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The accurate computation of ground and excited states of many-fermion quantum systems is one of the
most consequential, contemporary challenges in the physical and computational sciences whose solution
stands to benefit significantly from the advent of quantum computing devices. Existing methodologies
using phase estimation or variational algorithms have potential drawbacks such as deep circuits requiring
substantial error correction or nontrivial high-dimensional classical optimization. Here, we introduce a
quantum solver of contracted eigenvalue equations, the quantum analog of classical methods for the
energies and reduced density matrices of ground and excited states. The solver does not require deep
circuits or difficult classical optimization and achieves an exponential speed-up over its classical
counterpart. We demonstrate the algorithm though computations on both a quantum simulator and two

IBM quantum processing units.
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Introduction.—Quantum computing has the potential to
remove the exponential scaling of the simulation of many-
fermion quantum systems by the direct representation and
manipulation of quantum states [1-36]. Algorithms for
solving the energy eigenvalue equation of many-fermion
systems include quantum phase estimation (QPE) [7,17],
adiabatic state preparation (ASP) [9], and the variational
quantum eigensolver (VQE) [10,12,14,15,22]. QPE
requires deep circuits with substantial error correction
and ASP utilizes a slow and long time evolution with
the computational costs of both methods quickly outpacing
the capabilities of near-term quantum computers. While
VQE has shown practical improvements over QPE and
ASP, it suffers from high-dimensional classical optimiza-
tion over a nonideal surface, typically relying upon
derivative-free optimization [37] whose computational cost
increases rapidly with system size. Here, we introduce a
quantum eigenvalue solver that solves a contraction (or
projection) of the eigenvalue equation for efficient, scalable
molecular simulations on quantum computers.

We develop a novel quantum eigensolver that optimizes
the lowest energy eigenvalue by solving a contracted
eigenvalue equation. The projection of the Schrodinger
equation onto two-particle transitions from the wave
function is known as the two-particle contracted
Schrodinger equation (CSE) [38—48]. Here, we consider
the anti-Hermitian part of the CSE known as the two-
particle anti-Hermitian CSE (ACSE) [49-59], which has
been used in many-electron quantum theory to solve for the
ground- and excited-state energies and properties of
strongly correlated atoms and molecules [60-67]. As
shown previously, the solution of the ACSE has a close
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connection to the variational minimization of the energy
with respect to a series of two-body unitary transformations
[49-51,68]. The gradient of the energy with respect to the
two-body unitary transformations is the residual of the
ACSE, and hence, the gradient with respect to these
transformations vanishes if and only if the ACSE is
satisfied [49,50,68]. In the classical algorithms the solution
of the ACSE for the two-particle reduced density matrix
(2-RDM) is indeterminant without reconstruction of the
3-RDM [43,45,49-55,69]. In the quantum algorithm,
however, we show that through the preparation and
measurement of the quantum state, the ACSE can be
solved for the 2-RDM without any reconstruction or
storage of the 3-RDM. The algorithm exhibits a potentially
exponential speed-up relative to the classical algorithm
with complete RDM reconstruction.

A quantum contracted-eigenvalue-equation solver for
solving the ACSE is applied to several problems on IBM
quantum computers and a quantum simulator. On a quantum
computer we solve for the ground-state dissociation of the
hydrogen molecule. Both energies and 2-RDMs are com-
puted. On a one-qubit IBM device we also solve a one-qubit
Hamiltonian to demonstrate the trajectory of the solution of
the ACSE in iteratively optimizing the ground-state energy.
Last, we compute the ground-state dissociation of the linear
H; molecule on a quantum simulator. While the solution of
linear H; by the classical algorithm yields a ground-state
energy that is limited by the accuracy of the approximate
cumulant reconstruction of the 3-RDM, the quantum-com-
puting algorithm yields a ground-state potential energy curve
that can be converged to the exact solution for all computed
internuclear distances.

© 2021 American Physical Society


https://orcid.org/0000-0003-0593-119X
https://orcid.org/0000-0002-9938-3886
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.126.070504&domain=pdf&date_stamp=2021-02-18
https://doi.org/10.1103/PhysRevLett.126.070504
https://doi.org/10.1103/PhysRevLett.126.070504
https://doi.org/10.1103/PhysRevLett.126.070504
https://doi.org/10.1103/PhysRevLett.126.070504

PHYSICAL REVIEW LETTERS 126, 070504 (2021)

Theory.—We begin with the Schrédinger equation for a
many-electron quantum system

(A -E)¥) =0, (1)

with the Hamiltonian operator

i =" K aahaa,, (2)

pqst

where 2K is the two-electron reduced Hamiltonian matrix,
containing the one- and two-electron integrals, and the
second-quantized operators &I, and a,, create and annihilate
an electron in the spin orbital p, respectively. The projec-
tion (or contraction) of the Schrédinger equation onto
the space of two-electron transitions generates the CSE
[38—46], and the anti-Hermitian part of the CSE produces
the ACSE [49-56,69]
(¥|[alala,a,. H)|W) = 0. (3)

The ACSE is important for many-electron quantum sys-
tems, especially—as we show below—in quantum comput-
ing, because its residual contains the gradient for the
optimization of many-electron wave functions.

