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ABSTRACT: Quantum computing allows, in principle, the encoding of the exponentially
scaling many-electron wave function onto a linearly scaling qubit register, offering a promising ‘\ ‘/‘\ ‘/‘

solution to overcome the limitations of traditional quantum chemistry methods. An essential

requirement for ground state quantum algorithms to be practical is the initialization of the Configuration Interaction
qubits to a high-quality approximation of the sought-after ground state. Quantum state W)=3 cilo)
preparation enables the generation of approximate eigenstates derived from classical

computations but is frequently treated as an oracle in quantum information. In this study, Quantum State Preparation

we investigate the quantum state preparation of prototypical strongly correlated systems’

ground state, up to 28 qubits, using the Hyperion-1 GPU-accelerated state-vector emulator. |0>®n
Various variational and nonvariational methods are compared in terms of their circuit depth ¥ y
and classical complexity. Our results indicate that the recently developed Overlap-ADAPT- —
VQE algorithm offers the most advantageous performance for near-term applications. QuantumiComputing
S imulating electronic structure on computers is a crucial algorithm is proportional to the overlap between the initial
and challenging endeavor with significant applications in state and the Hamiltonian ground state being simulated.”* For
drug discovery and advanced materials design." Unfortunately, a typical chemical quantum simulation, the Hartree—Fock state
the full configuration interaction (FCI) method, which is usually chosen as the initial state for two main reasons: it can
provides exact solutions to the electronic time-independent be represented on a quantum computer using just a few
nonrelativistic Schrodinger equation in a given basis, requires quantum gates, and it tends to be the predominant Slater
the diagonalization of the molecular Hamiltonian to solve the determinant for most molecular systems. However, as pointed
electronic structure problem. The computational cost of out in many studies,”'"”'* a single-determinant initial state
performing an FCI calculation therefore increases exponen- might not be accurate enough for quantum computation of
tially as the system size expands. Quantum computers offer a strongly correlated systems. One possible strategy to generate
promising solution to overcome this issue by enabling the more accurate and multireference initial states is to build upon
representation and manipulation of exponentially large the ability of conventional quantum chemistry methods to
electronic wave functions using only a linear number of qubits. produce such wave functions. The subsequent step involves
To leverage the potential of quantum computers for such tasks, transferring this classical data into the quantum computer to
quantum algorithms such as the Variational Quantum prepare the desirfgl initial state, a process known as Quantum
Eigensolver2 (VQE) and Quantum Phase Estimation™* State Preparation, ~ and often treated as a “black-box” or oracle
(QPE) have been developed for ground state quantum procedure in quantum information. Formally, it involves
chemistry calculations.”™” preparing the state ') from a set of coefficients c, such as
Unfortunately, the limited quantum resources available on 5
current-generation Noisy Intermediate Scale Quantum8’9 I¥) = Z CPIP>’ Z lCPI =1
(NISQ) devices severely limit the implementation of such pe(O1}’ pelo1y (1)

methods and their ability to achieve an advantage over their
classical counterparts. Hence, there is a need for the
simultaneous use of both improved quantum hardware and
resource-efficient quantum algorithms. Both VQE and QPE
have a significantly reduced computational cost when the
initial state, i.e,, the starting configuration of qubits, is carefully
prepared in order to exhibit high overlap with the ground state
of the system under study. Since VQE is an optimization
problem, beginning with an initial state that is near the solution
naturally enhances the efficiency of the search for the optimal
solution. Regarding QPE, the success probability of the

Note that an arbitrary quantum state preparation necessitates
circuits that scale exponentially with the number of qubits
either in size, depth, or number of ancilla qubits."’~""
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Consequently, this initialization step could potentially
dominate the overall computational cost of the quantum
algorithm, leading to the loss of the anticipated advantage. A
common metric for assessing quantum resource requirements
includes the counts of both CNOT gates and single-qubit
gates. While the emphasis on CNOT count is typical in NISQ
devices, fault-tolerant quantum computing places greater
importance on the count of single-qubit gates, which include
non-Clifford arbitrary rotations.

