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Abstract

We present dimension-free convergence and discretization error bounds for the un-
adjusted Hamiltonian Monte Carlo algorithm applied to high-dimensional probability
distributions of mean-field type. These bounds require the discretization step to be
sufficiently small, but do not require strong convexity of either the unary or pairwise
potential terms present in the mean-field model. To handle high dimensionality, our
proof uses a particlewise coupling that is contractive in a complementary particlewise
metric.
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1 Introduction

Markov Chain Monte Carlo (MCMC) methods are used to sample from a target
probability distribution of the form u(dz) o< exp(—U(z))dz. The simplest methods (e.qg.,
Gibbs and random walk Metropolis) display random walk behavior which slow their
convergence to equilibrium. This slow convergence motivates the Hamiltonian Monte
Carlo (HMC) method, first established in [24], which offers the potential to converge
faster, particularly in high dimension [59, 37, 6, 21, 25].

The convergence properties of HMC have received increasing interest. Ergodicity
was proven in [65, 18, 66]. By drift/minorization conditions, geometric ergodicity was
demonstrated in [16, 51, 28]. In [13, 53, 20], the convergence behavior is analyzed for
a strongly convex potential U and explicit bounds on convergence rates are obtained

*N. B.-R. was supported by the National Science Foundation under Grant No. DMS-1816378 and the Alexan-
der von Humboldt Foundation. K. S. was supported by Bonn International Graduate School of Mathematics.
Gefordert durch die Deutsche Forschungsgemeinschaft (DFG) im Rahmen der Exzellenzstrategie des Bundes
und der Lander - GZ 2047/1, Projekt-ID 390685813.

TDepartment of Mathematical Sciences, Rutgers University Camden, 311 N 5th Street, Camden, NJ 08102,
USA. E-mail: nawaf.bourabee@rutgers.edu

*Institute of Analysis and Scientific Computing, Technische Universitat Wien, Wiedner Hauptstrae 8-10,
1040 Wien, Austria. E-mail: katharina.schuh@tuwien.ac.at


https://imstat.org/journals-and-publications/electronic-journal-of-probability/
https://doi.org/10.1214/23-EJP970
https://ams.org/mathscinet/msc/msc2020.html
mailto:nawaf.bourabee@rutgers.edu
mailto:katharina.schuh@tuwien.ac.at
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using a synchronous coupling approach. In [13], contraction bounds were obtained for
more general potentials U by developing a coupling tailored to HMC. However, these
convergence bounds deteriorate in high dimension for mean-field models (see, in particu-
lar, (2.9) for the precise form of these contraction bounds for high-dimensional mean-field
models). Therefore, a new approach is needed to obtain convergence bounds for non-
strongly convex potentials of mean-field type that are dimension-free, i.e., independent
of the number of particles in the mean-field model.

Mean-field models play an important role in understanding statistical properties of
high-dimensional systems. This connection was introduced by Kac in [44] as propagation
of chaos and has been investigated amongst others in [56, 67, 57], for very recent related
work on second-order mean-field Langevin dynamics see [38, 39]. A key component in
Kac’s program was to establish bounds on relaxation times of many-body dynamical
systems that are dimension-free, see Section 1.4 of [58] for a fuller discussion.

The behavior of HMC in high-dimensional mean-field models is also relevant, at least
conceptually, to molecular dynamics (MD), see [4] and [35], or [48] for a mathematical
perspective. MD involves the time integration of high-dimensional Hamiltonian dynamics
often coupled to a heat or pressure bath [4, 35]. The corresponding process typically ad-
mits a stationary distribution. Time discretization introduces an error in the numerically
sampled stationary distribution. In general, one might hope that this discretization error
is dimension-free for ergodic averages of measurable functions (“observables”) that are
intensive (e.g., energy per particle) as opposed to extensive (e.g., total energy). A key
contribution of this paper is to demonstrate that this is indeed the case for particles with
weak mean-field interactions (see Theorem 3.12 and Remark 3.13).

In this paper, we consider high-dimensional mean-field models, where the potential
U :R% — R is a function of the form

n n

U(z) = Z (V(xi) + %Z Wzt — xj)>.
= T

Here, V : R - Rand W : R? — R are twice differentiable functions, ¢ is a real constant
and x = (z!,...,2") where z* € R? represents the position of the i-th particle. Usually, d
is a small fixed number that represents the dimension per particle, whereas the number n
of particles is large. We call the unary potential V' the confinement potential per particle
and the pairwise potential W the interaction potential. While we focus on mean-field U
with pairwise interactions in this paper, our results can be readily extended to potentials
U with more general mean-field interactions (see Remark 2.5).

In its simplest form, every step of HMC uses the Hamiltonian dynamics

(g+(x,v),pt(x,v)) of the mean-field particle system with unit masses defined as the

solution to the ordinary differential equations

d ; i
&Qt =Dt
d i N i i (1.1)
P =—Villa) =-VV(g) - > (VW(qt —q) = VW (g - qt)),
j=1
=
fori =1,...,n with initial value (qo,po) = (x,v). The transition step of the Markov chain

in R corresponding to HMC is given by

X(:I:) = qT(x,E),

where the initial velocity ¢ ~ A(0, I4,) is sampled independently per HMC step, and the
integration time 7' > 0 is a fixed constant, determining the duration of the Hamiltonian
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dynamics per HMC step. The corresponding Markov chain is known as exact HMC
because it uses the exact Hamiltonian dynamics and therefore, leaves invariant the
target measure y, cf. [15].

Generally, the choice of the duration 7" has a large impact on the performance per
HMC step. If T is too small, we obtain a highly correlated chain indicative of random walk
behavior. Whereas, if T" is chosen too large, due to periodicities and near-periodicities,
gr(x,v) can realize U-turns even as the computational cost of the algorithm increases.
This issue was observed by Mackenzie in [52], and motivated duration randomization
[59, 18, 16] and the No-U-Turn sampler [42]. In contraction bounds for HMC, this issue
leads to conditions that limit the duration 7' of the Hamiltonian dynamics, e.g., for U
stronlgy convex LT? < constant where L is the Lipschitz constant of VU [20]. As we
discuss more below, non-convexity of U leads to additional restrictions on the duration 7.

Since the Hamiltonian dynamics cannot be simulated exactly in general, a numerical
version of these dynamics comes into play to approximate the exact dynamics, and
normally, the velocity Verlet algorithm is used, cf. [50, 15]. The numerical version
contains an additional parameter, the discretization step h > 0 satisfying 7' € hZ. Note
that in the numerical version of HMC without adjusting the algorithm by an additional
acceptance-rejection step (see e.g. [59, 15]), the corresponding Markov chain does
not exactly preserve the target measure. This chain is called unadjusted HMC. In this
article we focus on unadjusted HMC because both from the viewpoint of theory and
practice the acceptance-rejection step in adjusted HMC may lead to difficulties in high
dimension. Indeed, in the product case (when ¢ = 0), a dimension-dependent time
step size (h < n~1/%) is needed to ensure that the acceptance rate in adjusted HMC is
bounded away from zero as n 1 oo, cf. [6, 40]. Further, as far as we know only a local
contraction result for adjusted HMC is known (see Remark 3.4). We stress that both
adjusted and unadjusted HMC are implementable on a computer, whereas exact HMC is
not.