Consider the variational ansatz for the wave function in
which the wave function is iteratively constructed from
unitary two-body exponential transformations [49,50,68]

|an+1> = ¢ n>’ (4)
where A, is an anti-Hermitian two-electron operator
= AN alaga,a;. (5)

past

The energy at the (n + 1)th iteration through order ¢ is
given by

Ey1 = E, + (¥, [[H.A)¥,) +0().  (6)
Consequently, the gradient of the energy with respect
to 2A,, is

OE,

— = v |[al 21 a,ay,
8(214;,]’“) < |[ k

H|¥,) + 0(&). (7)

From this equation we observe two important facts
[49,50,68]: (1) the residual of the ACSE is the negative
of the energy gradient with respect to all two-body unitary
transformations parametrized by A, and (2) the residual of
the ACSE with respect to ¥, vanishes if and only if the
sequence of wave functions has converged at n to a critical
point of the energy. It is known that the residual of the CSE
vanishes with respect to a wave function if and only if the

wave function is a solution of the Schrodinger equation
[43,70]. While the ACSE is a subset of the CSE [68], we
find for the calculations presented here that the wave
function solutions of the ACSE satisfy the Schrodinger
equation.

The ACSE can be solved to compute the 2-RDM directly
without storage of the many-electron wave function. In the
algorithm previously implemented on classical computers
[49-56,69], the wave function at the nth iteration is
substituted into the definition of the 2-RDM

DL = (B|ahaha,a ) (8)
to yield an expression for the 2-RDM at the (n + 1)th
iteration
DY = 2DR e, |[ahaga,a,, A, ) + O(€), (9)
where the operator A, can be selected to be the residual of
the ACSE, which causes the 2-RDM to follow the energy’s
gradient toward its minimum

A = (o] ajasay, HY,). (10)
By using the fact that A, and A are two-body operators in
Egs. (5) and (2), the 2-RDM at the (n + 1)th iteration can
be expressed as a linear functional of the 1-, 2-, and 3-
RDMs at the nth iteration. The indeterminacy in these
recursion relations for the 2-RDM can be removed by
calculating the 3- through-N-RDMs at an exponential cost
or by reconstructing the 3-RDM approximately from the
2-RDM [49-52]. For example, the cumulant part of the
3-RDM in its cumulant expansion can be neglected or
approximated to provide a reconstruction of the 3-RDM in
terms of the 2-RDM [44,49,57].

We propose a novel algorithm for solving the ACSE for
the 2-RDM on the quantum computer, which is shown in
Table 1. While the classical computer uses matrices and
vectors to represent quantum states, the quantum computer
allows us to prepare a form of the quantum state itself in
terms of qubits where the scaling of the preparation is
nonexponential [71] for states with polynomially scaling
Hamiltonians. Utilizing this capability, we prepare the wave
function at the (n+ I)th in Eq. (4) on the quantum
computer (step 3 of Table I) and perform measurements
of its 2-RDM’s matrix elements in Eq. (8) on the quantum
computer (step 4). In step 5 we optimize the parameter e,
which can be on the order of unity, by minimizing the
energy with respect to ¢ by a single-variable model-trust
Newtons method [72]. Before we can perform the prepa-
ration in step 3, however, we need to compute the 2A matrix
by evaluating the residual of the ACSE. While we could
evaluate the ACSE on the classical computer using Eq. (3)
with cumulant reconstruction of the 3-RDM, we can
compute the residual of the ACSE on the quantum
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TABLE L

Quantum ACSE algorithm for 2-RDM optimization.

Algorithm: Quantum ACSE method for 2-RDM optimization.

Givenn=0and 0 <6< 1.
Choose initial wave function |¥p).
Repeat until [|?A,,|| is small.

Step 1: Prepare |A}) from |Ai2 = EioH |y ), )
(1/21(§)(</\+|a Jaa|AY) -

Step 2: Measure 24, from 2AY*

(Azlafaja,aas),

Step 3: Prepare |‘I‘n+1> from [¥, ;) = € AP,
Step 4: Measure 2D, ,; from 2D = (¥, |apaga,a ¥, ),
Step 5: Iterate steps 3 and 4 to minimize the energy with respect to e,

Step 6: Set n =n + 1.

computer directly without a formal approximation. We
prepare the auxiliary states |A) in step 1 of the algorithm

A) = e, (11)

where ¢ is a small nonnegative parameter and measure their
2-RDMs on the quantum computer to construct the residual
of the ACSE—the elements of the A matrix