Configuration interaction'® (CI) is a post-Hartree—Fock
quantum chemistry approach that represents the wave function
as a weighted linear combination of Slater determinants. As the
size of the FCI space grows exponentially with the number of
particles and basis functions, the Selected-CI (SCI) methods
have been proposed in order to automatically select only the
important contributions in the Hilbert space. Among various
flavors of SCI, the CI perturbatively selected iteratively
(CIPSI)'”'® employs an iterative approach in which the
most pertinent Slater determinants are dynamically added to
the wave function based on an importance derived from
perturbation theory (PT). By choosing on-the-fly Slater
determinants tailored to the systems being simulated, the
SCI ansatz wave function rapidly captures the bulk of
correlation effects and is therefore a natural candidate for a
suitable multireference initial quantum states. Formally, the
SCI wave function is defined over a subset of Slater
determinants within the FCI space, denoted here the
variational subset of determinants V = {l¢), i = 1, N}, and

the energy is minimized over this set of parameters

Fer) = D cld),

eV
(Bl H¥scr)
(Wi Pscr) (2)

For a given wave function |Ws;), one can compute the
associated second-order perturbed energy as

(IHI¥,*
ey E(Y¥%¢) — E(D) (3)

where E(W) is the variational energy of a given wave function
Y. Therefore, the quantity E? is a measure of the remaining
contribution to the energy of the Slater determinants not
already captured in Wy¢). In the following calculations, we
stop our calculations when [E?| < 107 in order to obtain
target states of near FCI quality.

The process of encoding CI states in qubit registers involves
mapping Slater determinants to computational basis states.
The Jordan-Wigner Fermion-to-qubit transformation'® is
commonly employed for this mapping. In this transformation,
each qubit stores the occupation of a spin-orbital, meaning that
each vector in the computational basis corresponds to a Slater
determinant. Computational basis states can represent
unphysical states such as the 10)" state, which corresponds to
a configuration with zero particles. The Hartree—Fock state of
an m-electron and n-spin—orbital system is encoded as Wy) =
[1)" ®I0)"~™, when arranging the spin-orbitals in increasing
order of energy. First, let us remark that the SCI target state
has a number of variational determinants M much smaller than
the dimension of the computational Hilbert space (M < 2"). It
is thus encoded as a sparse quantum state of the sparsity M.
Second, more generally, let us remark that it respects multiple

{¢;} = argmin

E(Z) —
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fundamental symmetries such as Fermionic anticommutation
relations, which are reflected in the amplitudes, particle
conservation, and projected-spin, with only specific computa-
tional basis states respecting them. The molecular Hamiltonian
eigenstates thus belong to a subspace of the n-qubit Hilbert
space that is relevant to these symmetries.

Having established the properties of the target wave
functions, we can now shift our attention to exploring the
diverse methods available for the quantum state preparation of
such targets. One first natural idea was introduced by Gard et
al*® and involves fully parametrizing the symmetry-preserving
subspace with minimal CNOT count. Parameters are then
variationally tuned until convergence to the target state, which
is within this subspace. Assuming convergence, this Symmetry-
Preserving-VQE approach allows for an exact state preparation
with a maximum CNOT count of 3 times the dimension of the
subspace. An established alternative to fixed circuit methods
involves adaptive variational algorithms where quantum
circuits are grown and tailored to the problem being simulated.
The Adaptive Derivative-Assembled Pseudo Trotter
(ADAPT)-VQE™ belongs to this family of methods and has
become a benchmark technique due to its capability of
generating ansatz wave functions that are both highly accurate
approximations to the ground state and also more compact in
terms of circuit depth than fixed-ansatz approaches. A variant
of this approach—Ilabeled Overlap-ADAPT-VQE**—was
recently introduced for quantum state preparation. The
Overlap-ADAPT-VQE algorithm iteratively generates a
compact approximation of a target wave function through a
quasigreedy procedure that maximizes, at each iteration, the
overlap of the current iterate with the target. This is achieved
by adding on-the-fly the most relevant unitary operator from a
finite-size pool of admissible operators, with a selection
criterion based on the gradient of the overlap of the ansatz
with the target. Note that whether the Overlap-ADAPT-VQE
ansatz evolves within the symmetry-relevant subspace of the
target depends on the choice of operator pool. Pools made of
Fermionic operators adhere to all the desired symmetries,”'
which facilitate the convergence to the target state but come at
the expense of requiring more quantum gates per operator.
Conversely, Qubit—Excitation—Based,23’24 (1ubit,25 or Minimal
ZY”® pools may respect only a subset of these symmetries or
none at all, but they are more resource-efficient. The Overlap-
ADAPT-VQE workflow and the associated details of the
aforementioned operator pools are provided in the Appendix.

