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Solving the generalized eigenvalue problem is a useful method for finding energy eigenstates of large quantum
systems. It uses projection onto a set of basis states which are typically not orthogonal. One needs to invert a
matrix whose entries are inner products of the basis states, and the process is unfortunately susceptible to even
small errors. The problem is especially bad when matrix elements are evaluated using stochastic methods and
have significant error bars. In this work, we introduce the trimmed sampling algorithm in order to solve this
problem. Using the framework of Bayesian inference, we sample prior probability distributions determined by
uncertainty estimates of the various matrix elements and likelihood functions composed of physics-informed
constraints. The result is a probability distribution for the eigenvectors and observables which automatically
comes with a reliable estimate of the error and performs far better than standard regularization methods. The
method should have immediate use for a wide range of applications involving classical and quantum computing

calculations of large quantum systems.

DOLI: 10.1103/PhysRevResearch.5.1.022001

L. INTRODUCTION

One common approach to find extremal eigenvalues and
eigenvectors of large quantum systems is to project onto basis
states that have good overlap with the eigenvector of interest.
Since these states are often not orthogonal to each other,
this process results in a generalized eigenvalue problem of
the form H |y) = EN |Y), where H is the projected Hamil-
tonian matrix, N is the norm matrix for the nonorthogonal
basis, E is the energy, and |¢) is the column vector for
the projected eigenvector. If O is the projected matrix for
some other observable using the same basis, then we can
compute expectation values of that observable using (O) =
(U101 [ (YIN|Y).

The generator coordinate method is a well-known tech-
nique in nuclear physics, where the corresponding generalized
eigenvalue problem is called the Hill-Wheeler equation [1-4].
The generalized eigenvalue problem is used in several com-
putational approaches utilizing variational subspace methods
and nonorthogonal bases [5—7]. It serves as a cornerstone
of methods such as eigenvector continuation [8—13] and the
more general class of reduced basis methods [14-16]. It is
also useful for Monte Carlo simulations where trial states
are produced using Euclidean time projection starting from
several different initial and final states [17-21].

By using only a small subspace of states, the generalized
eigenvalue problem can make efficient use of computational
resources. However, one major weakness is the sensitivity
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to error. One needs to find eigenvectors and eigenvalues of
the matrix N~'H, and the condition number of the norm
matrix grows larger as the size of the subspace grows. Even
small errors due to the limits of machine precision can cause
problems. But the problem is even worse for stochastic meth-
ods. Monte Carlo simulations are among the most powerful
tools for solving quantum many-body systems. Unfortunately,
Monte Carlo calculations produce statistical errors when cal-
culating elements of the Hamiltonian and norm matrices, and
the resulting uncertainties for the generalized eigenvalue prob-
lem can be very large. The same challenges arise for quantum
computing where all measurements are stochastic in nature.
When using variational subspace methods in quantum com-
puting [22], one must consider both statistical errors as well
as systematic errors due to gate errors, measurement errors,
and decoherence [23-26].

There are well-established methods for dealing with ill-
posed inverse problems. Tikhonov regularization is one
popular approach [27], and the simplest form of Tikhonov
regularization is ridge regression or nugget regularization. In
this approach, a small positive multiple of the identity, €/, is
added to the norm matrix that needs to be inverted. However,
it is not straightforward to choose an appropriate value for
€ [28] or to estimate the systematic bias introduced by the
regularization.

In this work, we introduce the trimmed sampling algo-
rithm, which uses physics-based constraints and Bayesian
inference [29,30] to reduce errors of the generalized eigen-
value problem. Instead of simply regulating the norm matrix,
we sample probability distributions for the Hamiltonian and
norm matrix elements weighted by likelihood functions de-
rived from physics-informed constraints about positivity of
the norm matrix and convergence of extremal eigenvalues
with respect to subspace size. We determine the posterior
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distribution for the Hamiltonian and norm matrix elements
and sample eigenvectors and observables from that distri-
bution. To demonstrate the method, we apply the trimmed
sampling algorithm to two challenging benchmark cal-
culations. We analyze the performance and discuss new
applications that may be possible based upon this work and
its extensions.