1
2i6
+ 0(5%). (12)

AT = — ((Aflalalagag| A -

Because of statistical measurement noise, 6 must be non-
infinitesimal which makes the ACSE residual formula in
Eq. (12) necessarily approximate. The unitary propagators
in steps 1 and 3 are implemented by first-order Trotter
expansions. The number of measurements in steps 2 and 4
is O(r*) where r is the number of orbitals [or less with
parallel tomography]. For each measurement we re-prepare
the wave function from ¥,,. Steps 1-6 can be repeated until
convergence. In practice the rate of convergence seems to
be linear or better. The algorithm can be initiated with any
initial wave function including the mean-field (Hartree-
Fock) wave function. The sources of error in the quantum
solution of the ACSE for the 2-RDM include the noise on
the quantum computer as well as the approximate gradient
and limited tomography statistics. Even with these errors,
however, the algorithm can build upon an initial Hartree-
Fock wave function to treat strongly correlated molecular
quantum systems. Importantly, steps 1-4 provide exact
expressions without reconstruction of higher RDMs, yield-
ing an exponential advantage over classical algorithms in
obtaining the 2D and ?A matrices.

Results.—To illustrate the solution of the ACSE on the
quantum computer, we apply the quantum ACSE algorithm
to three applications: the solution of a generic one-
qubit Hamiltonian and the dissociation of the H, and Hj
molecules. Solutions of the one-qubit and H, Hamiltonians
are performed on the one- and five-qubit IBM quantum
computers Armonk and Ourense, respectively [73]. The H,
and Hj; calculations use the compact and Jordan-Wigner

mappings [82], respectively. The dissociation of Hj is
implemented on a quantum simulator to probe the method’s
accuracy in the absence of noise.

We first examine the solution of a one-qubit Hamiltonian
i =1,-6,+6,) where 6,, 6,, and &, are the Pauli
matrices in the x, y, and z directions. In the basis of the
Bloch sphere we can express the Hamiltonian and the initial
density matrix as vectors (1,—1,1) and (0,0,1), respec-
tively. Beginning at the initial density-matrix vector, the
solution from the ACSE reaches the ground-state vector,
indicated by ¥_, in approximately eight iterations on the
quantum computer, as shown in Fig. 1. The A vector,
indicated in Fig. 1 at each iteration by an arrow, is
orthogonal to the plane formed by the Hamiltonian and
density-matrix vectors.

Second, we compute the dissociation of the hydrogen
molecule in the minimal Slater-type orbital (STO-3G) basis
set. On the quantum computer the molecule is represented
in the ACSE algorithm by a two-qubit compact mapping.
The energy at each iteration in the solution of the ACSE for
H, at 2 A is shown in Fig. 2(a). The ACSE energy from a
quantum simulator converges to the energy from full

+z
S~
+y {’
=15
N

FIG. 1. For a 1-qubit Hamiltonian the solution of the quantum
ACSE converges to the ground state, indicated by 7_, in about 8
iterations on a 1-qubit IBM quantum computer.

070504-3



PHYSICAL REVIEW LETTERS 126, 070504 (2021)

¥ (a) — FCI
—0.80 1 \\ +  Quantum ACSE (Computer)
X Quantum ACSE (Simulated)
—_ +
172]
e X
£ —0.851
= \
g X+
@ —0.90- +
Xt
X o Ry e +
~0.95 1 X X e X X
0 3 6 9 12 15
Iterations
+  Quantum ACSE (Computer)
—0.70 1 X Quantum ACSE (Simulated)
0
LB —0.80 1
E
& —0.90 1
5
= 1001
—1.101

(@33

05 1.0 15 2.0 2
H — H Distance (A)

FIG. 2. For the H, molecule the figure shows (a) the energy at
each iteration in the solution of the ACSE at an internuclear
distance R of 2 A and (b) the energy dissociation curve of the
molecule. The error in the ACSE on the quantum computer, due
to noise, is fairly uniform throughout the dissociation, indicating
that the ACSE captures the spin entanglement. The sampling
error at each point is indicated by the line width.

configuration interaction (FCI) in about 9 to 10 iterations.
The ACSE energy on the quantum computer converges in
approximately the same number of iterations to an energy
that is approximately 25 mhartrees higher than the FCI
energy. This error is due to the noise present on the
quantum computer; in fact, a nearly identical curve in
the iterations is generated by a quantum simulator with the
Qiskit noise model, a noise model based on the device T'1,
T2, and readout parameters. Figure 2(b) shows the energy
dissociation curve of the hydrogen molecule. While the
noise error is visible in the potential energy curve from
the ACSE, the error is importantly uniform throughout the
curve, indicating that the ACSE algorithm is capturing the
significant electron correlation from spin entanglement in
the dissociation region.
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FIG. 3. The errors in the potential energy curves from the equal-
bond dissociation of the H; molecule, relative to FCI, are shown
for the classical and quantum ACSE algorithms with the quantum
ACSE being more accurate by 6 orders of magnitude. Dotted line
indicates “chemical accuracy” (1 kcal/mol).

