mappings
and Hamiltonian reduction configurations. (e)-(h) correspond to the next set of molecular systems (NH3,CHy,0;,and N, ).
Here, T denotes qubit tapering via Z, symmetries, and F denotes the FC approximation. Symbols indicate the applied
configurations: (—) both T and F are false, (T) only tapering is applied, (F) only frozen-core is applied, and (TF) both
techniques are applied. Error bars are omitted as the resource-estimation procedure is deterministic.
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Figure 4. (continued) Scaling behaviour of qubit and gate requirements across molecular systems using JW, BK, Pa mappings
and Hamiltonian reduction configurations. (i)-(1) correspond to the remaining molecular systems (CO,CoH,, H>0,,and CoHy).
Here, T denotes qubit tapering via Z, symmetries, and F denotes the FC approximation. Symbols indicate the applied
configurations: (—) both T and F are false, (T) only tapering is applied, (F) only frozen-core is applied, and (TF) both
techniques are applied. Error bars are omitted as the resource-estimation procedure is deterministic.
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the reductions compound, with the mean width reduction rising to 35.7% for JW and BK and 27.4% for the Pa mapper, as
summarized in the statistical rows of Table 3.

Complementing the qubit-width analysis, it is informative to examine how the Hamiltonian-level operator count, specifically
the number of unique Pauli strings Npg in I:Iqubit, responds to the same reduction strategies. This quantity is directly relevant to
the measurement cost of VQE, since each unique Pauli string in Hyypj in principle requires a separate measurement circuit
when evaluating expectation values, and the total number of measurements scales with both Npg and the statistical precision
required?>33. The corresponding reduction factors for Nps across all molecules, mappers, and configurations are summarised
in Table 4. A structurally significant observation is that Npg reduction factors are identical across all three mappers for every
molecule and configuration. This mapper independence arises as the count of unique Pauli strings is determined by the
molecular symmetry and active-space structure rather than the specific FTQM, which affects the form of individual strings
but not their total number. Consequently, it may be inferred that the choice of mapper has no bearing on measurement cost as
quantified by Nps.

In terms of the magnitude of reduction, the frozen-core approximation (F) and its combination with symmetry tapering
(TF) deliver the most meaningful Npg compression, with mean reduction factors of 2.09x and 2.21 X, respectively, and peak
values reaching 2.71x for O; (F) and 2.75x for O, (TF). By contrast, tapering alone (T) yields negligible Npg reduction for
most molecules, with a mean of 1.03x and a median of 1.00x, confirming that Z, symmetry tapering primarily reduces the
number of qubits and simplifies operator weights rather than eliminating large numbers of unique measurement bases. The
notable exception is H, where the absence of core orbitals precludes the frozen-core approximation entirely, and the high
point-group symmetry of the system allows tapering alone to reduce Npg from 15 to 3, a 5x compression that reflects the
maximum symmetry exploitation achievable for this well-studied two-electron system>>23; H, is accordingly excluded from
the 12-molecule summary statistics reported here. For molecules such as NHz, CHy4, O2, Na, CO, CoH,, HyO,, and CoHy,
the tapering-only (T) reduction factor is exactly 1.00x, meaning that Npg is entirely unchanged by symmetry tapering alone.
These findings indicate that the frozen-core approximation is the dominant mechanism for reducing measurement overhead
among the strategies examined here, and that its effect compounds only modestly when combined with tapering. It should
be noted that this study focuses on circuit-level resource requirements, and a full quantitative analysis of measurement cost,
including shot-count estimation and Pauli grouping strategies, is outside the scope of the present work and is deferred as a
natural direction for future investigation.

Table 4. Pauli string count (Npg) reduction factor relative to the no-tapering, no-frozen-core baseline (-) for each molecule,
qubit mapper, and reduction strategy combination. Reduction factor is computed as Nps _ /Nps combo. Where Nps denotes the
number of unique Pauli strings in the qubit Hamiltonian ﬂqubit. A value of kx indicates the optimised Hamiltonian contains k
times fewer Pauli strings than the baseline. T =tapering only; F =frozen core only; TF =both tapering and frozen core applied.
Summary statistics (min, max, mean, median) are computed across all 12 molecules per column.