II. METHODS

Let us label the basis states used to define the general-
ized eigenvalue problem as |v;), [v2), -+ |v,), - - . As noted
above, there is no assumption that the states are orthogonal or
normalized. Let us define E, as the ground-state energy for the
generalized eigenvalue problem if we truncate after the first n
basis states,

H™" [y,) = E,N™ |y,) . (1

If the matrix elements of H and N could be determined ex-
actly, then the variational principle tells us that the sequence
E, must be monotonically decreasing and bounded below
by the true ground-state energy Eex,(. We will assume that
the basis states |vy), |v2), ---|v,), - -- have been ordered so
that the energies E, converge to Eex,t as a smoothly varying
function of » for sufficiently large n.

The problem is that we do not have exact calculations of
the H and N matrices. Instead we start with some estimates
for the Hamiltonian and norm matrices, which we call A
and N, respectively. We are also given one-standard-deviation
error estimates for each element of the Hamiltonian and norm
matrices, which are denoted as AH and AN, respectively. In
this work, we consider the standard case where the Hamilto-
nian and norm matrices are manifestly Hermitian. But we also
discuss the generalization to the non-Hermitian case at the end
of our analysis.

We will compute a posterior probability distribution
P(H, N|R) for the elements of the Hamiltonian matrix H and
norm matrix N. Here, R indicates a set of physics-informed
conditions that we impose on the H and N matrices, and the
corresponding likelihood function is written as P(R|H, N).
We also include a prior probability distribution, which we
write as P(H, N). From Bayes’ theorem, the posterior distri-
bution is given by

P(RIH,N)P(H,N)

PEH,NIR) = JT1;;[dH;;dN;;IP(RIH, N)P(H, N)’

@)

For our prior distribution, we take a product of uncorrelated
Gaussian functions,

_ (Hij—Hij)* B (Nij—Nij)*
Z(AH,-,)2 e Z(AN,j)z

2 AI:L] AF],]

PH.N) =[] ¢ 3)
ij

though a more detailed model of the prior distribution with
asymmetric errors and correlations among matrix elements
can also be implemented.

Our likelihood function P(R|H,N) is a product of two
factors,

P(RIH,N) = & fpos(N) fc(H, N). “

The first factor, «, is a normalization constant that cancels in
Eq. (2). The second factor, fhos(/V), enforces the constraint
that the norm matrix must be positive definite. It equals 1 if
N is positive definite and equals O otherwise. The final factor
fc(H, N) is a function of the submatrix energies E, given in
Eq. (1). Let us define the convergence ratio C, for n > 2 as

En - En— 1

Ci=—"——.
" Enfl - En72

®)
We have taken ratios of energy differences for consecutive
energies E,. This can be generalized to ratios of energy dif-
ferences between nonconsecutive energies in cases where the
convergence pattern has some periodicity. Let Cy.x be the
maximum of C, over all n. We define C to be a conserva-
tive upper bound estimate for Cp,x. We then take the second
likelihood factor, fc(H, N), to have the form

Cinax
fc(H,N)=¢ "C . ©6)

The purpose of this likelihood function is to penalize the
likelihood of Hamiltonian and norm matrices whose conver-
gence rate for the ground-state energies is much slower than
expected and Cyax is significantly larger than C. Neither the
exact value for C nor the exact functional form for f-(H, N)
are essential features that need to be finely tuned. Similar
results can be obtained using a wide range of different choices,
and for some applications a different definition for fo(H, N)
may prove to be more effective.

In order to sample the posterior distribution in P(H, N|R)
in Eq. (2), we first produce random samples for the Hamilto-
nian and norm matrices using a heat bath algorithm given by
the prior probability distribution P(H, N). We then reweight
the samples according to the likelihood function P(R|H, N).
From this sampling of the posterior distribution, we can com-
pute weighted median values and estimated error bars for the
energies or any other observable. This important reweighting
scheme is commonly used in Markov chain Monte Carlo
algorithms [31]. It is also similar to the sampling/importance
resampling method described in Refs. [32,33], except that we
are not resampling data.

