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Critical slowing down presents a critical obstacle to lattice QCD calculation at the smaller lattice
spacings made possible by Exascale computers. Inspired by the concept of Fourier acceleration,
we study a version of the Riemannian Manifold HMC (RMHMC) algorithm in which the canonical
mass term of the HMC algorithm is replaced by a rational function of the SU(3) gauge covariant
Laplacian. We have developed a suite of tools using Chebyshev filters based on the SU(3)
gauge covariant Laplacian that provides the power spectra of both the gauge and fermion forces
and determines the spectral dependence of the resulting RMHMC evolution of long- and short-
distance QCD observables. These tools can be used to optimize the RMHMC mass term and to
monitor the resulting acceleration mode-wise.
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1. Introduction

Overcoming critical slowing down is a crucial objective of modern lattice computations. The
problem of critical slowing down stems from the increasing range of distance or energy scales that
must be accommodated in the usual Markov-chain gauge-evolution algorithms as the continuum
limit is approached. This problem is made worse by the inherent non-renormalizability of the
favored Hybrid Monte Carlo (HMC) algorithm [1]. For free fields, we expect for fixed physical
lattice size but with decreasing lattice spacing 𝑎 that non-local observables will decorrelate after
integrating over a physical trajectory length [2]. Because of the higher frequency modes the
trajectory step size must scale with the lattice spacing 𝑎, meaning the naive autocorrelation time
scales as 𝑎−1. However, Lüscher and Schaefer present evidence that the true autocorrelation time
of these observables scales as 𝑎−2 [3] and suggest that this Langevin-like behavior results from the
non-renormalizability of the HMC algorithm.

The goal of Fourier acceleration is to modify the kinetic energy term in the molecular dynamics
Hamiltonian with a coordinate-dependent mass term such that the low modes move at a higher MD
velocity. In certain systems, a coordinate-dependent mass term can be chosen such that all modes
move at the same velocity and critical slowing down is eliminated. For example, consider a lattice
pure 𝑈 (1) gauge theory in the continuum limit. Substituting the gauge links with gauge fields via
𝑈` (𝑥) = exp

(
𝑖𝐴` (𝑥)/

√︁
2𝛽

)
and changing the MD mass term to be M = (1 − ^) − ^𝜕2 the MD

Hamiltonian becomes

H =
1
2
𝑃`

[
(1 − ^) − ^𝜕2]−1

𝑃` + 1
2
𝐴` (𝜕`𝜕a − 𝛿`a𝜕

2)𝐴a + O(1/𝛽) . (1)

Since the gauge fields are abelian, MD updates on the gauge links commute with gauge transfor-
mations, and thus we are free to fix the system to Lorenz gauge. Therefore the gauge modes are
simply plane waves that evolve as d2 �̃�` (𝑘)

/
d𝜏2 = −𝜔2(𝑘) �̃�` (𝑘) with characteristic frequency

𝜔2(𝑘) = 𝑘2

1 − ^ + ^𝑘2 . (2)

In the limit ^ → 1, all modes move with the same velocity and the modified HMC is fully
accelerated. [4] This same choice of mass term may also accelerate 𝜙4 theories in the perturbative
limit since the eigenmodes of the system are still approximately plane waves, meaning one can tune
the mode-dependence of the mass term to achieve approximate Fourier acceleration. [5]

The situation is more complicated when we try to accelerate the HMC for lattice QCD since
the theory is non-abelian and non-perturbative. We can parameterize the coordinate dependent
mass term as a function of the SU(3) gauge-covariant Laplace operator in order to maintain the
gauge invariance of the MD Hamiltonian. However, in order to use the eigenmodes of the covariant
Laplace operator to tune the mass term for Fourier acceleration we must show that the eigenmodes
of the theory have sufficient overlap with the covariant Laplace eigenmodes. As we will show, when
projected onto the subspace of Laplace eigenvectors whose eigenvalues lie in a narrow interval
[_ − Δ_/2, _ + Δ_/2] the size of the HMC force that results from the gauge action is nearly linear
with respect to _. Additionally, we will show that an extension of Fourier acceleration for non-
abelian pure gauge theories, the Riemannian Manifold HMC (RMHMC) algorithm, is capable
of moving certain long-distance observables faster than the naive HMC, indicating some level of
Fourier acceleration of the theory.
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2. The HMC Gauge Force Power Spectrum

Figure 1: The power spectrum per mode of the gauge force for various lattice actions is plotted with respect
to the eigenvalues corresponding to each eigenmode of the normalized covariant Laplace operator. The
inverse lattice spacings of each action are 𝑎−1 = 2 GeV for the DBW2 action, 𝑎−1 = 270 GeV for the Wilson
𝛽 = 10 action, and 𝑎−1 = 3.6 GeV for the Wilson 𝛽 = 6.4 action. We cut off the plot for very low and very
high eigenvalues of the normalized covariant Laplace operator because there are too few covariant Laplace
modes corresponding to these eigenvalues to accurately measure the power spectrum.