Finally, we calculate the dissociation of the H; molecule
in the minimal Slater-type orbital (STO-3G) basis set on a
quantum simulator without noise. The purpose of this
calculation is to examine the accuracy of the quantum
ACSE algorithm on an ideal, noise-free quantum computer.
Stretching the two bonds of the molecule equally causes a
Mott metal-to-insulator transition with the stretched geo-
metry being highly correlated due to nontrivial spin
entanglement [28]. The energy errors from the classical
and quantum ACSE algorithms, relative to the FCI energy,
are shown in Fig. 3. In the classical algorithm in Fig. 3
we evaluate 2A classically, that is with cumulant-based
reconstruction of the 3-RDM [44], but we evaluate 2D with
state preparation on a quantum simulator. The ACSE
algorithm developed previously on conventional computers
[49-59] uses cumulant reconstruction for both ?A and 2D.
Most strikingly, the energies from the quantum ACSE are
about 6 orders of magnitude more accurate than the
energies from the classical ACSE. Unlike the classical
ACSE algorithm in Fig. 3, the quantum ACSE algorithm
does not require any reconstruction approximation because
the updates of the 2A and 2D matrices are performed, in
principle exactly, through a combination of state prepara-
tion and tomography. Figure 3 also shows that the quantum
solution of the ACSE remains accurate at stretched bond
distances where the electron correlation—the deviation
from the Hartree-Fock solution—is significant.

Discussion and conclusions.—Key features of the quan-
tum algorithm for solving the ACSE include: (1) compu-
tation of the energy and 2-RDM without any approximate
reconstruction of higher RDMs as in the classical algorithm
and (2) evaluation of the energy gradient—residual of the
ACSE—on the quantum computer for accurate and
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efficient gradient-based optimization. The ACSE algo-
rithm’s computation of the gradient on the quantum
computer offers a significant advantage over VQE algo-
rithms [10,12,14,15,22] that approximate the gradient on
the classical computer by derivative-free optimization
methods [37] like the simplex method that are limited to
hundreds of degrees of freedom. The ACSE also has much
lower tomography costs than Lanczos-based imaginary-
time evolution methods [20,24] that can require higher
RDMs. Unlike unitary coupled cluster which uses a single
unitary exponential transformation of commuting operators
[16], the ACSE method represents the wave function as a
product of unitary exponential transformations of two-
body, noncommuting operators that represent the higher
excitations as nontrivial products of two-body operators;
furthermore, the ACSE’s iterative approximation to the
construction of the wave function decreases Trotterization
errors, errors from the application of Trotter’s formula for
representing the exponential transformation on the quan-
tum computer.

The quantum algorithm for solving the ACSE provides a
direct computation of ground-state energies and 2-RDMs
with an efficient generation of the search direction from the
ACSE residual. In the context of quantum algorithms, it has
the benefits of good ansatz depth, modest tomography
requirements, and no derivative-free classical optimization.
Importantly, while the focus here is on the solution of
many-fermion systems, the ACSE algorithm is also appli-
cable to solving many-boson systems, and it can be
generalized with p-qubit contracted eigenvalue equations
and p-qubit RDMs to treat many-qubit systems governed
by arbitrary p-body interactions. Future work will also
explore the application of the ACSE algorithm to electronic
excited states and active-space calculations for the treat-
ment of strong electron correlation in larger molecules.
Because the quantum ACSE algorithm is an iterative
approach to computing the N-representable 2-RDM
[83—85] of a given eigenstate, it offers a polynomial-scaling
approach to computing energies and properties of strongly
correlated many-fermion quantum systems on both near-to-
intermediate-term and future quantum devices with appli-
cations across quantum chemistry and physics.

D. A.M. gratefully acknowledges the Department of
Energy, Office of Basic Energy Sciences Grant No.
DE-SC0019215, the U.S. National Science Foundation
Grants No. CHE-1565638 and No. CHE-2035876, the
U.S. Army Research Office (ARO) Grant No. W91 1NF-16-
1-0152, and IBM Q. The views expressed are of the authors
and do not reflect the official policy or position of IBM or
the IBM Q team.

*damazz@uchicago.edu
[1] S. McArdle, S. Endo, A. Aspuru-Guzik, S.C. Benjamin,
and X. Yuan, Rev. Mod. Phys. 92, 015003 (2020).

[2] R.P. Feynman, Int. J. Theor. Phys. 21, 467 (1982).

[3] S. Lloyd, Science 273, 1073 (1996).

[4] D.S. Abrams and S. Lloyd, Phys. Rev. Lett. 79, 2586
(1997).

[5] D.S. Abrams and S. Lloyd, Phys. Rev. Lett. 83, 5162
(1999).

