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&

DAE molecule, Excited state calculation
AS of (22e, 220) < 8 hours

ABSTRACT: We estimate computational resources for computing excited-state energies of
benchmark photochromic molecules of diarylethenes (DAEs) by using quantum phase
estimation on photonic devices. The number of T gates, which determines the calculation
time, and logical qubits for a simulation are estimated, considering the overhead of fault-
tolerant computers. Three DAE molecules of increasing size are examined with active space
sizes specified. Quantum resource estimation is conducted via Hamiltonian truncation within
an active space of all valence 7 electrons in all valence bonding 7 and their antibonding 7* orbitals. For small and medium molecules,
complete active space configuration interaction generates reference energies and trial initial states, while for the large molecule, a trial
state with perfect overlap with the exact excited state is assumed due to computational constraints. Notably, with 1.02 X 10° resource
state generators, computation for the largest molecule with an active space of 22 electrons and 22 orbitals takes 7 h and 54 min.
These results provide insights into the computational resources necessary for computing excited states on quantum hardware.
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B INTRODUCTION resources is essential. By understanding the resource demands
upfront, one can assess whether the available hardware and
software infrastructure can support the intended simulations.
Moreover, by analyzing resource utilization patterns, research-
ers can devise strategies to enhance algorithm efficiency,

The design and development of advanced electronic and
photonic materials are pivotal for driving innovation across
various industries,' > including telecommunications, optoelec-
tronics, and renewable energy. Computational methods in

quantum chemistry play a central role in accelerating the reduce computational overhead, and optimize simulation
discovery and optimization of these materials, offering insights parameters for faster convergence.

into their electronic and optical properties with unprecedented In ref 6, the use of quantum phase estimation (QPE) using
accuracy. Full-configuration interaction (FCI)* is the most double-factorized (DF)”* qubitization” to compute the ground
powerful method for calculating the accurate physical proper- state of fluoroethylene carbonate was investigated. It presents
ties of strongly electron-correlated materials with complex the analysis of the resource requirements for one of the largest
electronic structure states and photochemical reactions molecules ever considered in quantum computing and
involving many electronic excited states of various photofunc- develops optimization strategies tailored to the photonic
tional materials because FCI can provide exact ground- and fusion-based quantum computing (FBQC) architecture,
excited-state energies within a given basis set. By capturing the utilizing resource state generators (RSGs)."” An RSG is a
interplay between electrons in different orbitals, FCI provides photonic device that, every (nanosecond) clock cycle,
invaluable insights into the ground and excited states Of produces a small, entangled resource state. The results
materials, which are essential for understanding their electronic indicated that without further optimization, FBQC could
and optical properties. However, traditional computers often calculate the ground state within a day. However, estimations
struggle to handle large molecular systems due to the of excited-state energies are a relatively underexplored area,
exponential scaling of FCI computational resources. This compared to ground-state energy extractions.

limitation impedes the practical application of FCI to real- Building on this foundation, our current study extends the

world problems, restricting its utility to smaller systems or
simplified models.

Quantum computing has emerged as a transformative
paradigm in computational chemistry, promising to revolu-
tionize the simulation of molecular systems with unparalleled
efficiency and accuracy. The advent of fault-tolerant quantum
computers (FTQCs) presents a monumental leap forward,
offering the potential to solve practical problems with
unprecedented precision.” To ensure that future FTQC
quantum computers can be applied to FCI calculations and
solve practical problems, estimation of the computational

approach to estimating the resources required for computing
the excited states of diarylethene (DAE) molecules, a class of
photochromic materials. DAEs have potential applications in
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Figure 1. Depiction of the molecules in this study. The left, center, and right molecules are DAE-small, DAE-medium, and DAE-large, respectively.

photoresponsive materials such as single-molecule optical
memory, optical switches, and light-driven molecular crystal
actuators.'’ In order to rationally design novel DAEs for such
applications, it is crucial to calculate the potential energy
surfaces (PESs) of electronic ground and excited states
involved in the photochromic reaction to high accuracy.