III. BOSE-HUBBARD MODEL

For the first benchmark test of the trimmed sampling
algorithm, we consider the Bose-Hubbard model in three
dimensions. This system describes a system of identical
bosons on a three-dimensional lattice, with a Hamiltonian
that contains a hopping term proportional to #, a contact
interaction proportional to U, and a chemical potential pro-
portional to w. We will consider the system with four bosons
on a 4 x 4 x 4 lattice with u = —6¢. Further details of the
model can be found in the Supplemental Material [34].
Following the analysis in Ref. [8], we use eigenvector con-
tinuation (EC) to determine the ground-state energy for a
range of couplings, U/t. For our basis states, we use the
ground-state eigenvectors for five training values, U/t =
-2.5,-19,-18,-1.7, —1.6.

In order to introduce noise into the EC calculations, we
round each entry of the H and N matrices at the sixth decimal
place and use these rounded values for our estimates H and
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FIG. 1. Ground-state energy of the Bose-Hubbard model as a function of coupling strength U /z. The “exact” ground-state energies are
plotted as solid lines. The “noiseless EC” data are presented with dashed lines. The “noisy EC” results corresponding to matrix elements H
and N are plotted with open circles. The results using “ridge regression” are shown with times symbols. The “raw data” obtained by sampling
the prior probability distribution are displayed with open triangles and error bars. The “trimmed sampling” results are plotted as filled circles

with error bars.

N. Since the rounding error is performed at the sixth digit, we
use the error estimates AH;; = AN;; = \/% x 107%. While a

uniform error distribution more accurately captures the nature
of this error, for this example we assume Gaussian noise to
demonstrate that it is not necessary to know the exact form of
the errors. For our nth-order EC calculation, we use the first n
basis states and apply trimmed sampling.

The results for the ground-state energies Eg/t versus
coupling U/t are presented in Fig. 1 for orders n =4,5.
The “exact” ground-state energies are shown with solid lines.
The “noiseless EC” results are plotted with dashed lines. The
“noisy EC” results corresponding to the matrix elements H
and N are displayed with open circles. The results obtained
using “ridge regression” are plotted with times symbols. We
have optimized the parameter € used in ridge regression by
hand to produce results that are as close as possible to the
noiseless EC results. All other calculations using ridge re-
gression will therefore not be better than the idealized ridge
regression results that we present. The “raw data” obtained by
sampling the prior probability distribution P(H, N) associated
with A and N and uncertainties AH and AN are displayed
with open triangles and error bars.

The “trimmed sampling” results are obtained by sampling
the posterior probability distribution P(H, N|R) and plotted
as filled circles with error bars. For all of our plots showing
error bars, the plot symbol is located at the weighted me-
dian value, while the lower and upper limits correspond to
the 16th and 84th percentiles, respectively. We find that this
representation of the error bars is useful since the distributions
have much heavier tails than Gaussian distributions. For all
of the trimmed sampling results present here, we have pro-
duced 500 samples with nonzero posterior probability, and the
small matrix calculations can be performed easily on a single
processor.

We use the value C = 2.5 for fc(H,N) in Eq. (6). The
trimmed sampling algorithm is clearly doing a good job
of controlling errors due to noise. The trimmed sampling
algorithm is performing significantly better than the stan-
dard regularization provided by ridge regression. There is
some systematic underestimation of the error near the avoided

level crossing at U/t = —3.8. Overall, however, the trimmed
sampling error bar gives a reasonable estimate of the actual
deviation from the actual noiseless EC results. As discussed
in the Supplemental Material [34], the trimmed sampling error
bars correspond to the distribution of values obtained for the
observable of interest while sampling the posterior probability
distribution. While this is not an unbiased estimate, it does
serve as an approximate estimate of the actual error in the
sense that the exact result is a point in the posterior distri-
bution with non-negligible weight.