In order to show that the eigenmodes of the covariant Laplace operator can be used to Fourier
accelerate the HMC algorithm, we calculate the spectral dependence of the naive HMC gauge force
per mode with respect to the eigenvalues of the normalized covariant Laplace operator −∇2

𝐺
/(4𝑑)

where ∇2
𝐺

is defined in the adjoint representation as

∇2
𝐺𝜙(𝑥) =

𝑑∑̀︁ [
𝑈` (𝑥)𝜙(𝑥 + `)𝑈†

` (𝑥) +𝑈` (𝑥 − `)†𝜙(𝑥 − `)𝑈†
` (𝑥 − `) − 2𝜙(𝑥)

]
. (3)

We note that the covariant Laplace operator explicitly depends on the gauge links, which can cause
subtle complications that will be addressed later when we present the Riemannian Manifold HMC
algorithm.

We define a bandpass filter B(_) ≈ 𝑃_,Δ_

[
−∇2

𝐺
/16

]
that approximates a projection operator

onto a narrow range of eigenvalues of −∇2
𝐺
/16 with a sum of Chebyshev polynomials: B(_) =∑

𝑐𝑖𝑇𝑖 [−∇2
𝐺
/16]. Using this bandpass filter, we project the gauge force 𝐹𝐺 = − 𝜕𝑆[𝑈]

/
𝜕𝑈` (𝑥)

(where 𝜕
/
𝜕𝑈` represents the conventional derivative with respect to the group parameters resulting

in the left multiplication of the link matrix 𝑈` by the group generators) onto a narrow interval of
eigenvalues near _ to extract the contributions from covariant Laplace eigenmodes corresponding
to those eigenvalues. We calculate the power spectrum of the gauge force per mode as

⟨𝐹𝐺 |B(_) |𝐹𝐺⟩
/

Tr[B(_)] . (4)

The gauge force power spectrum per mode is plotted in Figure 1 for various lattice actions.
The power spectrum is a relative measure of how quickly an eigenmode of the covariant Laplace
operator would move after integrating a small trajectory time step. For the pure 𝑈 (1) gauge theory
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for example, the power spectrum is a linear function of the wavenumber squared. From Figure 1
we see that power spectrum is surprisingly nearly linear with respect to the eigenvalue of −∇2

𝐺
/16

for all actions, which confirms that the eigenmodes of the gauge action are approximately covariant
Laplace eigenmodes.

3. The RMHMC Algorithm

The Riemannian manifold HMC (RMHMC) is a class of Fourier accelerated HMC algorithms
where we add a coordinate dependent mass term that depends on the covariant Laplace operator.
The full Hamiltonian is given by

H =
1
2

Tr
{
𝑃†
` (𝑥)

[
M

(
−∇2

𝐺/16
)]−1

𝑃` (𝑥)
}
+ 𝑆

[
𝑈` (𝑥)

]
+ log |M| (5)

The addition of the log |M| term is required in order to cancel the additional force 𝐹𝑀 =

−Tr
{
𝑃† [ 𝜕M−1/𝜕𝑈` (𝑥) ]𝑃

}
caused by the dependence of the mass term on the gauge links.

This additional term in the Hamiltonian will be realized by adding auxiliary fields and auxiliary
conjugate momenta. A further complication is the nonseparability of the Hamiltonian, which
requires an implicit leap-frog integration scheme.[6]

In Duane et al., they consider a simple mass term that is linear in the gauge-invariant Laplacian.
[4] Our initial studies of this simple mass term show little if any reduction in autocorrelation. We
therefore consider more general sums of rational functions of the covariant Laplace operator to
parameterize our mass term:

M =

𝑐 +
𝑁∑︁
𝑖=1

𝑎0,𝑖 + 𝑎1,𝑖
(
−∇2

𝐺
/16

)
𝑏0,𝑖 + 𝑏1,𝑖

(
−∇2

𝐺
/16

)
+
(
−∇2

𝐺
/16

)2


−2

. (6)

For our current study we did not pursue a full-length autocorrelation study between the naive
HMC and the RMHMC. Instead, we investigate whether or not the RMHMC is able to move long-
distance observables further than the naive HMC, allowing us to more quickly probe whether we
have indeed Fourier accelerated the theory. We chose to study changes in the Wilson flowed energy
between the two algorithms, since Wilson flowed observables are sensitive to length-scales on the
order of the square root of the flow time. [7]

As a preliminary test of the correlation between the Laplace eigenmodes with small eigenvalues
and the long-distance physics measured by the Wilson flowed energy at large flow time, we examine
how sensitive the Wilson flowed energy is to perturbations to the gauge links by specific covariant
Laplace modes. We compare the naive HMC algorithm to an RMHMC algorithm with a mass term
that is hand-tuned to approximate the spectral dependence of the gauge force term while remaining
easy to invert. For the Wilson action, we consider an additional RMHMC mass term that is fitted
as a sum of many rational functions to match the spectral dependence of the gauge force, which
should theoretically give optimal acceleration.