Jordan-Wigner Bravyi—Kitaev Parity
Molecule T F TF T F TF T F TF
LiH 1.13x | 2.29%x | 2.73x | 1.13x | 2.29x | 2.73x | 1.13x | 2.29x | 2.73x
HF 1.13x | 2.29%x | 2.73x | 1.13x | 2.29% | 2.73x | 1.13x | 2.29x | 2.73%x
BeH; 1.12x | 2.04x | 2.49x | 1.12x | 2.04x | 2.49%x | 1.12x | 2.04x | 2.49x
H,O 1.04x | 1.97x | 2.08x | 1.04x | 1.97x | 2.08x | 1.04x | 1.97x | 2.08x
NH; 1.00x | 1.55x | 1.55x | 1.00x | 1.55x | 1.55%x | 1.00x | 1.55x | 1.55%
CHy4 1.00x | 1.47x | 1.47x | 1.00x | 1.47x | 1.47x | 1.00x | 1.47x | 1.47x
(o)) 1.00x | 2.71x | 2.75x | 1.00x | 2.71x | 2.75% | 1.00x | 2.71x | 2.75x
N 1.00x | 2.51x | 2.51x | 1.00x | 2.51x | 2.51x | 1.00x | 2.51x | 2.51x
CO 1.00x | 2.50x | 2.50x | 1.00x | 2.50x | 2.50x | 1.00x | 2.50x | 2.50x
CyH, 1.00x | 2.02x | 2.02x | 1.00x | 2.02x | 2.02x | 1.00x | 2.02x | 2.02x
H»,0, 1.00x | 1.93x | 1.93x | 1.00x | 1.93x | 1.93x | 1.00x | 1.93x | 1.93x
C,Hy 1.00x | 1.76x | 1.77x | 1.00x | 1.76x | 1.77x | 1.00x | 1.76x | 1.77x
Min 1.00x | 1.47x | 1.47x | 1.00x | 1.47x | 1.47x | 1.00x | 1.47x | 1.47x
Max 1.13x | 2.71x | 2.75x | 1.13x | 2.71x | 2.75x | 1.13x | 2.71x | 2.75%
Mean 1.03x | 2.09x | 2.21x | 1.03x | 2.09x | 2.21x | 1.03x | 2.09x | 2.21x
Median 1.00x | 2.03x | 2.29x | 1.00x | 2.03x | 2.29x | 1.00x | 2.03x | 2.29x

Turning to the number of quantum gates, the impact on total gate counts is more heterogeneous across the molecular set. As
detailed in Table 5, when both symmetry tapering and the frozen-core approximation are applied, the JW mapping exhibits
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reductions ranging from 1.91x for CHy to 27.48 x for BeH,, with a mean of 9.55x and a median of 5.06x. The pronounced
separation between the mean and median indicates that a small subset of molecules, principally BeH,, LiH, and O;, benefit
disproportionately from favourable symmetry structure and a comparatively large frozen-core contribution. The complete
set of reduction factors for all resource metrics is provided in Table S5. For the majority of molecules in the benchmark set,
the gate reduction clusters more modestly around 2 x to 5x under the combined application of both techniques. It should be
noted that this variability has practical implications, as aggregate resource savings inferred from a limited number of highly
symmetric molecular systems may overestimate the reductions achievable for a representative workload. Therefore, careful,
system-specific resource estimation is warranted.

Table 5. Total gate count reduction factor (N ) relative to the no-tapering, no-frozen-core baseline (-) for each molecule, qubit
mapper, and reduction strategy combination. Reduction factor is computed as G_ /Gcombo, Where G denotes the total gate
count. A value of kx indicates the optimised circuit requires k times fewer gates than the baseline. Values below 1.00x
indicate a marginal gate count increase versus baseline. T =tapering only; F =frozen core only; TF =both tapering and frozen
core applied. Summary statistics (min, max, mean, median) are computed across all 12 molecules per column.