IV. HEISENBERG MODEL

For the second benchmark test, we consider a one-
dimensional quantum Heisenberg chain. The Hamiltonian for
this system is

N
H, = —JZ [o}‘aﬁrl + 0]’,'0;;1 + O';U;_H]. @)
=1

Here, 0%, 07, 0% are the Pauli matrices, N is the number of
sites, and J is the coupling. We consider the case with N = 10
sites and calculate the lowest four energy eigenvalues of the
subspace with ) ; qf = 0. For more details of the model, see
Ref. [35].

For the generalized eigenvalue problem, we construct our
basis states using Euclidean time projection, starting from the
initial state |vp) = |0101010101). We are using the standard
qubit notation where |0) is the +1 eigenstate of o, and |1) is
the —1 eigenstate of o,. We operate on |vy) with the Euclidean
time projection operator, e ", This is equivalent to how pro-
jection Monte Carlo simulations are performed [36,37]. We
consider values of J ranging from 0.5 to 1.5. For each value of
J, we take the Euclidean time values t,, = 0.1n and define each
basis vector as |v,) = e i |yg) forn =0, 1,2, 3,4, 5. After
projecting onto these six vectors, we calculate the correspond-
ing Hamiltonian and norm matrices and solve the generalized
eigenvalue problem.

In order to introduce noise into the calculation, we apply
random Gaussian noise with standard deviation o = 0.01 to
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FIG. 2. Ground-state and first excited state energies of the one-dimensional Heisenberg chain as a function of coupling strength J.
The “exact” energies are plotted as solid lines. The “noiseless time projection” data are dashed lines. The “noisy time projection” results
corresponding to the matrix elements A and N are plotted with open circles. The data obtained using “ridge regression” are shown with times
symbols. The “raw data” obtained by sampling the prior probability distribution are drawn with open triangles and error bars. The “trimmed

sampling” results are plotted as filled circles with error bars.

each element of the Hamiltonian and norm matrices. These
resulting matrices with noise define our estimates A and N,
and we take the uncertainty estimates to be AH; ;= AN; ;=
0.01. For each value of J, the observables we compute are the
lowest four energy eigenvalues. Since J is just an overall scale
for the Hamiltonian, the exact energies will just scale linearly
with J. However, the Euclidean time projection calculations
will be different for each J due to the fixed projection times
t, used. The random noise will also be different for different
values of J.

The results are presented in Fig. 2. The “exact” energies
calculated using exact diagonalization are plotted with solid
lines. The “noiseless time projection” results are shown with
dashed lines. The “noisy time projection” results correspond-
ing to matrix elements A and N are plotted with open circles.
The results obtained using “ridge regression” are displayed
with times symbols. We have again optimized the parameter
€ used in ridge regression to produce the best possible per-
formance, though the overall improvement is not significant.
The “raw data” obtained by sampling the prior probability dis-
tribution P(H, N) associated with mean values H and N and
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uncertainties AH and AN are presented with open triangles
and error bars.

The “trimmed sampling” results are obtained by sampling
the posterior probability distribution P(H, N|R) and plotted
as filled circles with error bars. These results use the value
C =25 for fc(H,N) in Eq. (6). The trimmed sampling al-
gorithm is again doing a good job of controlling errors due
to noise, and the trimmed sampling error bars give a reason-
able estimate of the actual deviation from the noiseless time
projection results. In contrast, ridge regression is not giving
consistently reliable results for this benchmark test.

In addition to calculating energies for the Heisenberg
model, we can also compute spin observables. In Fig. 3, we
show results for the ground-state expectation value of the
product of nearest-neighbor spins (ofo5) in the left panel
and the product of next-to-nearest-neighbor spins (ofo5) in
the right panel. The trimmed sampling algorithm is again
performing significantly better than ridge regression. The
trimmed sampling error bars also provide a reasonable
estimate of the actual deviation from the noiseless time
projection results.
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FIG. 3. Spin pair expectation values for the ground state of the Heisenberg model as a function of J. (o{05) is shown in the left panel, and
(o{oy) is presented in the right panel. The plot symbols are the same as in Fig. 2.