Although PES calculations have so far been performed using
quantum chemical methods of time-dependent density func-
tional theory'”"® and complete active space self-consistent
field/CAS second-order perturbation theory with an active
space of all valence 7 electrons in all valence bonding 7 and
their antibonding 7#* orbitals,"* they cannot fully explain
experimental results such as the quantum yields (QYs) of the
photochromic reactions. For example, in the case of QYs of
photochemical ring-opening and closure reactions of DAEs, it
is empirically the case that the sum of QYs of photochemical
ring-opening and closure reactions is smaller than 1. This
mechanism has not been studied by excited-state calculations
on classical computers.'’ This indicates that the precise
understanding of the photochromic reaction mechanisms of
DAEs would require the PESs to be calculated at the level of
FCI within the configuration space consisting of all valence
electrons in all valence bonding/antibonding/nonbonding
orbitals at least, which cannot be realized by conventional
classical computers but could be realized by quantum
computers.

In this study, as a first step toward FCI calculations of
excited states of large-sized DAEs, we estimate the resources
and computation time required to calculate DAE excited states
at the complete active space configuration interaction
(CASCI)" level with an active space of all 7 electrons in all
valence bonding 7 and their antibonding #* orbitals (22
electrons, 22 orbitals) using QPE on FTQC. The only way to
perform such a calculation on classical computers would be to
use the density matrix renormalization group,'®”** which
requires heuristic techniques to specify the order and shapes of
active orbitals.

B METHODS

The estimation procedure is based on a previous work,® and
thus, we do not show the technical details including quantum
circuits and error corrections. We first explain an overview of
the estimation and then QPE****, the central quantum
algorithm in our estimation, and information to calculate QPE.

Estimation Overview. This work contains baseline
resource estimates for computing the excited-state energies
of a set of small benchmark DAE molecules via the use of QPE
on an FTQC. The goal of such a resource estimate is to
determine how long it takes to finish such a computation using
a specific number of photonic RSGs, which are the building
blocks of the photonic-fusion-based quantum computer. We
first determine the number of logical qubits and T gates
required to simulate each molecule using a modern

qubitization-based approach and factorization of the Hamil-
tonian, where the number of T gates is an important factor in
estimating the computational time. We assume that the
hardware operates at a physical error rate equivalent to 10%
of the threshold of the error-correcting code.’ Then, using
numerical simulations to determine the required fault-
tolerance overhead, we convert these hardware-agnostic
quantities into explicit run times and footprints.

QPE and Calculation Details. QPE is a standard and
efficient way to sample from the eigenspectrum of a
Hamiltonian. QPE takes as input a unitary U and an eigenstate
of U, ly;), and outputs an estimate of the corresponding
eigenphase ¢; in Uly;) = ez”i‘ﬁ’ly/j) up to some error €, which we
can then use to classically compute the eigenenergy ¢ In
particular, we can estimate the electronic eigenenergy of a
Fermionic second-quantized Hamiltonian H by taking U to be
unitary that encodes a function of the Hamiltonian f(H) and
using the eigenstate ly) to output ¢,.

Much of the cost of QPE comes from circuitizing a unitary
U that encodes some function of the Hamiltonian f(H). While
a popular approach is to approximate the time-evolution
unitary e using product-formula approaches like the
Trotter—Suzuki method,”® we adopt a cheaper approach
using block encoding’”*® and qubitization,” which has led to
the most efficient resource estimates for second-quantized
simulations of chemistry Hamiltonians.’~**"~*!

Since we typically do not have access to the true eigenstate
ly;) of the system of interest, we can instead use a trial ansatz
state |@) with overlap (®@ly;) = & with the ground state as
input to QPE. Because the gate cost of QPE in this study scales
with [67'], the calculation time can be minimized by preparing
an ansatz with high overlap (>70%, for example). For
molecules of the size considered in this work, there exist
sophisticated classical state preparation techniques based on
selective configuration interaction approaches where one can
use efficiently prepared multideterminant states as initial ansatz
to achieve these large overlaps.*”

We investigate resource estimates for three DAE molecules
with varying sizes: (1) a small molecule with 20 atoms, 100
electrons, and 192 basis functions; (2) a medium-sized
molecule with 33 atoms, 186 electrons, and 350 basis
functions; and (3) a large molecule with 53 atoms, 266
electrons, and 534 basis functions. The structures of the
molecules are illustrated in Figure 1. Equal but small active
space sizes (10e, 100) are used for the small- and medium-
sized molecules. For the large molecule, an active space of
(22e, 220) is used.