Despite a rather intuitive structure, variational quantum state
preparation algorithms face scalability issues because they rely
on heuristic classical optimization processes that become
exponentially complex as the number of qubits grows.26
Indeed, the optimization problem is nonconvex and plagued by
multiple local minima and barren plateaus,27 which so far
limited the applicability of variational quantum state
preparation algorithms to rather simple quantum systems.
Recently, significant research attention has been directed
toward nonvariational methods for quantum state prepara-
tion,”® ™" particularly when the state to be prepared exhibits
distinct structural traits or symmetries.'”****7*® As a result,
nonvariational sparse quantum state preparation algorithms
offer an interesting alternative for the preparation of SCI wave
functions, as they are exact and deterministic. We propose in
Table 2a, a nonexhaustive list of sparse quantum state
preparation algorithms and associated complexities.

https://doi.org/10.1021/acs.jpclett.3c03159
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Table 1. Performance of Common Sparse State Preparation Methods”
Method Classical preprocessing CNOT count Circuit depth Ancillas
CVO-QRAM>® O(M log M + nM) D (8 — 4) = s O(nM) 1
Gleinig et al.*® O(M? log(M)n) O (nM) O (nM) 0
Tubman et al." O(nM) O(nM) 1
Zhang et al.”’ O(nM) [very large] O(log(nM)) O(nM log M)
Fomichev et al.** o(M®) O(M log M) O(M log M) O(log M)

“With respect to the target state, M denotes the sparsity, n the number of qubits involved, y, is the number of determinants with ¢ bits of value 1,

and t,, is the highest value of t with y, # 0.
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Figure 1. Determinants count (a) and circuit size (b) in the SCI representation of linear H, chains. The circuit size has been established using
CVO-QRAM loader and ESP Ansatz as the state preparation method.

The “CVO-QRAM” algorithm developed by de Veras et al.*®
enables sparse quantum state preparation algorithm that scales
linearly with respect to the sparsity of the target, using a single
ancilla qubit. We detail in the Appendix the correctness of the
algorithm and use it in the following simulations.

The study presented in this Letter aims to compare the
aforementioned state-of-the-art variational and nonvariational
approaches to sparse quantum state preparation on the criteria
of circuit size and classical processing complexity. The target
states under consideration are accurate approximations of
hydrogen chains’ ground states, which are prototypical
examples of strongly correlated systems in quantum chem-
istry.” The linear hydrogen chains that we consider are
stretched with an interatomic distance of 5.0 A. The target
ground states are obtained via CIPSI'”'® SCI simulations
carried out on the Quantum Package40 software, using a
minimal STO-3G basis set, and up to the challenging case of
H,, whose quantum encoding requires the significant count of
28 qubits. Figure 1a emphasizes, as anticipated, the exponential
growth in the number of determinants needed to represent the
ground state of increasingly large hydrogen chains.

In Figure 1b, we display the circuit size required to construct
a quantum circuit that encodes the Full-CI wave functions of
the hydrogen chains. These quantum circuits are obtained
using the CVO-QRAM method and the Efficient Symmetry-
Preserving (ESP) Ansatz as quantum state preparation
algorithms applied to the CIPSI ground state as a target.
While the former approach substantially lowers the CNOT
count compared to the CVO-QRAM method, it is crucial to
emphasize that the ESP Ansatz is built upon certain underlying
assumptions. First, the convergence of this optimization
process cannot be guaranteed, giving rise to system-depend-
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ence, while CVO-QRAM ensures systematic success. Second,
variational state preparation via ESP Ansatz is of exponential
complexity with the system size. In either scenario, performing
state preparation for such target states presents challenges, with
impractical computational cost in one case and large circuit
size detrimental to the subsequent quantum post-treatment in
the other.