The main result of this paper gives dimension-free convergence bounds for unadjusted
HMC applied to mean-field models, i.e., bounds that are independent of the number of
particles in the mean-field model. Our proof is motivated by the coupling approach in
[13], but with a new ‘particlewise’ coupling and a complementary particlewise metric.
We now state a simplified version of our main result, which holds in the special case of
exact HMC where h = 0.

We assume that VV and VW are Lipschitz continuous with Lipschitz constants L and
L, respectively. Further, we assume that V is K-strongly convex outside a Euclidean ball
of radius R, but possibly non-convex inside this ball. Let 7 (x, dy) be the transition kernel
of exact HMC, and let W, denote the Kantorovich/L'-Wasserstein distance on R** based
on an /*-metric ¢! (z,y) = 3", |#* — y*|. Then for any two probability measures n and v
on R%, we show that

Wo (nm™,vn™) < Me™ "Wy (n,v). (1.2)
Here, M = exp (g (1 + %1 / %)) and the contraction rate c is of the form

1 R [L+K
= —KT? —10= )
“~ 156 eXp( 07V & )

This bound holds provided the duration 7" and the interaction parameter ¢ are sufficiently
small, i.e.,

5 1 3K 3K
SLT? <min (=, — d
gt = (4’ 10L’256-5.26LR2(L+K))’ o
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= . (K1 K 2 L+ K\?2 R |L+K

el < min (E’ 5(36 : 149) <T+8R K ) P ( 0TV TR ))
Note that both the contraction rate ¢ and the conditions above are dimension-free, i.e.,
independent of the number n of particles. A restriction on the strength of interactions e
cannot be avoided because for large values of ¢ multiple invariant measures and phase
transition phenomena can occur, which typically leads to an exponential deterioration in
the rate of convergence as the number of particles tends to infinity [60, 67, 69]. Roughly
speaking, the factor LR? appearing in the condition on T' measures the degree of non-
convexity of U and excludes the possibility of high energy barriers. To obtain this result,
we first show contraction for a modified Wasserstein distance that is based on a specially
designed particlewise metric p on R, i.e., W,(nm™, vr™) < e~ "W, (n,v), and by using
that p is equivalent to ¢', we obtain (1.2). From this result we deduce a quantitative
bound for the number m of steps required to approximate the target measure p up to
a given error ¢, i.e., Wp (nr™, u) < €. This bound may depend logarithmically on the
number n of particles through the distance between the initial distribution and the target
measure. Finally, we show quantitative dimension-free bounds on the bias for ergodic
averages of intensive observables of the form f(z) = 1}, f(xh.

For unadjusted HMC, we show the same contraction result provided the discretization
step h is chosen small enough and deduce that there exists a unique invariant measure up
of unadjusted HMC. Since unadjusted HMC does not exactly preserve the target measure
u, we prove that Wy (u, ur,) = O(h?n) provided enough regularity for U is assumed, i.e.,
V and W are three times differentiable and have bounded third derivatives. If less
regularity is assumed, i.e., V and W are only twice differentiable, an O(hn) bound is
obtained. Invariant measure accuracy of numerical approximations for related second-
order measure preserving dynamics has been extensively investigated in the literature
[64, 54, 68, 55, 10, 14, 47, 1, 2], but according to our knowledge, it is new to obtain
bounds on W;: with a precise dimension dependence (see Corollary 3.8). Durmus and
Eberle [26], using partially the same approach, generalize these results on invariant
measure accuracy to a broader class of both models and inexact (or unadjusted) MCMC
methods.

Other work on HMC in high dimension

The study of the behavior of HMC as dimensionality increases is carried out in other
settings, too. For example, in Bayesian inference problems with a large number of
observations where the posterior itself is not necessarily high-dimensional. In this
setting, sampling the posterior directly using HMC is computationally intractable, which
motivates stochastic gradient HMC [19], the zig-zag process [9] and the bouncy particle
sampler [23]. In [70], an ADMM-type splitting of the posterior in conjunction with a split
Gibbs sampler are proposed, and a dimension-free convergence rate for the split Gibbs
sampler is obtained.

Considering the truncation of infinite dimensional probability distributions having
a density with respect to a Gaussian reference measure leads to another class of high-
dimensional target measures, which arises for instance in path integral MD, cf. [45, 11,
62], and statistical inverse problems, cf. [22]. Dimension-free convergence bounds are
obtained for the Metropolis adjusted Langevin Algorithm [29] and for preconditioned
Crank Nicholson (pCN) [41]. Moreover, preconditioned HMC was introduced in [7].
The convergence of pHMC was analyzed under strong convexity using a synchronous
coupling [61], and by using a two-scale coupling, dimension-free convergence bounds are
obtained for semi-discrete pHMC applied to potential energies that are not necessarily
globally strongly convex [12].

Another standard approach to analyze convergence properties in high dimension is
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optimal scaling of MCMC, see [36, 63, 8, 25]. This theory of optimal scaling provides a
general way to tune the time step size in HMC [40, 6].

While our object of study is the simplest version of HMC applied to mean-field models,
there are other variants of HMC available including one that uses a general reversible
approximation of the Hamiltonian dynamics [34], HMC with partial randomization of
momentum [43, 3], preconditioned HMC using a position dependent mass matrix [37],
and adjusted HMC with delayed rejection [17].

Outline

The rest of the paper is organized as follows. In Section 2, we state the considered
framework before presenting our main results in Section 3. In Section 4, estimates used
to prove the main results are stated. Finally, Section 5 and Section 6 contain the proofs.

2 Preliminaries

We first give the definition of unadjusted HMC applied to mean-field models and state
assumptions for the mean-field model before constructing the particlewise coupling used
to obtain the contraction result in the next section.

2.1 Hamiltonian Monte Carlo Method
Consider a function U € C?(R") of the form

n

U) =3 (V(xi)+%iW(xi—xj)) 2.1)
=1 ;:é

<
=

<~
N

such that [exp(—U(z))dz < oo holds. Assuming all particles have unit masses, the
corresponding Hamiltonian is defined by H(x,v) = U(x) + &|v|? for z,v € R%". The HMC
method is an MCMC method for sampling from a ‘target’ probability distribution

p(dx) = Z7  exp(—U(x))dz, (2.2)

on R9" with normalizing constant Z = [ exp(—U(z))dx. In particular, the HMC method
generates a Markov chain on R,

Since (1.1) is not exactly solvable, a discretized version is considered. Here, we
consider the velocity Verlet integrator with discretization step h > 0, cf. [15]. The
numerical solution produced by the velocity Verlet integrator is interpolated by the flow
(g+(x,v),pt(x,v)) of the ODE

X 1
p = —§(Vz‘U(thJh)+V1U(Q[ﬂh)) (2.3)

=Dlt)p — §Vz‘U(CImh)v P

d
ar
with initial condition (go,po) = (z,v) where

|t]n = max{s € hZ :s <t}, [t], =min{s € hZ:s>t},

and where V,;U : R — R? is the gradient in the z’-th direction, i.e., ggi. The transition

step of unadjusted HMC is given by x — X (z) where X (z) = qr(«,&), T/h € Z for
h > 0 and ¢ ~ N(0, I4,) is a random variable, where A(0, I4,) denotes the centered
normal distribution on R with covariance given by the dn x dn identity matrix. The
transition kernel of the Markov chain on R%" induced by the unadjusted HMC algorithm
is denoted by 7, (z, B) = P[Xy(z) € B].