L022001-4



TRIMMED SAMPLING ALGORITHM FOR THE NOISY ...

PHYSICAL REVIEW RESEARCH §, L022001 (2023)

V. DISCUSSION AND OUTLOOK

The generalized eigenvalue problem is a useful method
to find the extremal eigenvalues and eigenvectors of large
quantum systems. However, the approach is highly suscep-
tible to noise. We have presented the trimmed sampling
algorithm, which uses the framework of Bayes inference to
incorporate information about the prior probability distribu-
tion for the Hamiltonian and norm matrix elements together
with physics-informed likelihood constraints. The result is a
posterior probability distribution that can easily be sampled.
For the benchmark examples presented here, we find that
trimmed sampling performs significantly better than standard
regularization methods such as ridge regression. We have
demonstrated significant error reductions for energy calcu-
lations as well as other observables. In the Supplemental
Material [34], we present several other benchmark calcula-
tions that further demonstrate the performance of the trimmed
sampling algorithm.

The trimmed sampling algorithm can be used for any
generalized eigenvalue problem obtained using classical com-
puting or quantum computing. This encompasses a very wide
class of problems ranging from quantum many-body systems

to partial differential equations to quantum field theories. All
that is needed are some good estimates for the Hamiltonian
and norm matrix elements and their corresponding uncer-
tainties. In order to gain the full advantage of the trimmed
sampling algorithm, it is important that matrix calculations are
performed using machine precision that is finer than the uncer-
tainties of the Hamiltonian and norm matrix elements. Studies
of the trimmed sampling algorithm for the non-Hermitian
Hamiltonian and norm matrices are currently under investi-
gation. In that case, one cannot simply impose positivity of
the norm matrix in the likelihood function. However, one can
instead impose more stringent conditions on the convergence
of the energies E,, for the submatrix calculations.

ACKNOWLEDGMENTS

We are grateful for discussions with Joey Bonitati, Ser-
dar Elhatisari, Gabriel Given, Zhengrong Qian, Avik Sarkar,
Jacob Watkins, and Xilin Zhang. We acknowledge financial
support from the U.S. Department of Energy (Grants No.
DE-SC0021152 and No. DE-SC0013365) and the NUCLEI
SciDAC-4 collaboration.

[1] D. L. Hill and J. A. Wheeler, Nuclear constitution and the
interpretation of fission phenomena, Phys. Rev. 89, 1102
(1953).

[2] J. J. Griffin and J. A. Wheeler, Collective Motions in Nuclei
by the Method of Generator Coordinates, Phys. Rev. 108, 311
(1957).

[3] C. Wa Wong, Generator-coordinate methods in nuclear physics,
Phys. Rep. 15, 283 (1975).

[4] P. Magierski, P. H. Heenen, and W. Nazarewicz, Generator-
coordinate method study of hexadecapole correlations in
superdeformed '**Hg, Phys. Rev. C 51, R2880 (1995).

[5] K. Varga and Y. Suzuki, Precise solution of few-body problems
with the stochastic variational method on a correlated Gaussian
basis, Phys. Rev. C 52, 2885 (1995).

[6] D. Blume and K. M. Daily, Universal relations for a trapped
four-fermion system with arbitrary s-wave scattering length,
Phys. Rev. A 80, 053626 (2009).

[7] T. Togashi, Y. Tsunoda, T. Otsuka, N. Shimizu, and M. Honma,
Novel Shape Evolution in Sn Isotopes from Magic Numbers 50
to 82, Phys. Rev. Lett. 121, 062501 (2018).

[8] D. Frame, R. He, L. Ipsen, D. Lee, D. Lee, and E. Rrapaj,
Eigenvector Continuation with Subspace Learning, Phys. Rev.
Lett. 121, 032501 (2018).

[9] P. Demol, T. Duguet, A. Ekstrém, M. Frosini, K. Hebeler, S.
Konig, D. Lee, A. Schwenk, V. Soma, and A. Tichai, Improved
many-body expansions from eigenvector continuation, Phys.
Rev. C 101, 041302(R) (2020).