Jordan—Wigner Bravyi—Kitaev Parity

Molecule T F TF T F TF T F TF

LiH 4.84x | 4.86x | 26.69x | 4.42x | 5.44x | 24.05x | 3.75%x | 5.24x | 19.24x
HF 3.63x | 1.75x | 8.66x | 3.10x | 1.42x | 6.81x |2.72x | 1.80x | 6.71x
BeH; 9.96x | 2.56x | 27.48x | 7.85x | 2.30x | 26.17x | 8.15x | 2.63x | 23.42x
H,O 1.89x | 1.74x | 3.84x | 1.63x | 1.59x | 3.50x | 1.53x | 1.77x | 3.05x
NH; 1.10x | 1.73x | 1.94x | 1.05x | 1.52x | 1.72x | 098x | 1.74x | 1.72x
CHy4 1.09x | 1.71x | 191x | 1.09x | 1.69x | 1.74x | 0.98x | 1.73x | 1.70x
(02 9.02x | 2.10x | 19.42x | 7.49x | 2.30x | 17.02x | 6.44x | 2.13x | 14.88 %
N 492x | 233x | 9.99x | 3.59%x | 245x | 8.10x | 3.59x | 2.35x | 7.64x
CO 2.55%x | 2.33x | 5.83x | 224x | 245x | 529x |2.02x | 2.35x | 4.71x
CyH; 1.06x | 2.28x | 2.46x | 1.13x | 2.13x | 2.39x | 0.99%x | 2.29x | 2.25%
H,O, 1.06x | 1.91x | 2.05x | 1.14x | 1.73x | 1.98x | 0.99x | 1.92x | 1.89x
CyHy 1.96x | 2.02x | 430x | 1.72x | 1.89x | 3.60x | 1.61x | 2.03x | 3.44x
Min 1.06x | 1.71x | 1.91x | 1.05x | 1.42x | 1.72x | 0.98x | 1.73x | 1.70x
Max 9.96x | 4.86x | 27.48x | 7.85x | 5.44x | 26.17x | 8.15x | 5.24x | 23.42%
Mean 3.59x | 2.28x | 9.55%x | 3.04x | 2.24x | 853x | 2.81x | 233x | 7.55%
Median | 2.25x | 2.06x | 5.06x | 1.98x | 2.01x | 445x | 1.81x | 2.08%x | 4.08x

The results indicate that although the JW mapping provides the most straightforward implementation, the BK mapping
can yield superior compactness in specific cases. For larger molecules such as CO, CoH,, H,O;, and C>Hy, the BK mapping
tends to produce shallower circuits with fewer total gates, as illustrated in Figure 4. The relative positioning of these three
mappers can be further clarified by examining their statistical summary, as presented in Table 5. Across all molecules, the
JW mapper achieves the highest mean gate reduction when both tapering and frozen-core approximation are applied (9.55 %),
followed by BK (8.53x) and Pa (7.55%). The ordering is reversed and compressed when only the frozen-core approximation is
applied, with all three mappers statistically near-equivalent (means of 2.28 x, 2.24 x, and 2.33 x, respectively), suggesting that
the frozen-core approximation alone is largely mapper-agnostic in its effect. The largest absolute spread between mappers
emerges when only symmetry tapering is applied, where JW’s mean of 3.59 x substantially exceeds Pa’s 2.81 x, reinforcing the
observation that Z, tapering interacts most favourably with the JW encoding.

A more consequential observation emerges for the Pa mapper under tapering-only configurations, where a marginal
gate-count increase relative to the unoptimised baseline is observed for NH3, CH4, C2Hy, and H,O», with reduction factors of
approximately 0.98 x to 0.99x, as shown in Table 5. The full reduction data for these cases are reported in Table S5. This
counterintuitive outcome arises because the parity encoding redistributes fermionic occupation information into cumulative
parity operators, which can increase the entangling structure of the resulting Pauli strings. When this increase is not offset
by a sufficient reduction in operator count from tapering, a net gate overhead may result. Importantly, the frozen-core
approximation restores the benefit for these molecules: both the frozen-core approximation alone and its combination with
symmetry tapering yield positive reductions across all molecules and all mappers, as confirmed by the absence of sub-unity
entries in the corresponding columns of Table 5. It may therefore be inferred that this finding provides a practical guideline:
when employing the Pa mapper, the frozen-core approximation should be applied as a minimum prerequisite to ensure that
symmetry-based optimisations do not inadvertently increase circuit costs.
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Finally, it is worth noting that the relationship between qubit count and total gate count is not linear across the molecule
set, as shown in Figure 4. Molecules such as BeH, and O;, despite having comparable qubit counts to LiH and HF after
both symmetry tapering and frozen-core approximations are applied, exhibit markedly different absolute gate counts. This
non-linearity reflects the sensitivity of gate complexity to operator density in the qubit Hamiltonian, a property governed by
molecular symmetry and orbital structure.