If h > 0 is fixed, we write the abbreviation |¢] and [¢] instead of |¢], and [¢];, and omit
the h dependence in X (x). For h = 0 we consider the solution (q:(z, &), ps(z,£)) of (1.1)
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and obtain exact HMC with transition step X(z) := Xo(z) = ¢r(z,§) and transition
kernel 7(z, B) := mo(x, B). As the Hamiltonian is not preserved by the numerical flow
with A > 0, unadjusted HMC does not preserve the target measure p. Therefore, after
we study convergence of unadjusted HMC, we then bound the error between exact and
unadjusted HMC in Section 3.

2.2 Mean-field particle model

Let U : R™ — R be a potential function of the form (2.1) where V : R - R and W :
R? — R are twice continuously differentiable functions such that [ exp(—U(z))u(dz) <
oo. Without loss of generality we assume that e is a non-negative constant. Otherwise
we change the sign of the interaction potential W. The following conditions are imposed
on the functions V and W for proving the contraction results for exact HMC.

Assumption 2.1. V has a global minimum at 0, V(0) = 0 and V(x) > 0 for all x € RZ.
Assumption 2.2. V has bounded second derivatives, i.e., L := sup || V2V < c0.

Assumption 2.3. V is strongly convex outside a Euclidean ball: There exists K € (0, 00)
and R € [0, 00) such that for all x,y € R? with |x —y| > R,

(x—y)- (VV(x) = VV(y)) > K|x —y|>.

Assumption 2.4. W has bounded second derivatives, i.e., L := sup ||[V2W| < co.

We note that Assumption 2.1 is stated for simplicity, since Assumption 2.3 implies
that V has a local minimum and so Assumption 2.1 can always be obtained by adjusting
the coordinate system appropriately and adding a constant to V. Since V' is a unary
confinement potential per particle and W is a pairwise interaction potential, note that the
strong convexity constant K, the Lipschitz constants L, L and the radius R are dimension-
free, i.e., independent of the number of particles. By Assumption 2.1, Assumption 2.2
and Assumption 2.4,

IVV(x)| = |[VV(x) — VV(0)| < L|x], and (2.4)
VW (x —y) = VIW(y = x)| < 2L|x —y| < 2L(|x| + ly|) (2.5)

for all x,y € R®. From (2.4) and Assumption 2.3, it follows that K is smaller than L,
K/L<1. (2.6)
Further, we deduce from Assumption 2.2 and Assumption 2.3 that for all x,y € R?,
(x—y)- (VV(x) = VV(y) > Klx—y[* = C 2.7)

with €' := R%(L + K) and so V is asymptotically strongly convex.

Remark 2.5. In this work, we focus on a pairwise mean-field interaction energy W.
However, the results can be readily extended to the situation where the Hessian of the
mean-field potential U satisfies:

0*U ~ 0%U ‘
L= su — ()|, L= su T (2.8)
195%71 &’C?( ) 1§i<jden 59€i3$j( )
zeRI™ zeR"

and the parameter L scales like 1 /n as n — oo which corresponds to the standard
mean-field limit [60, 67, 69, 27].

For proving discretization error bounds, we suppose additionally for the confinement
potential V' and for the interaction potential W:
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Assumption 2.6. V is three times differentiable and has bounded third derivatives, i.e.,
Ly =sup ||[V3V] < .
Assumption 2.7. IV is three times differentiable and has bounded third derivatives, i.e.,
Ly =sup||V3W]|| < oo.

This additional regularity gives a better order in the error bounds between exact
HMC and unadjusted HMC, see Theorem 3.7.

Possible interaction potentials meeting Assumption 2.4 and Assumption 2.7 are the
Morse potential [71] and the harmonic (or linear) bonding potential [5, Section 7.4.1.1],
which are both used to model interactions between particles in molecular dynamics.

Remark 2.8. Let us note that by (2.5) and (2.7) it holds for the potential U that

(6 =9)- (VU@) = VU @) = 3 (@' = y) - (V') - YV )
+ Y@ -y (VW' —a)) - YWy’ ~ ) = VW(ad = ')+ VIV (' — )
J#Z
2 2€L j . i i
> Kl =y —n(K + L)R* = =23 % o’ —y' = (27 —y7)||le" ~ |
i JFi

> (K —4eL)|z — y|*> — n(K + L)R2.

Hence, the potential U is strongly convex if R = 0 and K — 4eL > 0 holds. Moreover,
a similar calculation shows that VU is globally Lipschitz continuous with an effective
Lipschitz constant of L + 4¢L. In this case, [13, Theorem 2.1] and [53, Theorem 1] have
already shown contraction for exact HMC with the dimension-free rate ¢ = (1/2)(K —
4eL)T? if (L + 4eL)T? < (K — 4eL)/(L + 4¢L) holds. Recently, the latter condition on T
has been improved to (L + 4¢L)T? < (1/4), cf. [20, Theorem 3]. Whereas, if R > 0, then
the potential U is only asymptotically strongly convex provided K — 4eL > 0, and in this
case,

(2 =) (VU(x) = VU(y)) > (K —4eL)/2)[z — y/?

forall |x —y| > R, = R\/Qn(L + K)/(K — 4¢eL). Thus, by [13, Theorem 2.3] we obtain
the following contraction rate for exact HMC

= (1/10) min(1, (1/4)(K — 4eL)T?(1 4 (R,,/T))e fin/(31))e=2En/T (2.9)

provided (L + 4€L)T? < min(1/4, (K — 4eL)/(L + 4€L),1/(2°(L + 4eL)R2)) holds. The
condition on T is dependent on the number n of particles and the rate ¢,, decreases
exponentially fast in the number of particles. This dimension dependence motivates the
particlewise coupling stated next.

2.3 Construction of coupling

We establish a coupling between the transition probabilities 7 (x, ) and m(y, ) of
unadjusted HMC with discretization step h for two states z,y € R?". The key idea for
the coupling is to locally couple the velocity randomizations, i.e., for the ¢-th particles in
each component of the coupling separately and independently of the other particles. A
particlewise coupling approach was used before in [30, 27] and enables us here to show
a dimension-free contraction rate, i.e. a rate that does not depend on the number n of
particles. The idea for the construction for the ¢-th particles in each component of the
coupling is adapted from [13], see also [31]. The coupling transition step for unadjusted
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f(r)

Figure 1: Under an increasing concave distance function f, a decrease in r has a larger
impact on f(r) than an increase in r, i.e., f(r) — f(r — A) > f(r + A) — f(r) for r, A > 0.