[10] S. Konig, A. Ekstrom, K. Hebeler, D. Lee, and A. Schwenk,
Eigenvector continuation as an efficient and accurate emula-
tor for uncertainty quantification, Phys. Lett. B 810, 135814
(2020).

[11] A. Ekstrém and G. Hagen, Global Sensitivity Analysis of Bulk
Properties of an Atomic Nucleus, Phys. Rev. Lett. 123, 252501
(2019).

[12] R. J. Furnstahl, A. J. Garcia, P. J. Millican, and X. Zhang, Ef-
ficient emulators for scattering using eigenvector continuation,
Phys. Lett. B 809, 135719 (2020).

[13] A. Sarkar and D. Lee, Convergence of Eigenvector Continua-
tion, Phys. Rev. Lett. 126, 032501 (2021).

[14] A. Quarteroni, A. Manzoni, and F. Negri, Reduced Basis
Methods for Partial Differential Equations: An Introduction
(Springer, New York, 2015), Vol. 92.

[15] E. Bonilla, P. Giuliani, K. Godbey, and D. Lee, Training and
projecting: A reduced basis method emulator for many-body
physics, Phys. Rev. C 106, 054322 (2022).

[16] J. A. Melendez, C. Drischler, R. J. Furnstahl, A. J. Garcia, and
X. Zhang, Model reduction methods for nuclear emulators, J.
Phys. G 49, 102001 (2022).

[17] L. Liu, G. Moir, M. Peardon, S. M. Ryan, C. E. Thomas,
P. Vilaseca, J. J. Dudek, R. G. Edwards, B. Joo, and D. G.
Richards (Hadron Spectrum), Excited and exotic charmonium
spectroscopy from lattice QCD, J. High Energy Phys. 07 (2012)
126.

[18] R. G. Edwards, N. Mathur, D. G. Richards, and S. J. Wallace
(Hadron Spectrum), Flavor structure of the excited baryon spec-
tra from lattice QCD, Phys. Rev. D 87, 054506 (2013).

[19] S. Elhatisari, Adiabatic projection method with euclidean time
subspace projection, Europhys. J. A 55, 144(2019).

[20] S. Shen, T. A. Lihde, D. Lee, and Ulf-G. Meiliner, Wigner
SU(4) symmetry, clustering, and the spectrum of '2C, Eur. Phys.
J. A 57,276 (2021).

[21] S. Shen, T. A. Léhde, D. Lee, and Ulf-G. Meiliner, Emergent
geometry and duality in the carbon nucleus, arXiv:2202.13596.

[22] A. Francis, A. A. Agrawal, J. H. Howard, E. Kokcii, and A. F.
Kemper, Subspace diagonalization on quantum computers us-
ing eigenvector continuation, arXiv:2209.10571.

[23] A. Peruzzo, J. McClean, P. Shadbolt, M.-H. Yung, X.-Q.
Zhou, P. J. Love, A. Aspuru-Guzik, and J. L. O’Brien,

L022001-5


https://doi.org/10.1103/PhysRev.89.1102
https://doi.org/10.1103/PhysRev.108.311
https://doi.org/10.1016/0370-1573(75)90036-8
https://doi.org/10.1103/PhysRevC.51.R2880
https://doi.org/10.1103/PhysRevC.52.2885
https://doi.org/10.1103/PhysRevA.80.053626
https://doi.org/10.1103/PhysRevLett.121.062501
https://doi.org/10.1103/PhysRevLett.121.032501
https://doi.org/10.1103/PhysRevC.101.041302
https://doi.org/10.1016/j.physletb.2020.135814
https://doi.org/10.1103/PhysRevLett.123.252501
https://doi.org/10.1016/j.physletb.2020.135719
https://doi.org/10.1103/PhysRevLett.126.032501
https://doi.org/10.1103/PhysRevC.106.054322
https://doi.org/10.1088/1361-6471/ac83dd
https://doi.org/10.1007/JHEP07(2012)126
https://doi.org/10.1103/PhysRevD.87.054506
https://doi.org/10.1140/epja/i2019-12844-9
https://doi.org/10.1140/epja/s10050-021-00586-6
http://arxiv.org/abs/arXiv:2202.13596
http://arxiv.org/abs/arXiv:2209.10571

CALEB HICKS AND DEAN LEE

PHYSICAL REVIEW RESEARCH §, L022001 (2023)

A variational eigenvalue solver on a photonic quantum proces-
sor, Nat. Commun. 5, 4213 (2014).