These trends suggest a practical hierarchy to guide informed FTQM selection and compilation strategies for near-term
molecular VQE-UCCSD experiments: for systems where only tapering is feasible, JW or BK should be favoured; where the
frozen-core approximation is available, all three mappers are broadly competitive; and where both reductions are applicable,
JW and BK deliver the greatest aggregate gate savings, with BK providing an additional advantage in total number of quantum
gates for the larger molecules as noted previously in this study.

5 Conclusion

This work presents a systematic framework for hardware-agnostic quantum resource estimation in molecular simulations based
on VQE using the UCCSD ansatz. By integrating Hamiltonian modeling, qubit mapping, ansatz construction, and circuit
compilation within a unified workflow, we provide an end-to-end assessment of the general computational requirements for
executing chemistry-relevant problems on NISQ and near-term quantum hardware, with the physical circuit-level metrics
reported here serving as a reference baseline for future logical-resource analyses targeting fault-tolerant quantum systems.
Our results demonstrate that FTQMs and Hamiltonian reduction strategies significantly affect quantum circuit complexity.
Techniques such as frozen-core approximation and Z, symmetry tapering can substantially lower qubit counts and quantum gate
operations without sacrificing physical accuracy. The scaling analysis across the benchmarked molecular systems quantitatively
establishes that optimal combinations of mapping and reduction can reduce total qubits by up to ~ 50%, Pauli string counts by
up to == 2.75 x and quantum gates by up to ~ 27.5x, compared to the unreduced Hamiltonian under identical active-space and
compilation settings, thereby improving the feasibility of molecular simulations on NISQ and near-term quantum hardware.

A natural extension of this work is the systematic integration of other FTQMs, particularly those based on ternary-tree
constructions, into the resource estimation pipeline. Recent advances, such as optimal tree mappings’®, compact and hierarchical
encodings®”-8!  ultrafast hybrid mappings®?, and physically inspired low-entanglement schemes®?, have demonstrated significant
reductions in both qubit overhead and Pauli operator weight compared to canonical JW and BK mappings. Incorporating,
benchmarking, and cross-comparing these mappings within our unified workflow would enable a more precise characterization
of mapping-ansatz-hardware co-dependencies. In particular, adaptive and hardware-aware ternary-tree frameworks such as
HATT? and Clifford-optimized heuristic mappings®* offer structured pathways for minimizing circuit depth and two-qubit
gate counts. Evaluating these emerging FTQMs across a wider set of chemically relevant systems, therefore, represents a key
future direction toward achieving increasingly scalable and resource-efficient VQE and QPE implementations.

Beyond electronic-structure Hamiltonians, an important long-term extension of this framework is the incorporation of
non-B.O. formulations such as NOMO, MCMO, NEO, and CNEO. Integrating these non-B.O. Hamiltonians into a unified
resource-estimation workflow would enable quantitative assessments of the quantum resources required for simulations where
nuclear quantum effects are non-negligible'®>~'1¢. Developing non-B.O. Hamiltonians and ansitze for QPE and VQE, therefore,
represents a promising direction for future research'!7-120

From an applied and industrial perspective, this study provides actionable insights for selecting mapping strategies, circuit
optimizations, and molecular configurations compatible with specific backend constraints. From the perspective of practical
VQE execution, a quantitative analysis of measurement overhead, encompassing shot-count estimation, Pauli grouping strategies,
and covariance-based measurement reduction, represents an important complement to the circuit-level resource estimates
presented here, and is identified as a direction for future work. The resource estimation workflow developed here can be readily
extended for resource-aware benchmarking, algorithm-hardware co-design, and automated pipeline integration in quantum
computational chemistry applications.
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Supplementary Information

This Supplementary Information provides detailed structural and raw resource data supporting the analysis presented in
Section 4 of the main manuscript. The contents are organised to ensure full transparency and reproducibility of the quantum
resource estimation workflow.

First, we report the molecular geometries used throughout the study. For the small illustrative systems (CH4 and CH3F),
force-field-optimised coordinates generated using the Avogadro molecular editor with the universal force field (UFF) are
provided in Table S1. For all 13 benchmark molecules used in the scalability analysis, coupled-cluster singles and doubles
(CCSD) optimised geometries at the STO-3G level of theory, computed using Py SCF, are listed in Table S2. All coordinates
are reported in A and rounded to four decimal places. Atom ordering follows the corresponding . xyz file outputs to ensure
direct reproducibility.