The CVO-QRAM and ESP quantum state preparation
estimated costs suggest that preparing compact approximations
of the target state might be a natural option. Notably,
variational methods can progressively approach the solution,
allowing access to ansatz wave functions of arbitrary precision
with flexible circuit depth and classical computational time.
Adaptive variational algorithms have notably showcased their
effectiveness compared to fixed-ansatz techniques in the realm
of approximate ground state preparation. Specifically, the
Overlap-ADAPT-VQE has previously been applied to the state
preparation of small SCI-wave functions,* making it a suitable
choice for the forthcoming simulations.

We carry out Overlap-ADAPT-VQE simulations with the
linear H,, ground state as target on 28 qubits, and using two
common operator pools, namely, Qubit-Excitation-Based- and
Qubit-pool, whose details are given in the Appendix. Such
large computations are made possible thanks to the use of the
in-house GPU-accelerated Hyperion-1 quantum emulator. To
ensure a fair comparison with CVO-QRAM, which performs
exact state preparation, we prepared a range of approximated
states of the linear H,;, ground state. The approximation
involves cropping the smallest coefficients of the target and
renormalizing, guaranteeing minimal sparsity for an arbitrary
high overlap. An alternative being explored involves taking as
approximated ground state the variational states achieved

https://doi.org/10.1021/acs.jpclett.3c03159
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Figure 2. (a) Absolute CI coefficient of each Slater determinant in the Selected-CI expansion of the linear H;, ground state wave function. (b)

Associated absolute sum of CI squared coefficients.
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Figure 3. (a) Gate count for approximate state preparation of ground state wave function of linear Hy, displayed in Figure 2. The CVO-QRAM
algorithm generated states from CIPSI iterates as well as states derived from truncations of the ground state (TGS). The Overlap-ADAPT-VQE
approximates the ground state using the QEB- and the Qubit-pool of operators. (b) Fidelity of the Overlap-ADAPT-VQE ansatz over the iterations

for the same target.

during each iteration of CIPSI. These states bear higher
physical significance and have been observed as accurate
ansatz-drivers in the context of post-treatment with the VQE.**
A table comparing the fidelities and the determinant count of
these two options is provided in the Appendix (Table 2). We
display in Figure 2a the absolute weight of each Slater
determinant in the CI of the Hy, linear hydrogen chain ground
state. Note that for the H,, system, relying on a single
determinant initialization yields at most a modest 4.1072
overlap with the ground state. Moreover, Figure. 2b presents
the associated absolute sum of CI squared coefficients,
highlighting the need for a multideterminant initial state.

The resulting gate count of state preparation via CVO-
QRAM and Overlap-ADAPT for various levels of approx-
imations is given in Figure 4. The adaptive variational
approach leads to significantly reduced gate count for any
observed level of fidelity. Overlap-ADAPT-VQE seamlessly
expands ansatz with fidelity exceeding 95% and appears to be
resilient to common variational algorithm challenges, such as
hostile landscapes with barren plateaus or local minima. This
observation is particularly noteworthy considering the strong
correlation inherent in the target system. The associated circuit
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involves no more than a few thousand CNOT gates and single-
qubit gates, a highly reasonable resource in the context of the
early fault-tolerant era. We anticipate the dominance of the
CVO-QRAM approach in exactly preparing the target state.
Achieving full convergence with the variational approach is
unlikely without an exceedingly flexible ansatz involving an
impractical number of parameters. This is primarily due to the
abundance of determinants with very small weights in the
target state. Indeed, Figure. 3b shows the convergence profile
of the Overlap-ADAPT simulations and illustrates the
challenges faced by the ansatz in reaching a fidelity of 1
throughout the iterations. Nevertheless, the majority of studies
typically regard an overlap exceeding 0.5 with the ground state
as sufficiently high for a QPE initial state. This perspective
makes the exact state preparation approach via CVO-QRAM
less suitable for these applications.