HMC is given by
X(z,y) =qr(z,§) and Y(z,y)=qr(y,n) (2.10)

with ¢r defined in (2.3) and where £ and 7 are the corresponding velocity refreshments
for the position x and y given in the following way: Let ¢ € R be a normally distributed
random variable. Let U; ~ Unif|0, 1] be independent uniformly distributed random
variables that are independent of &. Let v be a constant that is specified later. If
|zt — yi| > R, where R is a positive constant specified later, we apply a synchronous
coupling for the i-th particle by setting ' = ¢ If 2! — ¢f| < R, the i-th velocity
refreshment of y is given by

; _ {51 +,Yzi ifu, < w01 (e’ 5l+’y|)zl|)

wo,1(e’-€*

. S (2.11)
& —2(e"-&")e’  otherwise,

where ¢y 1 denotes the density of the standard normal distribution, 2t = gt — y?, and
et = 2/|2% if |2%| # 0. If |2¢| = 0, €' is some arbitrary unit vector. If we consider the free
dynamics, i.e., U = 0, then the first case in (2.11) leads to a decrease in the difference
of the positions in the i-th component provided the duration 7T is sufficiently small, i.e.,
|Xi(x,y) — Yi(x,y)| = |z° — ||l — T|. When U does not vanish, we obtain contractivity
of this coupling in a metric equivalent to the standard ¢; metric that involves a concave
distance function, see Figure 1.

We note that each of the components 7’ are normally distributed random variables
by [13, Section 2.3] and that the components 5’ are independent by the independent
particlewise construction. This implies 7 ~ N(0, I4,), which is sufficient to verify that the
constructed transition step given by (2.10) is a coupling of the transition probabilities

7p(z, ) and 7y (y, -).

2.4 Numerical simulations

We next present a numerical illustration of some properties of the particlewise
coupling which supports the main results for unadjusted HMC stated in the next section.

We simulate the coupling for mean-field potentials with non-strongly convex confine-
ment potential to illustrate the coupling and to support our theoretical results stated in
the next subsection.

We consider two mean-field models with two different confinement potentials. The
first potential is the negative logarithm of a Gaussian mixture distribution. Here, we take
a mixture of 20 two-dimensional Gaussian distributions whose means are independent
uniformly distributed random variables on the rectangle [0, 10] x [0, 10] and whose covari-
ance matrices are the identity matrix, cf. [49, 46, 13]. The second confinement potential
is the negative logarithm of a banana-shaped distribution. In particular, V : R? — R is
given by the Rosenbrock function V(x) = (1 — x;)? + 10(x2 — (x1)?)?, cf. [13].

EJP 28 (2023), paper 91. https://www.imstat.org/ejp
Page 8/40


https://doi.org/10.1214/23-EJP970
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Unadjusted HMC for mean-field models

Gaussian mixture confinement potential Banana-shaped confinement potential
L N N 4

50

o
10 0 20 40 60 80 100

Figure 2: Coupling of HMC applied to mean-field models with n = 10 particles. The
confinement potential is the potential of a Gaussian mixture distribution in the left plot
and of a banana-shaped distribution in the right plot. The projection to one particle of
the Markov chain is plotted on the contour graph of the potentials and connected by a
linear interpolation; the inset shows the mean distance between the two components of
the coupling on a log-scale.

Gaussian mixture confinement potential Banana-shaped confinement potential
12 —n=1 s —n=1
~—n=10 ==n =10

10 —n=100 —n=100

>

average distance

average distance

~

0 50 100 150 200 4 20 40 60 80 100 120 140

number of steps number of steps

Figure 3: Evolution of the mean distance + "' | |Xi — Y} | between the two components
of the coupling for HMC after k steps with n € {1,10,100} particles.

For the interaction between particle i and j, we take the function W (2! — 27) =
(1/2)|z* — 27|? and € = 0.01 in Figure 2 and Figure 3. In Figure 4, we vary ¢ and W, as
indicated in the legend.

The plots in Figure 2 show realizations of the coupling with 7'=1, v = 1 and n = 10.
The evolution of a selected particle of the coupling is drawn on a contour plot of the
confinement potential. To visualize the order of the projected points they are connected
by linear interpolation. The evolution of the distance function 1"  |Xi — Y| is
given in the inset. Here, X} and Y} are the positions of the i-th particles of the two
realizations of the coupling after ¥ HMC steps of duration 7' = 1. The simulation
terminates when the distance is smaller than ¢ = 107°. Figure 3 shows the sample
average of the mean distance = > | |Xi — Y| for different numbers n € {1, 10,100}
of particles. For n € {1,10} we sampled the mean distance a hundred times and for
n = 100 thirty times, since the statistical error is smaller for n large. We observe that
the mean distance decreases exponentially fast after a short time, which reflects a factor

M appearing in the bounds in Corollary 3.6 given below, and that the rate is dimension-
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Figure 4: Evolution of the mean distance + 3" | |Xi — Y} | between the two components
of the coupling for HMC after k steps with n = 10 particles for various interaction
parameters e. This figure suggests that the particlewise coupling does not converge if
the interaction is too large.

free, i.e., independent of the number of particles. In Figure 4, the impact of the size
of the interaction parameter ¢ is illustrated. We observe that for small attractive and
repulsive interaction the mean coupling distance appears to converge to zero, whereas
for larger interaction, particularly for large repulsive interaction (corresponding to
W (z' —y') = —(1/2)]2" — y*|?) this convergence is not observed.

3 Main results

3.1 Dimension-free contraction rate for unadjusted HMC

To prove contraction for unadjusted HMC, we introduce a modified distance function.
Define

R:=8R\/(L+ K)/K, (3.1)
v :=min(T~%, R™1/4), (3.2)
Ry = (5/4)(R + 2T). (3.3)

Note that the constants are dimension-free, i.e. independent of the number of particles.
Let f : Ry — R4 be given by

f(r) ::/ exp(— min(Ry, s)/T)ds. (3.4)
0
This function is concave and strictly increasing with f(0) = 0 and f/(0) = 1. We define a

metric p : R x R — [0, 00) by

n

p(x,y) == fl=" = y']). (3.5)

i=1

This definition is motivated by [30] where it was introduced to obtain optimal contraction
rates for weakly interacting diffusions. This metric is equivalent to the ¢!-metric,

Mz, y) = Z |a?i — yl| (3.6)
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More precisely, since rf'(r) < f(r) <,

pla,y) < (z,y) < Mp(z,y), with (3.7)
M = f'(Ry)™' = exp((5/4)(R/T +2)). (3.8)

The following theorem gives a contraction result for unadjusted HMC with respect to
the metric p.

Theorem 3.1 (Global contractivity for unadjusted HMC). Suppos~e that Assumption 2.1,
Assumption 2.2, Assumption 2.3 and Assumption 2.4 hold. Let R, v, R, and f be given
asin (3.1), (3.2), (3.3) and (3.4). Let T € (0,00) and hy € [0, c0) satisfy

3 1 3K 3
L(T+h)?<Zmin(-, —, ——— 3.9
(T4 ) _5mm(4’10L’256.5LR2>’ (3:9)
KT
< — . 1
M S 550+ 23K (3.10)
Let e € [0, 00) satisfy
- (K 1/K(R+T)\2 R
oL <min (G5(S51a) =0 (~57)) (1D
Then for all z,y € R and for any h € [0, hy] such that h =0 or T/h € N,
E|p(X(2,y), Y(z.))| < (1= )p(z,y)
with contraction rate
1 ) 5R
¢= o KT exp(—ﬁ). (3.12)

A proof is given in Section 6.1.