Quantum resource estimation (QRE) is done by Hamil-
tonian truncation in the above active spaces, and we consider
two types of resource-saving techniques, DF and tensor hyper
contraction (THC).® These techniques use tensor decom-
positions for electron-repulsion tensors. The cost scales are N°
for DF and N? for THC (where N is the number of basis
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functions). While THC first appears to be a more cost-efficient
algorithm to use, performing factorization using THC requires
performing numerical optimization, which has difficulty with
convergence. Molecular orbitals are handpicked for better
accuracy for the three lowest singlet states. Reference energies
and the trial initial state are generated using the CASCI
approach for small- and medium-sized molecules. For the large
molecule, CASCI results are inaccessible due to the enormous
computational cost on a classical computer, and we assumed
that we have access to a trial state that has perfect overlap with
the exact excited state and obtained the quantum computa-
tional resource needed for an arbitrary excited state.

B RESULTS AND DISCUSSION

We first show the results of Hamiltonian generations. Then, we
discuss a calculation cost comparison between DF and THC
and finally show the improved results by space-time parameter
adjustments.

Hamiltonian Generation. We have generated three
molecular Hamiltonians, full, DF, and THC, for the molecules
DAE-S (small), DAE-M (medium), and DAE-L (large) at the
optimized geometries of S, transition states (TSs) between
closed and open forms, which have biradical characters and
were obtained using the broken symmetry spin-unrestricted
density functional method of UwB97X with the 6—31G(d)
basis set (in which spherical harmonic functions of 5d were
used) by Gaussian16.”® The optimized S, TS structures and
their corresponding imaginary frequency normal modes are
included in the Supporting Information. The CASCI
calculations are performed on an active space that consists of
all 7 electrons in all valence bonding 7 and their antibonding
7* (Hartree—Fock) orbitals. The inputs to the QREs we
performed are gathered in Tables 1—3. a in Tables 1 and 2 is

Table 1. Hamiltonians after THC”

molecule R N, a ERI — ERI™HC
DAE-S 55 20 2.3 % 10° 5.80 x 1071
DAE-M 55 20 42 % 10° 1.00 X 10710
DAE-L 253 44 8.4 x 10° 3.90 x 1078

“N; is the number of spin molecular orbitals; and ERI is the two-
electron repulsion integral. Rank R along with the THC norm is
shown. Errors (ERI — ERI™C) are in kcal/mol.

Table 2. Hamiltonians after DF“

molecule threshold N, R M a ERI — ERIPF
DAE-S 1.0 x 107* 20 54 480 10.65 0.14
DAE-M 1.0 X 107* 20 53 470 10.75 0.15
DAE-L 1.0 X 107° 44 207 4080 41.49 0.03

“Nj is the number of spin molecular orbitals, the threshold is the
cutoff used to truncate the DF Hamiltonian, ERI is the two-electron
repulsion integral, R is the maximum rank of terms from DF, and M is
the maximum number of eigenvectors for all of the terms from DF.
Errors (ERI — ERI®F) are in kcal/mol.

one norm of the approximated Hamiltonian. The error (ERI —
ERI™"d method = DF or THC) is an P norm between
electron-repulsion tensors before and after approximate tensor
decompositions.

The errors in THC of Table 1 tend to be smaller than those
in DF of Table 2. There are two main explanations for this
phenomenon. The first is the trade-off between the error and

cost. Obtaining a small error comes at the cost of a larger o
compared to that of DF. This causes a large increase in
computational cost (see the next section for additional details).
The second is the inclusion of nonlinear operations in the
optimization step of THC. These nonlinear operations cause
errors to suddenly decrease from subkcal/mol to extremely
small values during the optimization.