Second, we provide complete raw Hamiltonian- and circuit-level resource counts for every molecule, fermion-to-qubit
mapping (Jordan—Wigner, Bravyi—Kitaev, and Parity), and reduction configuration (no tapering/no frozen core, tapering only,
frozen core only, and both combined) in Tables S3 and S4. Reported quantities include spin-orbital counts, Hamiltonian term
counts, Pauli string statistics, individual Pauli operator counts, circuit width, circuit depth, total gate counts, and number of
variational parameters.

Finally, we include explicit reduction factors computed relative to the no-tapering/no-frozen-core baseline for each molecule
and mapping in Table S5. These tables provide the numerical basis for all percentage and multiplicative reductions discussed in
the main text.

Together, these data ensure that all reported scaling trends, resource reductions, and comparative statements in the manuscript
are fully traceable to their underlying raw quantities.

Table S1. Force-field-optimised atomic coordinates (A) for CH, and CH3F, as generated by the Avogadro molecular
editor'%! using the built-in universal force field (UFF) auto-optimisation tool'%?. These geometries serve as illustrative inputs
for the resource-estimation workflow presented in Section 4 and are not intended as high-accuracy reference structures. Atom
ordering follows the output of the . xyz file produced by Avogadro.

Molecule Atom x (A) y (A) z(A)
Methane (CHy) C —4.9566 4.6276 0.00000
H —5.8816 4.7456 —0.5688
H —4.9356 5.3539 0.8155
H —4.9085 3.6170 0.4113
H —4.1009 4.7941 —0.6580
Fluoromethane (CH3F) C —4.9578 4.5872 —0.0454
H —5.8862 4.7153 —0.6056
F —4.9316 5.4894 0.9676
H —4.9092 3.5822 0.3785
H —4.0983 4.7641 —0.6951

Table S2. CCSD-optimised atomic coordinates (A) for all 13 molecules used in the scalability analysis of Section 4.
Geometry optimisations were performed at the CCSD/STO-3G level of theory using the Py SCF quantum chemistry package®’,
with the geomet ric solver employed for the optimisation procedure. Coordinates are reported to four decimal places. Atom
ordering follows the output of the . xyz files produced byPySCF.

Molecule Atom x (A) y (A) z(A)
Hydrogen (H3) H —8.0162 4.7102 0.0247
H —8.6385 4.7896 —0.3580
Lithium Hydride (LiH) Li —1.3219 3.0763 0.0338
H —0.6203 2.1491 1.0550
Hydrogen Fluoride (HF) F —9.3450 1.4356 0.0011
H —8.3880 1.6991 —0.0613

Continued on next page
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Table S2. (continued)

Molecule Atom x (A) y (A) z(A)

Beryllium Hydride (BeH;)  Be —0.9837 3.4084 0.1009
—1.6817 29596 —0.9204
—0.2858 3.8573 1.1222

Water (H;0) —8.6489 5.1126  —0.0409
—7.6855 54719 —0.0364
—9.0487 5.8301 0.5778
Ammonia (NH3) —9.0469 4.1587 0.0508
—8.5555 3.4144 0.6423
—8.3995 4.1782 —0.8012
—9.8569 3.5804 —0.3427
Methane (CHy4) —8.4804 4.2914 0.0000

—9.3089 3.5933 —0.2316
—8.3381 4.3446 1.0974
—7.5481 3.9287 —0.4761
—8.7263 5.2988 —0.3898

—4.9031 4.1890 0.0000
—3.5919 4.1890 0.0000

Dioxygen (0;)

Dinitrogen (N;) —6.3552 5.1689 0.0000
—5.1664 5.1830 0.0000
Carbon Monoxide (CO) —2.7667 3.5605 0.0000
—1.6051 3.3407 0.0000
Acetylene (C2H3) —6.9042 3.9642 0.0000

—5.6920 3.9898 0.0000
—7.9918 3.9412 0.0000
—4.6045 4.0127 0.0001

Hydrogen Peroxide (H;0;) —2.5277 —0.0366 0.0629
—1.0578 —0.0276 —0.0629
—2.7408 0.1269 —0.9414

—0.8446 —0.1911 0.9414

Ethylene (C2Hy) —7.0983 3.3615 0.0000
—5.7441 3.3984 0.0000
—7.7080 4.2843 0.0000
—7.6569 2.4070 0.0000
—5.1855 4.3529 0.0000

—5.1344 2.4756 0.0000
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