[6] S.B. Bravyi and A.Y. Kitaev, Ann. Phys. (N.Y.) 298, 210
(2002).

[7] A. Aspuru-Guzik, A.D. Dutoi, P.J. Love, and M.
Head-Gordon, Science 309, 1704 (2005).

[8] B. P. Lanyon, J. D. Whitfield, G. G. Gillett, M. E. Goggin,
M. P. Almeida, I. Kassal, J. D. Biamonte, M. Mohseni, B. J.
Powell, M. Barbieri, A. Aspuru-Guzik, and A.G. White,
Nat. Chem. 2, 106 (2010).

[9] J. Du, N. Xu, X. Peng, P. Wang, S. Wu, and D. Lu, Phys.
Rev. Lett. 104, 030502 (2010).

[10] A. Peruzzo, J. McClean, P. Shadbolt, M.-H. Yung, X.-Q.
Zhou, P.J. Love, A. Aspuru-Guzik, and J. L. O’Brien, Nat.
Commun. 5, 4213 (2014).

[11] Y. Wang, F. Dolde, J. Biamonte, R. Babbush, V. Bergholm,
S. Yang, 1. Jakobi, P. Neumann, A. Aspuru-Guzik, J.D.
Whitfield, and J. Wrachtrup, ACS Nano 9, 7769 (2015).

[12] D. Wecker, M. B. Hastings, and M. Troyer, Phys. Rev. A 92,
042303 (2015).

[13] P.J.J. O’Malley et al., Phys. Rev. X 6, 031007 (2016).

[14] J.R. McClean, J. Romero, R. Babbush, and A. Aspuru-
Guzik, New J. Phys. 18, 023023 (2016).

[15] A. Kandala, A. Mezzacapo, K. Temme, M. Takita, M.
Brink, J. M. Chow, and J. M. Gambetta, Nature (London)
549, 242 (2017).

[16] Y. Shen, X. Zhang, S. Zhang, J.-N. Zhang, M.-H. Yung, and
K. Kim, Phys. Rev. A 95, 020501(R) (2017).

[17] S. Paesani, A. A. Gentile, R. Santagati, J. Wang, N. Wiebe,
D.P. Tew, J. L. O’Brien, and M. G. Thompson, Phys. Rev.
Lett. 118, 100503 (2017).

[18] J. Lee, W.J. Huggins, M. Head-Gordon, and K. B. Whaley,
J. Chem. Theory Comput. 15, 311 (2019).

[19] A. Kandala, K. Temme, A.D. Coércoles, A. Mezzacapo,
J. M. Chow, and J. M. Gambetta, Nature (London) 567, 491
(2019).

[20] M. Motta, C. Sun, A. T. K. Tan, M. J. O’Rourke, E. Ye, A.J.
Minnich, F. G. S. L. Brandio, and G. K.-L. Chan, Nat. Phys.
16, 205 (2020).

[21] H.R. Grimsley, S.E. Economou, E. Barnes, and N.J.
Mayhall, Nat. Commun. 10, 3007 (2019).

[22] D. Wang, O. Higgott, and S. Brierley, Phys. Rev. Lett. 122,
140504 (2019).

[23] M. Ganzhorn, D. J. Egger, P. Barkoutsos, P. Ollitrault, G. Salis,
N. Moll, M. Roth, A. Fuhrer, P. Mueller, S. Woerner, I.
Tavernelli, and S. Filipp, Phys. Rev. Applied 11, 044092 (2019).

[24] S. McArdle, T. Jones, S. Endo, Y. Li, S. C. Benjamin, and X.
Yuan, npj Quantum Inf. §, 75 (2019).

[25] G. Mazzola, P.J. Ollitrault, P.K. Barkoutsos, and I.
Tavernelli, Phys. Rev. Lett. 123, 130501 (2019).

[26] S.E. Smart, D. 1. Schuster, and D. A. Mazziotti, Commun.
Phys. 2, 11 (2019).

[27] T. Bian, D. Murphy, R. Xia, A. Daskin, and S. Kais, Mol.
Phys. 117, 2069 (2019).

[28] S.E. Smart and D. A. Mazziotti, Phys. Rev. A 100, 022517
(2019).