In Table 3, by taking into account the fact that the overlaps
0 are close among all of the singlet excited states, we show cost

Table 3. Excited-State Energies and Overlap Assessments
from CASCI Results”

excited select full

molecule state energy ) CASCI CASCI

DAE-S So —1178.24902  0.935 [9, 9] [252, 252]
DAE-S S, —1178.17469  0.945 [14, 14]  [252,252]
DAE-S S, —1178.16902  0.928 [25,25]  [252,252]
DAE-M So —1965.38348  0.930 (13,13]  [252,252]
DAE-M S, —1965.31294  0.945 (18, 18]  [252,252]
DAE-M S, —1965.3058 0.928 (24, 24]  [252,252]

“The unit of energy is Hartree; for select CASCI, determinants whose
weight is greater than 0.04 are selected. The full/selected CASCI size
is represented by the number of alpha and beta spin determinants,
amounting to N ’71}]’ respectively.

estimation results of only S, states from the next section. Note
that for the large molecule, we assumed that we have access to
a trial state that has perfect overlap with the exact excited state
since CASCI results are inaccessible due to the enormous
computational cost on a classical computer. We show the
dependency of weight cutoff on the sum of overlaps and the
number of selected determinants in the Supporting Informa-
tion.

Estimation Results. We discuss the calculation costs of the
estimations with the DF and THC. Table 4 shows the result of
the comparison between DF and THC. For small and medium
molecules, we encountered an unusually large norm for THC.
This outcome likely stems from our method’s stringent
accuracy requirement of ERI — ERI™%* < 023 kcal/mol,
which may have necessitated retaining the full rank owing to
the lack of truncation. The number of T gates per block
encoding of THC is significantly smaller than that of DF,
which is very promising. However, very high values of  in
those cases drive the number of block encodings to be very
large, hence making the total cost extremely high. For the large
molecule, the THC optimization process did not converge
well, and hence, the QREs for the obtained factorization would
not give us results with the required precision.

Note that THC achieved high accuracy in the lowered
requirements for the problem: namely, less than 2.5 kcal/mol
instead of 0.23 kcal/mol. There were no issues with the
convergence, and in this case, the resource estimates for THC
were orders of magnitude better than those for DF. The results
are presented in Table 5.

Cost Improvements. To reduce the calculation cost, we
consider adjusting the space-time trade-oft parameters. The
QREs presented in the previous section have been produced
with the parameter x = 1 and interleaving length L = 1. x is a
parameter for the quantum read-only memory used in DF, and
using a higher k will increase the cost in terms of the number
of qubits but will decrease the number of T gates needed to
implement this subroutine. L is a parameter for the delay in

https://doi.org/10.1021/acsomega.4c09568
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Table 4. QRE Results”

molecule method a T gates/block blocks total T gates qubit count time [h] RSGs

DAE-S DF 10.65 4.5 % 10° 3.3 % 10° 1.5 x 101! 200 0.97 2.9 X 10°
DAE-S THC 2323.37 22 x 10* 7.3 X 107 1.6 X 10" 122 10.73 22 X 10°
DAE-M DF 10.75 4.4 % 10° 34 X 10° 1.5 x 10! 200 0.94 2.9 X 10°
DAE-M THC 4198.95 22 % 10* 1.3 x 10® 2.9 x 10" 122 19.39 22 X 10°
DAE-L DF 41.49 1.3 x 107 6.5 X 10° 9.0 X 10?2 251 62.27 4.0 x 10°
DAE-LY THC 42.13 2.5 X 10° 6.6 X 10° 1.6 x 10" 162 1.03 2.5 X 10°

“We show the number of T gates per block encoding, the number of block encodings, total number of T gates, qubit count, time in hours, and
RSGs. Factorizations are performed with a desired accuracy of ERI — ERI™%*? < 0.23 kcal/mol. "Not fully converged because the time for the
converged result is extremely high due to the large a.