The CVO-QRAM process exhibits a superlinear classical
complexity with the number of determinants, which are
obtained with classical SCI methods that scale exponentially
with the system’s size. Therefore, the overall state preparation
strategy is dominated by the cost of the SCI procedure. When
targeting a classically derived wave function, the Overlap-

https://doi.org/10.1021/acs.jpclett.3c03159
J. Phys. Chem. Lett. 2024, 15, 3197—-3205
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the dashed lines indicate the single-qubit gate counts.

ADAPT-VQE process necessitates classical simulation of a
quantum circuit, leading to exponentially scaling memory
requirement with the number of qubits and, consequently, with
the size of the targeted system. This imposes an upper limit on
the qubit count that can be emulated without resorting to
approximation or encountering errors. To extend the
scalability of variational algorithms on simulators, alternative
strategies have been investigated. These include approximated
emulations by using Matrix Product State circuit simulators or
by partitioning the system and performing successive local
optimizations. These efforts have shown promising outcomes,
successfully simulating systems of up to around 100 qubits.*’
Despite multiple layers of approximation, integrating Overlap-
ADAPT-VQE with approximated emulation can be promising
in replicating high-fidelity ansatze by using compact circuits for
larger systems, a focus for future research, particularly for
molecular systems with classically intractable convergence. To
capitalize on quantum computing memory advantages while
maintaining the objective of high-fidelity initial states with
compact circuits, an alternative approach is to employ the
Overlap-ADAPT-VQE algorithm as a hybrid quantum-classical
algorithm. As it necessitates the target wave function to be
stored in a quantum register, executing this method for our
problem first involves converting the CIPSI wave function into
a quantum state using CVO-QRAM. Then, an Overlap-
ADAPT-VQE ansatz can be grown iteratively to maximize its
overlap with the CVO-QRAM prepared state, potentially
resulting in a more compact approximation of the latter. The
overlap measurement can be conducted using either the swap
test or the compute-uncompute approach, both of which have
been explored on quantum hardware in prior research within
this context.”” Regardless of the chosen approach, let us
emphasize that Overlap-ADAPT-VQE not only delivers a
precise initial state but presents it in the structure of a
parametrized quantum circuit. This circuit can be fine-tuned
on a quantum computer, offering adaptability based on the
desired post-treatment. This feature proves especially advanta-
geous in the realm of VQE, where flexibility in the ansatz is
sought.

By generating a compact quantum circuit that encodes the
best classically derived wave function, we secure an initial
quantum state with strong overlap with the sought-after
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ground state of the system. This initial state preparation will
greatly facilitate a following quantum post-treatment, such as
QPE, which offers an asymptotic advantage in determining the
ground state energy compared to classical approaches.

The key takeaway is that, even for chemical systems of prime
hardness,” quantum state preparation of accurate initial state
has proven seamless with Overlap-ADAPT-VQE coupled to a
classical ground state approximation procedure. The resulting
quantum circuits exhibit an insignificant circuit depth in the
context of early fault-tolerant era. It is worth noting that an
entirely different class of procedures conducts state preparation
directly within the quantum computer, either through adiabatic
state preparation’ or by leveraging ground-state boosting™*
based only on the information provided by the system’s
Hamiltonian. While these approaches may seem more scalable
than classical state preparation algorithms, they introduce a
substantial quantum resource overhead for medium-sized
systems, making them inherently more appropriate for the
longer term. Further investigation is sought for addressing the
regime where the strategy of utilizing classically derived initial
states outperforms other initialization approaches. In a broader
context, sparse quantum state preparation methods are used
for a range of applications, including Hamiltonian simulation
with either linear combination of unitary operators®’ or
qubitization,*® data loading for quantum machine learning”” or
even solving a linear system of equations.”® Overlap-ADAPT-
VQE may therefore offer a practical approach for any such
algorithm involving classical data loading by allowing the use of
an operator pool tailored to the target state’s characteristics.

B TECHNICAL APPENDIX

Quantum State Preparation for H,, and H;, Chains.
We display in Figure 4 the gate count for the quantum state
preparation of the ground state for two additional hydrogen
chains, Hj, and Hj,. Although the Overlap-ADAPT-VQE
algorithm demonstrates greater size efficiency in both cases,
with an order of magnitude fewer gates compared to the CVO-
QRAM in terms of ground-state fidelity, the disparity is less
pronounced than that in the case of H;,. The observed
difference can be attributed to the lower degree of correlation
in shorter hydrogen chains, with the Hartree—Fock state
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having stronger support and fewer determinants required to
accurately approximate the ground state.