For each algorithm, we generate random conjugate momenta as if initiating an HMC trajectory
with a heatbath, but then use the bandpass filters from before to project these momenta onto a narrow
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Figure 2: The change in Wilson flowed energy (flow time of 8) after a single HMC leapfrog integration
step of 10−4 MD time units with injected conjugate momenta projected onto specific covariant Laplace
eigenmodes. All algorithms have the largest change in Wilson flowed energy after injecting low modes. All
calculations are done with a DBW2 action with 𝑎−1 = 2 GeV on a 164 lattice.

range of covariant Laplace eigenvalues. Since the HMC heatbath depends on the mass term for the
generation of random conjugate momenta, the RMHMC algorithm will generate larger momenta
corresponding to low covariant Laplace eigenmodes. We then inject these filtered momenta into a
short HMC trajectory and measure the change in the Wilson flowed energy. As shown in Figure
2, the Wilson flowed energy is pushed further by the RMHMC algorithms compared to the naive
HMC during a single, short HMC integration step after injecting momenta corresponding to low
modes, which indicates that the covariant Laplace eigenmodes with small eigenvalues are highly
correlated with long-distance scales.

Figure 3: The change in Wilson flowed energy from that of the initial configuration after a single HMC or
RMHMC trajectory versus the number of MD integration steps in that trajectory. The left plot is run with a
DBW2 action with 𝑎−1 = 2 GeV on a 164 lattice, while the right plot is run with a Wilson action with 𝛽 = 6.4
and 𝑎−1 = 3.6 GeV on a 324 lattice. Due to working on a larger lattice for 𝛽 = 6.4, we double the flow time
to 16 for the right plot.
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Finally, we plot the change in the Wilson flowed energy after a single trajectory as a function
of the number of MD integration steps in that trajectory for each algorithm to see if the RMHMC
algorithms indeed change the long-distance stucture of the gauge configurations faster than the naive
HMC. For each of our algorithms, we tune the MD trajectory step size so that all algorithms give
us similar accept/reject probabilities. Our results are shown in Figure 3 for two actions, a DBW2
action with 𝑎−1 = 2 GeV on a 164 lattice and a Wilson action with 𝛽 = 6.4 and 𝑎−1 = 3.6 GeV on
a 324 lattice. For both actions, we see that the RMHMC algorithms are able to move the Wilson
flowed energy about twice as fast in the first few MD evolution steps than the naive HMC, before
slowing down to about the same rate of change as the naive HMC. Thus, we conclude that we are
able to accelerate the low modes of the theory for the actions considered and that the RMHMC is
effective at moving long-distance observables faster than the HMC at similar computation cost, i.e.
with a similar number of integration steps at fixed acceptance.

4. Conclusion and Next Steps

Figure 4: The power spectrum per mode of the fermion force for various Iwasaki actions of different lattice
sizes and coupling constants. Axes are the same as in Figure 1

In this work, we propose the RMHMC class of algorithms for Fourier accelerating the HMC
algorithm by modifying the mass term in the MD Hamiltonian such that the low modes of the
theory can be moved more quickly. By measuring the Wilson flowed energy, an observable that
is sensitive to the long-distance structure of the gauge configurations, we have shown that the
RMHMC algorithm is able to move these low modes in fewer evolutions steps than the naive HMC.
Ultimately, we are interested in using the RMHMC with fermions. Applying the same techniques
as before to measure the power spectrum of the fermion force per mode, we show in Figure 4 that
the fermion force has a milder spectral dependence than the gauge force, and it already moves low
modes further than high modes. This is unsurprising since the fermion determinant is a highly
non-local operator. We expect that the RMHMC can be applied to a hierarchical integration scheme
where we separate the fermion force and the gauge force onto different integration levels, where we
would only need the implicit integration scheme with the lower, gauge-only levels.
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In future studies, we are interested in running a full-length study of the autocorrelation time of
some long-distance observables to show definitive reduction in autocorrelation time. In addition,
we would like to tune and run the RMHMC algorithm with fermions. One potential first step in
this direction would be to investigate the spectral dependence of fermion forces from individual
Hasenbusch ratios.
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