Table S. Results for QRE with the Rough Threshold”

molecule method a T gates/block blocks total T gates qubit count time [h] RSGs

DAE-S DF 10.62 22 X 10° 3.3 % 10° 7.2 % 10 196 0.44 2.6 X 10°
DAE-S THC 13.04 2.0 x 10* 4.1 x 10° 8.1 X 10° 121 0.05 1.8 x 10°
DAE-M DF 10.72 2.1 % 10° 3.4 % 10° 7.0 X 10 196 0.43 2.9 X 10°
DAE-M THC 20.82 2.0 x 10* 6.5 x 10° 1.3 x 10%° 121 0.08 1.8 x 10°
DAE-L DF 41.36 4.0 x 10° 6.5 x 10° 2.6 X 10" 245 18.21 3.9 x 10°
DAE-L THC 37.06 1.4 x 10° 5.8 X 10° 8.1 x 10 162 0.49 2.5 X 10°

“We show the number of T gates per block encoding, the number of block encodings, total number of T gates, qubit count, time in hours, and
RSGs. Factorizations are performed with a desired accuracy of ERI — ERI™™d < 2.5 keal/mol.

Table 6. Improved Results for the QRE”

molecule T gates per block blocks total T gates qubits time (L = 1) RSGs (L = 1) time (L = 32) RSGs (L = 32)
DAE-S 7.1 x 10* 3.3 % 10° 2.4 x 10" 629 0.15 6.9 x 10° 149 1066
DAE-M 6.9 x 10* 3.4 x 10° 2.3 x 10" 629 0.14 6.9 x 10° 146 1066
DAE-L 1.7 X 10° 6.5 X 10° 1.1 x 10" 743 7.90 1.0 x 10° 8088 1362

“We chose DF, L = 1 and L = 32, and « = 8. Physical resource counts are given in the number of RSGs, and time is reported in hours, while the
algorithm resource count is given in terms of qubit and T-gate counts. The number of T gates required to block encoding the DF Hamiltonian is
also included.

optical fibers on a photonic device. Increasing L reduces the
number of RSGs but increases the execution times.

We present the results for obtaining the energies of the
desired states by changing the parameters. We choose « = 8;, at
this value, the T-count can be lowered by an order of
magnitude with an increase in the number of qubits by about
three times. We also adopt L = 1 and L = 32 to provide a range
of potential physical resources needed. The results are
presented in Table 6, where we consider only DF with strict
accuracy requirements, as in Table 4. The large reduction of
time can be found in some conditions. For example, for L = 1
in the large molecule, the time is reduced from 62.27 to 7.90 h
with 743 logical qubits and 1.0 X 10° RSGs. For L = 32, we can
reduce RSGs to 10 but the computational time is around a
year. For DAE-small and DAE-medium molecules, similar
computational costs are obtained because both use the same
active space size of (10e, 100) to obtain the truncated
Hamiltonian. As a result, we show that we can calculate the
excited energy of molecules with classically intractable sizes
with a reasonable calculation time under a certain condition by
using FTQCs.

B CONCLUSIONS

In this work, we explored the quantum computational
resources needed to calculate the excited-state energies of
three DAE molecules of varying sizes. Leveraging the QPE
algorithm, we employed two factorization techniques DF and
THC. Through the QRE analysis scheme based on a previous

work,® we obtained the results that we can calculate classically
intractable size molecules in several hours, which depicts the
quantum resource requirements under a set of reasonable
assumptions on algorithmic choices and hardware parameters.
Possible algorithmic improvements could include using an
active volume architecture®” rather than a baseline architecture,
doing more research to enable the use of THC for this
problem, and improving the core algorithm (e.g, by using
Kaiser windows for QPE™) and compilation techniques
invoked.

Faced with the commercial and scientific value associated
with the ability to iteratively explore DAE molecular structure
choices to optimize their rational design, we consider this work
to be an exciting exploratory step to analyze the role and
resources required for FTQCs in this space. In the future, we
hope to extrapolate resource demands and predict scalability
bottlenecks for larger simulations of practical problems by
systematically increasing the size and complexity of the
molecular system. We also hope to unlock the full potential
of FTQC platforms for advancing scientific discovery and
problem-solving in quantum chemistry by accurately assessing
resource demands.
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Calculated S, transition state structures and their
corresponding imaginary vibrational frequency normal
modes for DAE-S, DAE-M, and DAE-L; and overlaps
and the number of Slater determinants (PDF)
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