The Hyperion-1 High-Performance State-Vector Em-
ulator. Hyperion-lAr9 is a quantum computing state-vector
emulator package dedicated to quantum chemistry. It uses
classical hardware and is massively parallel thanks to an
efficient multi-GPU (Graphics Processing Unit) implementa-
tion. High performance is ensured by an ensemble of fast
custom CUDA sparse linear algebra libraries, which act on the
native quantum chemistry algorithms to accelerate Hyperion-
I’s exact/noiseless simulations. For example, using a single
DGX-A100 node (8 X A100 GPUs, 40 Gb of memory/GPU),
we have been able to carry out a 28 qubit Overlap-ADAPT-
VQE simulation producing over 600 iterations within 8 days.
The fidelity of the ansatz with respect to the H, target state is
plotted with respect to the iterates in Figure. 3b. The
algorithms examined in this paper are classical, and their
execution in the state-vector formalism excludes both complete
gate decomposition and the simulation of noise related to
shots or hardware. Nevertheless, these options are accessible
via the software. Further details about Hyperion-1 will be given
in a forthcoming publication.

Double Sparse Quantum State Preparation. Even
though it is unclear how to prepare an arbitrary state of 2"
complex amplitudes with a cost which is not exponential with
the number of qubits 1, the problem of loading a number M of
complex amplitudes was proven to have satisfying solutions
scaling linearly with M such as the CVO-QRAM method.*
This algorithm consists of loading sequentially the classical
data by performing controlled rotations using one ancilla qubit.
The algorithm is presented, and the correctness is proven
recursively as follows.

Algorithm 1: CVO-QRAM - Complex Data Storage Algorithm

input :data = {wk,pk},zgl
output: [m) = S0 @ |py)
1 cvoqranm (data, |1)):
2 | |hgy) = |u) m) =[1;0,---,0)
3 foreach (zy,pi) € data do
4 t = The number of bits with value 1 in the pattern pj
5 I = a list containing the positions of pj, where py[j] = 1.
6 [¥r,) = H pX(u mll ‘L’w)>
7 [y} = CU) (tio 1y ooy [P}
8 if kK # M — 1 then
9 |tk = H CXuml) [Ury)
10 | return |m)

Define the amplitude remaining to be loaded by y, = 1,

Y1 =%~ e,/ for 0 < k < M — 1. Notice that by
normalization of the input data y,,_; = 0. Then, for each k, the
unitary:
2
AV — gl X
ylwn) = L[V k

x/7k N/ kal2

The algorithm correctness is proven using the following loop
invariant H, k = 0--M — 1: Hy: Right before loading (x;, py),
line 3, the state of the system is

k-1
|l//k0> = Z,-=o x10, p}) + /%11, 0). For k = 0, Hy holds
vacuously. Let us check for k < M — 1, the for loop maintains

the property. Assume that the H; is verified. Then, simply
compute:

ES
X
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k-1
ly ) = ijlo,pj> + (A )
j=0
k-1 \/y_
1
) = leO,p) + \/7,6 |0 p) + I, p,)
j=0
k
= Z x0, p]_) + L)
j=0
k
) = ijlo,p]) + [Tees 11, 0)
j=0

(4)

Thus, the property is maintained. In order to show that the
procedure ends well, simply notice ly;,_;) = 0 since the input
data must be normalized (without loss of generality).

The CVO-QRAM method needs two steps of classical
preprocessing. First, given an input with M patterns to load,
the classical device must first sort the input patterns with cost
O(Mlog M). Then, it creates the circuits associated with the

U%) with total cost O(nM). The total, classical cost is
O(Mlog M + nM). In terms of quantum gates, the number of
CNOT gates to prepare a state is

n
D (8t —4) — b,

t=1

where y; is the number of input patterns p, with ¢ bits with
value 1 in the binary string and ¢, is the highest value of ¢
with y, # 0.