Remark 3.2. In a simplified setting where only one particle is considered and global
strong convexity is assumed, i.e., n = 1 and Assumption 2.1-Assumption 2.3 hold with
R = 0, the conditions simplify and we refer to Theorem A.1 in Appendix A for global
contractivity. In particular, the conditions on T and h improve to h < T and LT? < 20!
and the contraction rate becomes ¢ = K7?/10.

Remark 3.3. The parameter c is dimension-free, i.e., independent of the number of
particles, which is an improvement compared to the contraction rate given in (2.9)
obtained by applying [13, Theorem 2.3]. However, it might depend implicitly on the
number of degrees of freedom per particle d through the parameter R.

Further, note that the contraction result holds only if the interaction parameter e is
sufficiently small. For larger ¢, contraction with a dimension-free contraction rate is not
guaranteed, as illustrated in Figure 4.

Remark 3.4. For adjusted HMC one can show local contraction by precisely bounding
the effect of the accept-reject step. The case is considered for a general potential in [13].
In the mean-field model for a large number n of particles, an analogous local contraction
result for adjusted HMC is only obtained for a restrictive choice of h. In particular, using
the estimate for the rejection probability of [13, Theorem 3.8] the discretization step h
has to be chosen of order O(n~2).

Remark 3.5. Theorem 3.1 holds in particular for the product case with ¢ = 0. As
the interaction terms vanish and some calculations simplify in that case, the con-
dition in 7 becomes L(T + h;)? < min(1/4,K/L,1/(256LR?)) as in [13], the condi-

tion in h; relaxes to h; < 4KT/(165L) and the contraction rate improves to ¢’ =
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(1/39)KT?exp(—5R/(4T)). If V is a quadratic function, the mean-field model can
be treated as a perturbation of the product model and the difference |X?"%¢(z,y) —
Y?rod(z,y) — (X(z,y) — Y(z,v))| of a coupling between to copies of the product model
and two copies of the mean-field model can be bounded in terms of ¢L Y"1 | [z7 — /|
This term can be controlled for sufficiently small € by the obtained contraction for the
product case. See Appendix B for the complete argument.

3.2 Quantitative bounds for distance to the target measure

We deduce from Theorem 3.1 global contractivity of the transition kernel 7, (x, dy)
with respect to the Kantorovich distance based on p

Wolwon) =it [ playedody)
w€el(v,n)

on probability measures v, on R%", where I'(v, ) denotes the set of all couplings of

v and 7. Since the metric p is equivalent to the ¢'-distance ¢! on (R%)" given in (3.6),

contractivity with respect to W, yields a quantitative bound on the Kantorovich distance

based on /! on (R%)",

n
W (v, ™, up) = inf / zt — yt|w(dzd
( )=t ;I y'[w(dzdy)
between the law after m HMC steps with initial distribution v and invariant measure puy,.

Corollary 3.6. Suppose that Assumption 2.1, Assumption 2.2, Assumption 2.3 and
Assumption 2.4 hold. Let T € (0,00) and hy € [0,00) satisfy (3.9) and (3.10). Let
€ € [0,00) satisfy (3.11). Then, for any m € IN, for any probability measures v, on R%",
and for any h € [0, hy] such thath =0 orT/h € NN,

W, (v ™ ™) < e W, (v, ), (3.13)
Wer (v, ™ nmp,™) < Me™ "W (v, 1) (3.14)

with c given by (3.12) and M given by (3.8). Further, there exists a unique invariant
probability measure ji;, on R%" for the transition kernel 7, of unadjusted HMC and

ng (U?‘(‘hm, ,uh) < Me_(””Wp (V, ,uh). (315)

Thus, for any constant ¢ € (0,00) and for any initial probability distribution v the
Kantorovich distance A(m) = Wp (vmp,™, ) satisfies A(m) < € provided

STCN LI EUNY (3.16)

T c\2 4T €

A proof is given in Section 6.2. We note that we obtain the same bound as in (3.14)
and (3.15) for the Kantorovich distance with respect to the ¢!-distance averaged over all
particles, /!(z,y) = L 3", |2’ — y'|. Then, the term A(0)/¢ in (3.16) differs by a factor 1/n.
In this case, if we consider for example a product measure as initial distribution, the
bound in terms of this metric does not depend logarthmically on the number of particles.

To give quantitative results of the accuracy of unadjusted HMC with respect to
the target measure p, we bound the strong accuracy of velocity Verlet. The exact
dynamics started in (z, £) with A = 0 is denoted by (¢s(z, ), ps(z,£)) and the position of
the dynamics started in (z, &) with k > 0 is denoted by (Gs(z, §), ps(x, &)).

Theorem 3.7 (Strong accuracy of velocity Verlet). Suppose that Assumption 2.1, As-
sumption 2.2 and Assumption 2.4 hold. Let T € (0, 00) satisfy (L + 4eL)T? < (1/4). For

EJP 28 (2023), paper 91. https://www.imstat.org/ejp
Page 12/40


https://doi.org/10.1214/23-EJP970
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Unadjusted HMC for mean-field models

x € R, for any h € (0,00) with T/h € N and k € N with kh < T, it holds

Ben0.10,) | |tk (0,6) = G (@.6)[] S hC (¢ + D7 1) 317)

with Cy depending on L, L eandT. If additionally Assumption 2.6 and Assumption 2.7
are supposed, then for x € R, for any h > 0 with T/heNandk € N withkh <T,

B 0,10, | |tk (0,6) = G (.6)[] < 2Co(dn + Yo'+ 3 1aP)  3.18)

with 02 depending on L, L, €, Ly, EH andT.

A proof is given in Section 6.2.

We obtain a bound on the difference between the invariant measure p;, and the target
measure pu, by using the contraction result of Theorem 3.1 and by applying a triangle
inequality trick, which is mentioned in [55, Remark 6.3] and has been used in many
other works. In particular, it holds

Wty pin) = Wy(pm, pnmn) < Wy, pmn) + W, (i, pnmn)
SW,(u, ) + (1= )W, (1, pn)-

Hence, by (3.7)

Wi (i, pn) < Me™ "W (i, ) < Me ' By emn(0,10) [Z |gin (2,€) — G (2, )

with M given in (3.8). Inserting (3.17), respectively (3.18), yields the following result.

Corollary 3.8 (Asymptotic Bias). Suppose that Assumption 2.1, Assumption 2.2, Assump-
tion 2~.3 and Assumption 2.4 hold. Let T and h; satisfy (3.9). Let e satisfy (3.11). Let Cs
and C'; be as in Theorem 3.7. Then for h € (0, h] with T/h € NN,

) < pe1 1/2 i -
Wi i, ) < he™ MG (a2 + /R L2l n(dx))

with ¢ given by (3.12) and M given by (3.8). If additionally Assumption 2.6 and Assump-
tion 2.7 are assumed, then for h € (0, h1] with T/h € IN,

Wirlpupn) < B2 MColdn+ [ S lelute) + [ 3 laiPu(ae)).