070504-5


https://doi.org/10.1103/RevModPhys.92.015003
https://doi.org/10.1007/BF02650179
https://doi.org/10.1126/science.273.5278.1073
https://doi.org/10.1103/PhysRevLett.79.2586
https://doi.org/10.1103/PhysRevLett.79.2586
https://doi.org/10.1103/PhysRevLett.83.5162
https://doi.org/10.1103/PhysRevLett.83.5162
https://doi.org/10.1006/aphy.2002.6254
https://doi.org/10.1006/aphy.2002.6254
https://doi.org/10.1126/science.1113479
https://doi.org/10.1038/nchem.483
https://doi.org/10.1103/PhysRevLett.104.030502
https://doi.org/10.1103/PhysRevLett.104.030502
https://doi.org/10.1038/ncomms5213
https://doi.org/10.1038/ncomms5213
https://doi.org/10.1021/acsnano.5b01651
https://doi.org/10.1103/PhysRevA.92.042303
https://doi.org/10.1103/PhysRevA.92.042303
https://doi.org/10.1103/PhysRevX.6.031007
https://doi.org/10.1088/1367-2630/18/2/023023
https://doi.org/10.1038/nature23879
https://doi.org/10.1038/nature23879
https://doi.org/10.1103/PhysRevA.95.020501
https://doi.org/10.1103/PhysRevLett.118.100503
https://doi.org/10.1103/PhysRevLett.118.100503
https://doi.org/10.1021/acs.jctc.8b01004
https://doi.org/10.1038/s41586-019-1040-7
https://doi.org/10.1038/s41586-019-1040-7
https://doi.org/10.1038/s41567-019-0704-4
https://doi.org/10.1038/s41567-019-0704-4
https://doi.org/10.1038/s41467-019-10988-2
https://doi.org/10.1103/PhysRevLett.122.140504
https://doi.org/10.1103/PhysRevLett.122.140504
https://doi.org/10.1103/PhysRevApplied.11.044092
https://doi.org/10.1038/s41534-019-0187-2
https://doi.org/10.1103/PhysRevLett.123.130501
https://doi.org/10.1038/s42005-019-0110-3
https://doi.org/10.1038/s42005-019-0110-3
https://doi.org/10.1080/00268976.2019.1580392
https://doi.org/10.1080/00268976.2019.1580392
https://doi.org/10.1103/PhysRevA.100.022517
https://doi.org/10.1103/PhysRevA.100.022517

PHYSICAL REVIEW LETTERS 126, 070504 (2021)

[29] Y. Matsuzawa and Y. Kurashige, J. Chem. Theory Comput.
16, 944 (2020).

[30] S. Wei, H. Li, and G. Long, Research 2020, 1 (2020).

[31] L. G. Ryabinkin, R. A. Lang, S. N. Genin, and A. F. Izmaylov,
J. Chem. Theory Comput. 16, 1055 (2020).

[32] B.T. Gard, L. Zhu, G.S. Barron, N.J. Mayhall, S.E.
Economou, and E. Barnes, npj Quantum Inf. 6, 10 (2020).

[33] N.H. Stair, R. Huang, and F. A. Evangelista, J. Chem.
Theory Comput. 16, 2236 (2020).

[34] L. Xu, J. T. Lee, and J. K. Freericks, Mod. Phys. Lett. B 34,
2040049 (2020).

[35] H.-Y. Huang, R. Kueng, and J. Preskill, Nat. Phys. 16, 1050
(2020).

[36] K. Mitarai, Y. O. Nakagawa, and W. Mizukami, Phys. Rev.
Research 2, 013129 (2020).

[37] J. Larson, M. Menickelly, and S. M. Wild, Acta Numer. 28,
287 (2019).

[38] Reduced-Density-Matrix Mechanics: With Application to
Many-Electron Atoms and Molecules, edited by D.A.
Mazziotti (John Wiley & Sons, Inc., New York, 2007).

[39] A.J. Coleman and V. I. Yukalov, Reduced Density Matrices:
Coulson’s Challenge (Springer, Berlin, Heidelberg, 2000).

[40] F. Colmenero and C. Valdemoro, Phys. Rev. A 47,979 (1993).

[41] H. Nakatsuji and K. Yasuda, Phys. Rev. Lett. 76, 1039
(1996).

[42] K. Yasuda and H. Nakatsuji, Phys. Rev. A 56, 2648 (1997).

[43] D. A. Mazziotti, Phys. Rev. A 57, 4219 (1998).

[44] D. A. Mazziotti, Chem. Phys. Lett. 289, 419 (1998).

[45] D. A. Mazziotti, Phys. Rev. A 60, 4396 (1999).

[46] D. A. Mazziotti, J. Chem. Phys. 116, 1239 (2002).

[47] R. M. Erdahl, in Reduced-Density-Matrix Mechanics: With
Application to Many-Electron Atoms and Molecules (John
Wiley & Sons, Inc., New York, 2007), pp. 61-91.

[48] D. A. Mazziotti, Phys. Rev. A 102, 030802(R) (2020).

[49] D. A. Mazziotti, Phys. Rev. Lett. 97, 143002 (2006).

[50] D. A. Mazziotti, Phys. Rev. A 76, 052502 (2007).

[51] D. A. Mazziotti, J. Chem. Phys. 126, 184101 (2007).

[52] D. A. Mazziotti, Phys. Rev. A 75, 022505 (2007).