B OVERLAP-ADAPT-VQE

The general workflow of the Overlap ADAPT-VQE algorithm
is given in the following. The computations of overlap and
gradients of overlap are not expensive. We encourage the
reader to consult our most recent publications’>** (and
supplementary information) on the subject for further details
about how the overlap and the overlap gradients are computed
in Overlap-ADAPT-VQE or any other related technical aspect.

Algorithm 2: Overlap-ADAPT-VQE - Variational Quantum State Preparation

input : initial state [¢o), target state |¢r), pool of operators A, convergence

threshold e
output: ansatz [¢(6)) such as [(¢(8)|or)| < €

1 Overlap-ADAPT-VQE(|¢), |ér), A, €):

2 n<+1

3 | while S, = |[(1,,(0)[V7)| > € do

4 foreach A; € A do

5 Measure gradients ga, < ‘m
6 i < index of the largest element of §
7 Pick best operator A, < A;

8 Grow Ansatz |1,) < Ay [¥n-1)

9 Optimise Ansatz 0°P' = argmin  |(1,,(0)| V)]

0=(01,,0n)

10 0 < gort

11 Iterate n <~ n+1
12 return [¢,(0))

Operator Pools. The literature contains a wide range of
operator pools for ADAPT-like algorithms and VQEs. Some
are chemically inspired and ensure that the ansatz preserves the
symmetry of the target state, while others prioritize hardware
efficiency and minimize the number of operators used.”>>’
This section intends to offer a concise introduction to the two

https://doi.org/10.1021/acs.jpclett.3c03159
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operator pools that have been used in prior numerical
simulations.

The Qubit Excitation-Based Pool. The Qubit excitation-
based (QEB) pool is widely used for simulating quantum
chemical systems™ because it preserves spin and number of
particles while still being fairly hardware efficient. The QEB
pool consists of so-called single-qubit and double-qubit
excitation operators which take the form

1
Apy = (XY, = VX)) )
and
A (x YXX, + VXXX + VLYY X + YYXY,

- XXYX, - XXXY, - VXYY, - XYY,Y)

(6)
The variables p, g, r, and s represent qubit indices, and X,
and Y, represent the standard one-qubit Pauli gates applied to
qubit p. Therefore, the single-qubit generator A, operates
between individual qubits p and g, while the double-qubit
generator A, operates between the qubit pairs (p, q) and (r,
s). The computation of parametric exponentiation for QEB
operators is straightforward, and the resulting unitary operators
come with well- established CNOT-optimized circuit
implementations given below.

’—{ Ry (3) }—"—{ Ry (=5) }—"7
a: Ry (=5) HRz (-5) &R (-5)]

Figure 5. A quantum circuit performing a generic single-qubit
excitation.>!

qr - Ry (g)

re
H]

The Qubit Hardware-Efficient Pool. The Qubit hard-
ware-efficient”® pool instead uses decomposed single and
double excitation operators which are of the form

By = XY (7)
and

B= XUXX, B = YXXX, B = YYXX, B = YYXY,

Bo= XXYX,  BO = XXXY, BD =YXYY, BL =XYYLy

(8)

where p, g, r, s again denote qubit indices and X, and Y, are

one-qubit Pauli gates acting on qubit p. Note that the qubit
hardware-efficient pool does not preserve particle and spin
conservation of the ansatz, which may result in convergence
difficulties due to the violation of such crucial system
symmetries. However, prior numerical simulations employing
the qubit hardware-efficient pool have produced ansatzes that
require fewer CNOT operations for implementation on

quantum hardware when compared to ansatz wave functions
based on the QEB pool.
Target States Details.

Table 2. H;, Ground State Approximations: Comparative
Fidelities of Variational CIPSI Iterate States and
Truncations of the Ground State with Respect to the
Numbers of Determinants

Fidelity
Number of determinants CIPSI iterate state ~ Truncated ground state

8 0.0397 0.0627

21 0.0562 0.1015
46 0.0761 0.1501

922 0.1103 0.2121
185 0.1495 0.2749
403 0.1824 0.3498
827 0.2147 0.4631
1657 0.2954 0.6164
3356 0.3905 0.7800
7054 0.5071 0.8833
14174 0.6411 0.9390
28976 0.8757 0.9932
58664 0.9964 1.0000
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