Note that the bound in Corollary 3.8 is linear in the number n of particles.

For unadjusted HMC, Corollary 3.6 gives exponential convergence to the invariant
measure py. In the next theorem, we give a bound on the number of steps to reach the
target measure p up to a given error.

Theorem 3.9 (Complexity Guarantee). Suppose that Assumption 2.1, Assumption 2.2,
Assumption 2.3 and Assumption 2.4 hold. Let T € (0,00) and h; € (0,00) satisfy (3.9)
and (3.10). Let e € [0, 00) satisfy (3.11). Let v be a probability measure on R4, and let
A(m) = Wp (vm,™, ) denote the Kantorovich distance with respect to ' to the target
probability measure . after m steps with initial distribution v. For some ¢ € (0,00), let
m € IN be such that

m> %(§+@+log(w)+) (3.19)
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with ¢ given by (3.12). Then, there exists ho such that for h € (0, min(hq,hy)] with
T/heZ,

A(m) <€ (3.20)

where for fixed K, L, L, ¢, R and T, hy " is of order O(é~'(d*/?n + [, |a'|u(dz))). If
additionally Assumption 2.6 and Assumption 2.7 are assumed, then there exists ho sqch
that for h € (0, min(hq, he)] with T'/h € Z, (3.20) holds, where for fixed K, L, L, Ly, Ly,

e, Rand T, hy" is of order O(&'/2((nd)"/2 + \/f S Joi|u(dz) + \/f S [ 2p(dx))).
A proof is given in Section 6.2. If we consider the averaged distance /' instead

of ¢!, the argument in the logarithmic ’Eerm in (3.19) changes by a factor 1/n and the
logarithmic dependence on n in he and hy vanishes.

Remark 3.10. We note that 2! is O(n!/?) in Theorem 3.9 and hence it grows sublinear
in n. Further, the constant C, obtained in the proof of Theorem 3.7 is O(T~1). For the
numerical method uLA, which forms a special case of unadjusted HMC with h = T (see
[59, Section 5.2]), we obtain that A~! = T~! has to be chosen of order O(n), which
corresponds to the results in [26, Example 18]. Therefore, an é-accurate approximation
of the target measure in the W,, distance can be achieved by uHMC applied to the
n-particle mean-field system with O(n'/2¢-1/2log(n/¢)) gradient evaluations; whereas
the corresponding complexity of uLA is O(né~*log(n/¢)).

Remark 3.11. From Theorem 3.9, note that the number of evaluations of the gradient
VU(z) in each step of duration 7 is O(n'/?) for fixed K, L, L, ¢, T, R, d and h. If
we assume that the computation of the gradient in one step is O(n), then the overall
complexity of unadjusted HMC is O(n3/?).

3.3 Dimension-free bounds for ergodic averages of intensive observables

Next, we define the ergodic averages A,, g, which approximate x(g f g(x
by

1 m
Ay g = — 2( 3.21
b9 = 2 ( )

for some function g : R™ — R and for b,m € IN, where (X,,) is the Markov chain given by
unadjusted HMC. The parameter b corresponds to the burn-in time. Here, we consider
bounded and continuously differentiable observables, i.e., g € C}(R%"). Quantitative
bounds on the bias of the ergodic averages follow by the exponential convergence in the
Kantorovich distance with respect to the ¢! metric given in (3.6) and the bound on the
accuracy of unadjusted HMC.

Theorem 3.12 (Bias of Ergodic Averages). Let g € C}(R%") with max; ||V,g|lcc < 0.
Suppose that Assumption 2.1, Assumption 2.2, Assumption 2.3 and Assumption 2.4 hold.
LetT € (0,00) and hy € [0, 00) satisfy (3.9) and (3.10). Let e € [0, 00) satisfy (3.11). Let
v be a probability measure on R%". Let Cy and C, be given as in Theorem 3.7, and let c
be given as in (2.9). Then for h € [0, h1] such thath =0 or T/h € IN,

1 efcb
|y [Ambg] = n(g)l < — max [[Viglloo 7——=Wer (v, ) + hmax [ Vig[| oo Cs,

where C3 = exp(2(2+R/T))c ' Cy (d1/2n+f > |xi\,u(dx)). If additionally Assumption 2.6
and Assumption 2.7 are supposed, then

1 e~
IEy [Am,pg] — p(g)] < *maXHvzg”oo — Wél(V [n) + h? maXHvngOOCi%
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where Cs = exp(2(2 + R/T))c'Cy (dn + [, e p(de) + X, |xi|2u(dx)).
A proof is given in Section 6.3.

Remark 3.13. We note that provided max; ||V;g|lo is O(1/n) the bound of the bias of the
ergodic averages is independent of the number n of particles. Hence for intensive observ-
ables of the form g(z) = 1 >, §(z') where § € C}(RY) with || V§||s < oo, Theorem 3.12
gives quantitative bounds on the bias of their ergodic averages which are dimension-free,
i.e., independent of the number n of particles. Whereas, for extensive observables, where

max; || V;g|le is O(1), the bound depends on the number » of particles.

4 Estimates for the dynamics (2.3)

4.1 Deviation from free dynamics

Here we apply the Lipschitz conditions in Assumption 2.2 and Assumption 2.4 to
obtain bounds on how far the dynamics in (2.3) deviates from the free dynamics, U = 0.
To obtain these bounds, we assume in the following that ¢,k € [0,00) are such that
t/h € IN for h > 0 and such that

(L +4eL)(t* +th) < 1. (4.1)

This condition essentially states that the duration of the Hamiltonian dynamics in (2.3)
is small with respect to the fastest characteristic time-scale of the mean-field particle
system represented by \/sup [[HessU|| < v/ L + 4¢L (see Remark 2.8). This bound follows
from Assumption 2.2 and Assumption 2.4. The i-th component of the solution to (2.3) is
denoted by (%, v).

Lemma 4.1. Let x,v € R%™. Then fori € {1,...,n},

max |2t < (14 (L + 2eL)(t* + th)) max(|2], |z* + tv']) (4.2)
2¢L(t? + th .
4 Mmaxz |27,
n s<t “—
J#i
max Wi < 0| + (L + 2eL)t(1 + (L 4 2¢L)(t* + th)) max(|z’], |z° + tv'])) (4.3)
2eLt =9 j
+ (14 (L +2¢L)(t +th))nslgng 2.
A
Moreover,
i< (42 i | i
r?gicz |z < (14 (L + 4eL)(t* + th)) Zmax(\x l, |2* + tv']), (4.4)
i< 7 (2 Q| | i
r?gf(z |l < (L +4eL)t(1 4 (L + 4eL)(t* + th)) Zmax(\aﬁ l, |2* 4+ tv’]) (4.5)

+Z|vi|.
i

A proof of Lemma 4.1 is provided in Section 5.