[53] A.E. Rothman, J. J. Foley, and D. A. Mazziotti, Phys. Rev.
A 80, 052508 (2009).

[54] G. Gidofalvi and D. A. Mazziotti, Phys. Rev. A 80, 022507
(2009).

[55] A.M. Sand and D.A. Mazziotti, J. Chem. Phys. 143,
134110 (2015).

[56] D.R. Alcoba, C. Valdemoro, L. M. Tel, E. Perez-Romero,
and O.B. Ona, J. Phys. Chem. A 115, 2599 (2011).

[57] D. Mukherjee and W. Kutzelnigg, J. Chem. Phys. 114, 2047
(2001).

[58] T. Yanai and G. K.-L. Chan, J. Chem. Phys. 124, 194106
(20006).

[59] C. Li and F. A. Evangelista, J. Chem. Phys. 144, 164114
(2016).

[60] S.E. Smart, P. G. Scrape, L. J. Butler, and D. A. Mazziotti, J.
Chem. Phys. 149, 024302 (2018).

[61] A.W. Schlimgen and D. A. Mazziotti, J. Phys. Chem. A
121, 9377 (2017).

[62] E.J. Sturm and D. A. Mazziotti, Mol. Phys. 114, 335
(2016).

[63] J. W. Snyder and D. A. Mazziotti, Phys. Chem. Chem. Phys.
14, 1660 (2011).

[64] J.W. Snyder and D.A. Mazziotti, J. Chem. Phys. 135,
024107 (2011).

[65] L. Greenman and D. A. Mazziotti, J. Chem. Phys. 134,
174110 (2011).

[66] J.W. Snyder, A.E. Rothman, J.J. Foley, and D.A.
Mazziotti, J. Chem. Phys. 132, 154109 (2010).

[67] D. A. Mazziotti, J. Phys. Chem. A 112, 13684 (2008).

[68] D. A. Mazziotti, Phys. Rev. A 69, 012507 (2004).

[69] D. A. Mazziotti, Reduced-Density-Matrix Mechanics—With
Application to Many-Electron Atoms and Molecules (John
Wiley & Sons, Inc., Hoboken, 2007), Vol. 134, p. 331,
http://doi.wiley.com/10.1002/0470106603.

[70] H. Nakatsuji, Phys. Rev. A 14, 41 (1976).

[71] M. A. Nielsen and I. L. Chuang, Quantum Computation and
Quantum Information (Cambridge University Press, Cam-
bridge, England, 2010).

[72] J. Nocedal and S. Wright, Numerical Optimization
(Springer-Verlag GmbH, New York, 2006).

[73] See  Supplemental ~Material at  http://link.aps.org/
supplemental/10.1103/PhysRevLett.126.070504 for addi-
tional details of the computations and specifications of
the quantum computers including Refs. [74-81].

[74] J. M. Montgomery and D. A. Mazziotti, J. Chem. Ed. 97,
3658 (2020).

[75] Maplesoft, a division of Waterloo Maple Inc., Waterloo,
Ontario, Quantum Chemistry Toolbox from RDMChem
(2020).

[76] Maplesoft, a division of Waterloo Maple Inc., Waterloo,
Ontario, Maple 2020 (2020).

[77] Q. Sun, T. C. Berkelbach, N. S. Blunt, G. H. Booth, S. Guo,
Z.Li, J. Liu, J. D. McClain, E. R. Sayfutyarova, S. Sharma,
S. Wouters, and G. K.-L. Chan, WIREs Comput. Mol. Sci.
8, 1340 (2018).

[78] G. Aleksandrowicz, T. Alexander, P. Barkoutsos, L. Bello, Y.
Ben-Haim, D. Bucher, F.J. Cabrera-Hernadez, J. Carballo-
Franquis, A. Chen, C.-F. Chen, J. M. Chow, A. D. Cércoles-
Gonzales, A.J. Cross, A. Cross, J. Cruz-Benito et al., Qiskit:
An open-source framework for quantum computing (2019).

[79] S.E. Smart and D. A. Mazziotti, Phys. Rev. A 103, 012420
(2021).

[80] J. Koch, T. M. Yu, J. Gambetta, A. A. Houck, D. I. Schuster,
J. Majer, A. Blais, M. H. Devoret, S. M. Girvin, and R.J.
Schoelkopf, Phys. Rev. A 76, 042319 (2007).

[81] J.M. Chow, A.D. Cércoles, J. M. Gambetta, C. Rigetti,
B.R. Johnson, J. A. Smolin, J. R. Rozen, G. A. Keefe, M. B.
Rothwell, M. B. Ketchen, and M. Steffen, Phys. Rev. Lett.
107, 080502 (2011).

[82] P. Jordan and E. Wigner, Z. Phys. 47, 631 (1928).

[83] D. A. Mazziotti, Phys. Rev. Lett. 108, 263002 (2012).