[24] E. F. Dumitrescu, A. J. McCaskey, G. Hagen, G. R. Jansen,
T. D. Morris, T. Papenbrock, R. C. Pooser, D. J. Dean, and P.
Lougovski, Cloud Quantum Computing of an Atomic Nucleus,
Phys. Rev. Lett. 120, 210501 (2018).

[25] Z. Qian, J. Watkins, G. Given, J. Bonitati, K. Choi, and D. Lee,
Demonstration of the rodeo algorithm on a quantum computer,
arXiv:2110.07747.

[26] M. Bee-Lindgren, Z. Qian, M. DeCross, N. C. Brown, C. N.
Gilbreth, J. Watkins, X. Zhang, and D. Lee, Rodeo algorithm
with controlled reversal gates, arXiv:2208.13557.

[27] A. N. Tikhonov, On the stability of inverse problems, Dokl.
Akad. Nauk SSSR 39, 195 (1943).

[28] M. I. Alheety and B. M. Golam Kibria, Choosing Ridge pa-
rameters in the linear regression model with AR(1) error: A
comparative simulation study, Intl. J. Stat. Econ. 7, 10 (2011).

[29] A. Gelman, J.B. Carlin, H.S. Stern, and D.B. Rubin, Bayesian
Data Analysis (Chapman and Hall/CRC, Boca Raton, FL,
1995).

[30] D. R. Phillips et al, Get on the BAND Wagon: a
Bayesian framework for quantifying model uncertainties in

nuclear dynamics, J. Phys. G: Nucl. Part. Phys. 48, 072001
(2021).

[31] W. K. Hastings, Monte Carlo sampling methods using Markov
chains and their applications, Biometrika 57, 97 (1970).

[32] A. F. M. Smith and A. E. Gelfand, Bayesian statistics without
tears: A sampling-resampling perspective, Amer. Stat. 46, 84
(1992).

[33] W. Jiang and C. Forssén, Bayesian probability updates using
sampling/importance resampling: Applications in nuclear the-
ory, Front. Phys. 10, 1058809 (2022).

[34] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevResearch.5.L.022001 for descriptions of the
Bose-Hubbard model, additional benchmark calculations,
trimmed sampling error estimates, and sensitivity studies.

[35] K. Choi, D. Lee, J. Bonitati, Z. Qian, and J. Watkins, Rodeo Al-
gorithm for Quantum Computing, Phys. Rev. Lett. 127, 040505
(2021).

[36] D. Lee, Lattice simulations for few- and many-body systems,
Prog. Part. Nucl. Phys. 63, 117 (2009).

[37] T. A. Ldhde and Ulf-G. MeiBiner, Nuclear Lattice Effective Field
Theory: An introduction (Springer, Cham, Switzerland, 2019),
Vol. 957.

L022001-6


https://doi.org/10.1038/ncomms5213
https://doi.org/10.1103/PhysRevLett.120.210501
http://arxiv.org/abs/arXiv:2110.07747
http://arxiv.org/abs/arXiv:2208.13557
https://doi.org/10.1088/1361-6471/abf1df
https://doi.org/10.1093/biomet/57.1.97
https://doi.org/10.1080/00031305.1992.10475856
https://doi.org/10.3389/fphy.2022.1058809
http://link.aps.org/supplemental/10.1103/PhysRevResearch.5.L022001
https://doi.org/10.1103/PhysRevLett.127.040505
https://doi.org/10.1016/j.ppnp.2008.12.001