Let two processes (z,vs), (ys, us) with initial values (x,v) and (y, u) be driven by the
Hamiltonian dynamics in (2.3). We set (z;, ws) := (s — ys, Vs — us). Since (x4, vs) and
(ys,us) depend on (z,v) and (y,u), respectively, (zs,ws) depends on (z,v,y, u). By (2.3),
the dynamics of the i-th component of (z;, ws) is given by

d . .
2t = Wiy — (W/2) (ViU () = ViU (y1))
(4.6)

d %
gt = (1/2)(=Vil(z) = Vil(zrg) + ViU (Y1) + ViU (yra)).
EJP 28 (2023), paper 91. https://www.imstat.org/ejp
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Next, we bound the distance between the process (2, w?) and the process given by the
free dynamics, where U = (0. As the particlewise coupling in Section 2.3 is designed
with respect to the free dynamics, this bound plays an important role in proving the
contraction results of Section 3. It explains why the particlewise coupling works when
the distance between i-th particles is small, i.e., when |z' — y?| < R, and when the
duration 7" and the time step h are small, i.e., when (4.1) is assumed.

Lemma 4.2. Let z,y,v,u € R%". Then foralli € {1,...,n},

max |28 — 2" — sw'| < (L + 2eL)(t* + th) max(|z" + tw’, |2¢]) 4.7)
26L(t2 + th)
L) 5
J#
max |28] < (1 + (L + 2eL)(t 4 th)) max(|2® + tw'], |2%]) (4.8)

2eL(t? + th)
+ 6(7+maXZ|z]\
T gF

max w? —w'| < (L + 2eL)t(1 + (L + 2¢L)(t* + th)) max(|z* + tw’], |2%])) (4.9
2elt
_|_

= ;
(14 (L 4+ 2¢eL)(t* + th)) I?g(z |22,

=t A
max |wl| < |w'| + (L + 2eL)t(1 4 (L 4 2eL)(t* + th)) max(|z* 4 tw’], |2])) (4.10)

2eLt = 9 j
(14 (L +2eL)(t +th))r£35<2|zs\.
T g
Moreover,
maxZ\zs| < (1+ (L + 4eL)(t* 4 th)) Zmax 2% + tw'],|2Y), (4.11)

< 2 7 i
I?gZ|ws| < (L+4eL)t(1+ (L + 4eL)(£* + th)) Y max(|z" + tw'], |2']) (4.12)
i

A proof of Lemma 4.2 is provided in Section 5.

%

4.2 Bounds in region of strong convexity

Next, we obtain a bound for the difference between the positions of the ¢-th particles
provided that |z — y| > R and v = u’. We assume that

- K 1
L+ 4eLl)(t> + th) < min (—————, =), (4.13)
(L +4eE)(# + th) < win (7, 1)

where x is given by
k= K — 3eL. (4.14)

Further, we assume that

Kt
h< ———m——. 4.15
~ 525L + 235K ( )
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Lemma 4.3. Suppose that Assumption 2.1, Assumption 2.2, Assumption 2.3 and As-
sumption 2.4 hold. Let € € [0, c0) be such that e < K/6 holds. Let R be given in (3.1).
Lett,h € [0,00) be such that h = 0 or t/h € N, and such that (4.13) and (4.15) holds.
Then, for all z,y,v,u € R* and i € {1,...,n} such that |z' — 4’| > R and v' = u’,

(maxz 2T — ) . (4.16)

. . 1 .
ot = yil? < (1= gwt) 2’ = '

A proof of Lemma 4.3 is given in Section 5.

In the strongly convex case with only one particle (i.e., R=0,e =0and n = 1), an
improved version of Lemma 4.3 with less restrictive assumptions on 7" and h is given in
Appendix A in Lemma A.2. This bound provides directly contraction in L Wasserstein
distance provided T > 0 and h > 0 satisfy L7? < 207! and T/h € Z if h > 0, see
Appendix A.

5 Proof of results from Section 4
Before stating the proofs of Section 4, note that by (2.4) and (2.5) for all z,y € R?",
. 2621 . . ~ . QGE .
) 3 - T J 1 I J
|V,U(x)| < Llz'| + - Z\x ! < (L + 2eL)|z'| + - Z\x [, (5.1)
JFi j#i
and by Assumption 2.2 and Assumption 2.4
ViU (x) = ViU(y)| < (L + 2€L) 2" —y|+fZ|fcj—y | (5.2)
J#i
Further by (2.7) and (2.5), it holds for all z,y € R,
—(z' —y') - (ViU (2) = ViU (y))

~ . . ~ . .1 . . ~
(K = 26L)fa’ = y'[P + 2eEfat — g lad — |+ C
J#i

) . ~ 71 . S\ 2 N
< —klat — yi|? L(f J—J) c. 5.3
< —nfa’ —y'P e n;u v'l) + (5.3)

It follows from the definition (3.1) of R and the gondition el < K /6, which is assumed in
Lemma 4.3, that for all x,y € R? with [x —y| > R,

1
—krlx—y% (5.4)

C=RYL+K)< —K|x—y|2 <3

Proof of Lemma 4.1. Fix x,v € R4, Let s < t. We have from (2.3)

i i i s il 1 1 *h
zt— ' —sv' = ( — o ViU(2|y)) — fViU(x[u]))du dr — S ViU(x |y )dr.
We apply (5.1) to obtain

(L + 2¢L)(t? + th)
2

QGL(t + th)
bt SOV J
g Sl
J#i

|zt — ' — svf| < maii(|:vi — 2t — | + |zt + o))
r<
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Invoking condition (4.1), we get

i, 2eL(t? +th)
max |28 — 2 — sv'| < (L + 2eL)(t* + th) max|x + sv*| + ‘E(i—kmaxzpﬂ
s<t s<t
JFi
. L .\ 2eL(t? +th)
= (L + 2¢L)(t? 4 th) max(|*], |z* + tv?]) + 6(7* maxz 2.

T g#

By applying the triangle inequality, (4.2) is obtained. From (2.3) and (5.1), we have

. , s 2eLt
vy — '] < / max |ViU(2y,)|dr < (L + 26L)tmax |2t | + < maxz |27 |. (5.5)
0 =
J#i

We insert (4.2) in (5.5) to obtain

vf — 0| < (L + 2eL)t(1 + (L + 2¢L)(£2 + th)) max(|z'], |« + tvi])

2eLt
+

1+ (L + 2¢L)(#? J
(1+ (L + 2¢L)(t +th))rgg;<§lxul
JF

By applying the triangle inequality, (4.3) is obtained. Equation (4.4) and (4.5) follow by
considering the sum over all particles, i.e., by (2.3) we have

Z |zt — 2t — svf)

// ZWU%J + ViU (@) dudr + 2 /ZWUxm)\dr
< (L+46L2)(t2+th (Z\x )

max
r<t

and hence analogous to the estimate obtained for the i-th particle,

s<t

maxz |zt — 2" — sv'| < (L + 4eL)(t? + th) mgxz |zt + vt
- r<t =
< (L + 4€L)(t? + th) Z max(|z’], |z° + tv']).