[84] C. Schilling, D. Gross, and M. Christandl, Phys. Rev. Lett.
110, 040404 (2013).

[85] M. Piris, Phys. Rev. Lett. 119, 063002 (2017).

070504-6


https://doi.org/10.1021/acs.jctc.9b00963
https://doi.org/10.1021/acs.jctc.9b00963
https://doi.org/10.34133/2020/1486935
https://doi.org/10.1021/acs.jctc.9b01084
https://doi.org/10.1038/s41534-019-0240-1
https://doi.org/10.1021/acs.jctc.9b01125
https://doi.org/10.1021/acs.jctc.9b01125
https://doi.org/10.1142/S0217984920400497
https://doi.org/10.1142/S0217984920400497
https://doi.org/10.1038/s41567-020-0932-7
https://doi.org/10.1038/s41567-020-0932-7
https://doi.org/10.1103/PhysRevResearch.2.013129
https://doi.org/10.1103/PhysRevResearch.2.013129
https://doi.org/10.1017/S0962492919000060
https://doi.org/10.1017/S0962492919000060
https://doi.org/10.1103/PhysRevA.47.979
https://doi.org/10.1103/PhysRevLett.76.1039
https://doi.org/10.1103/PhysRevLett.76.1039
https://doi.org/10.1103/PhysRevA.56.2648
https://doi.org/10.1103/PhysRevA.57.4219
https://doi.org/10.1016/S0009-2614(98)00470-9
https://doi.org/10.1103/PhysRevA.60.4396
https://doi.org/10.1063/1.1430257
https://doi.org/10.1103/PhysRevA.102.030802
https://doi.org/10.1103/PhysRevLett.97.143002
https://doi.org/10.1103/PhysRevA.76.052502
https://doi.org/10.1063/1.2723115
https://doi.org/10.1103/PhysRevA.75.022505
https://doi.org/10.1103/PhysRevA.80.052508
https://doi.org/10.1103/PhysRevA.80.052508
https://doi.org/10.1103/PhysRevA.80.022507
https://doi.org/10.1103/PhysRevA.80.022507
https://doi.org/10.1063/1.4931471
https://doi.org/10.1063/1.4931471
https://doi.org/10.1021/jp109018t
https://doi.org/10.1063/1.1337058
https://doi.org/10.1063/1.1337058
https://doi.org/10.1063/1.2196410
https://doi.org/10.1063/1.2196410
https://doi.org/10.1063/1.4947218
https://doi.org/10.1063/1.4947218
https://doi.org/10.1063/1.5024512
https://doi.org/10.1063/1.5024512
https://doi.org/10.1021/acs.jpca.7b09567
https://doi.org/10.1021/acs.jpca.7b09567
https://doi.org/10.1080/00268976.2015.1074739
https://doi.org/10.1080/00268976.2015.1074739
https://doi.org/10.1039/C2CP23065H
https://doi.org/10.1039/C2CP23065H
https://doi.org/10.1063/1.3606466
https://doi.org/10.1063/1.3606466
https://doi.org/10.1063/1.3585691
https://doi.org/10.1063/1.3585691
https://doi.org/10.1063/1.3394020
https://doi.org/10.1021/jp807978a
https://doi.org/10.1103/PhysRevA.69.012507
http://doi.wiley.com/10.1002/0470106603
http://doi.wiley.com/10.1002/0470106603
http://doi.wiley.com/10.1002/0470106603
http://doi.wiley.com/10.1002/0470106603
https://doi.org/10.1103/PhysRevA.14.41
http://link.aps.org/supplemental/10.1103/PhysRevLett.126.070504
http://link.aps.org/supplemental/10.1103/PhysRevLett.126.070504
http://link.aps.org/supplemental/10.1103/PhysRevLett.126.070504
http://link.aps.org/supplemental/10.1103/PhysRevLett.126.070504
http://link.aps.org/supplemental/10.1103/PhysRevLett.126.070504
http://link.aps.org/supplemental/10.1103/PhysRevLett.126.070504
http://link.aps.org/supplemental/10.1103/PhysRevLett.126.070504
https://doi.org/10.1021/acs.jchemed.9b01176
https://doi.org/10.1021/acs.jchemed.9b01176
https://doi.org/10.1002/wcms.1340
https://doi.org/10.1002/wcms.1340
https://doi.org/10.1103/PhysRevA.103.012420
https://doi.org/10.1103/PhysRevA.103.012420
https://doi.org/10.1103/PhysRevA.76.042319
https://doi.org/10.1103/PhysRevLett.107.080502
https://doi.org/10.1103/PhysRevLett.107.080502
https://doi.org/10.1007/BF01331938
https://doi.org/10.1103/PhysRevLett.108.263002
https://doi.org/10.1103/PhysRevLett.110.040404
https://doi.org/10.1103/PhysRevLett.110.040404
https://doi.org/10.1103/PhysRevLett.119.063002