By applying the triangle inequality, (4.4) is obtained. By (2.3) and (4.4),

i il < 7 i
Z:h}S V'] < (L+46L)tr£12§( (Z|xr|)

< (L +4€eL)t(1+ (L + 4€L) (£ + th)) Y max(|a’|, |2" + to']),
and (4.5) is obtained by the triangle inequality. O

Proof of Lemma 4.2. By (5.2) and (4.6),
|2t — 2" — sw'|

//max| VU (20) + ViU (yo)|du dr + /max\ ViU () + ViU (y0)|dr
0 0

v<t
(L + 2¢L)(t? + th) S 2eL(t? + i
< 5 1£12<|zr\+7m51x2|z |.
J#i
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Hence, we obtain similar to the previous proof

max |28 — 2" — sw'| < (L + 2¢L)(? + th) max(|2*], 2" + tw?])
s<t
2eL(t* + th)
+ 6(7+ maxz Eil
T J#
which gives (4.7). Then (4.8) is obtained by applying triangle inequality. Next, we
consider

1 S
3 /0 (| =ViU(zr)) + ViU(yr )| + | = ViU (z7) + ViU (yp))dr

IN

wg —w'l

2eLt
(L+26L)tmax|zr|+ < maXZ|zJ|
I

IN

where we again used (5.2) and (4.6). Hence, we obtain by (4.8),
max lw! — w'| < (L + 2eL)t(1 4 (L 4 2¢L)(t? + th)) max(|z?|, |2* + tw'])

2¢lt
_|_

< i
(14 (L + 2eL)(t° + th)) IEI??(Z [22],

T J#
which gives (4.9) and (4.10). Estimates (4.11) and (4.12) hold similarly by considering
the sum over all particles instead of considering only the i-th particle. O

Proof of Lemma 4.3. As before, write (z;,ws) = (zs — ys,vs — us) whose dynamics is
given by (4.6). Then, zp = 2 — y and w}, = 0 since the velocities of the i-th component are
synchronized.

Define a'(t) = |z{|? and b’(t) = 2z} - wi. We set up an initial value problem of the two
deterministic processes a(t) and b’(t) and solve it to obtain the required bound for a’(t).
By (4.6), we have

4
dt
d i )
T (t) = =z - (ViU(z¢)) = ViU (ype)) + ViU(zra) — ViU (yre))
+2w; - wy — hwi - (ViU(z ) — ViU (ype)))
= =2}y - (ViU(z 1)) = ViU(ype))) — 21 - (ViU (217) = ViU (yrn))
+20wy|? = 26121 + k(|24 P + 121 ]7) + €' (1)

a'(t) = b'(t) + 2z; - (w},) —w}) — hz) - (ViU (z4)) — ViU (ype))) = b'(8) + 6 (t)

where £'(t) = €} (t) + €4 (¢) + €4(t) + £4(¢) and

§'(t) = (Q(WM wi) — M(VU(z (1)) = ViU(y))))
eq(t) = (Z§ 2)) - (ViU () = ViU(y1)))

eb(t) = —(2{ — 2f17) - (ViU (1) — ViU (ypey))

Eg(t) = wi (Q(wm — wi) —h(ViU(x4)) — ViU (y|¢)))
ey(t) = w(2l2E” — |2{y I* — |20 *)-

By (5.3) the derivative of b’(¢) is bounded by
d , i el ; 2 ¢l ) 2 i i R
SV < ~2nlz + n@ 2yl) + n(g [#1) " + 2w + () + 2C.
JFT JF
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The previous estimate leads to an initial value problem of the form

d 7 X 7 7 o 112
T (t) =b"(t) + 9" (1), a’(0) = |zp|",
%zf( £ = —2ka(t) + Bi(t) + £1(1), b (0) =0,

where

) < %(Zw) ;(Dzm)z + 2fui[? + 2. (5.6)

J#i J#i

Note that when h = 0, €'(t) = ¢°(t) = 0. By variation of parameters, a’(t) can be written
as ,
a’(t) = cos(V2k t)|25]* + / cos(V2k(t — 7)) (r)dr
0
(5.7)

k 1 . 7 7
+/0 o= (V2R(E = )3 (r) + €1 (1))

Taylor’s integral formula, i.e., cos(v2k t) = 1 — xt? + (1/6) fg(t — 5)3 cos(v2k 8)(2k)%ds <
1 — kt® + k2t1/6, and the fact that by (4.13) and (2.6) k2t* < (L + 2¢L)*t* < xt? yield

cos(V2rt) <1 — (5/6)kt>. (5.8)
Further, we get by (4.13) and (2.6)
kt? < (L4 2eL)t? <1< 7%/2, and sot < (7/V2k). (5.9)
Therefore, sin(v/2x(t — 7)) > 0 for all r € [0, t]. Further,
% sin(V2R(t — 1)) < (t - 7). (5.10)
Inserting (5.8) and (5.10) in (5.7) yields
t t
a'(t) < (1= (5/6)kt?)| 2512 + [ |6°(r)|dr +/ (t —7)(|1B8(r)| + €' (r)])dr. (5.11)
0 0

For 3%(t), we note that by (5.6), (4.10) with w® = 0 and (4.13),

501 < 2(( + 26E)12124] + QELt?maXZ\ZJ)Z 2L (a3 1) 420
I EC

25 2L2t2 %l .
< 2L+ 2eL)0° + (25 ‘ )(maxZ\zﬂ) +2C. (5.12)

Note that by (2.6), (4.13) and since by assumption el < K/6,
eL(t? 4+ th) < (1/10)(K + 4eL)(t> 4+ th) < (1/10)(L + 4eL)(t> +th) <40~ (5.13)

Hence, by (5.12) we obtain for the integral containing Bi(t) in (5.11)
t .
| @=nisear
0

< [e-n(rw o + (575 + 20 (ma 1) +26)ar

J#i
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_®

t4(L+2d~/)2|zé\2+(122'540—1— )ELt (maxZ|zj) +Ct?, (5.14)

where the last step follows by (5.13).

Next, we bound §°(t) and ‘(t). To bound 6‘(t) and &4(t), we note that by (4.6)
and (5.2),

i i b d i h
wlyy —wj < ]/M —wids| < ZIViU( ) + ViU (o) = (ViU (y1a)) + ViU (yra)|
FN i,k 26.Z/ ;
< h((L +2eL)z)” + =S max Y |zg|)
J#i
where 2" = maxs<; |2%|. Hence, by (5.2), (4.8) with w’ = 0 and (4.13),

12(w],) — w)) — (ViU (2 (1)) — Vil (yp))| < 3h((L + ey 4 2k maxz 120 )

< 3h< (L + 2¢L)| 2| —|— maxz |29 )
(5.15)

Hence by (5.15) and (4.8) with w’ = 0, and then by (5.13) and (4.13),

i 5 4, 2eL(t? +th)
r£§a§<|6 (s)] < 3h<1|z0\ + 7max2|zJ )

- (Z(L+2€L)| A+ f—maxz D)

25 2 2
< i - j J
< 3h< (L +2¢L)|28]? + eL|zO| max E |22 + nrilgi(( Ef |zs\) )
JF

(5.16)

gh(%+l5ei)| 0|2+h—max(2|zﬂ) (5.17)

Note that Young’s product inequality is used in (5.16) to bound the cross term. Similarly,
by (5.15), (4.8) with w® = 0, (4.10) with w* = 0 and (5.13),

. 52¢t
r?gide?)( )|2 < 3h— ( (L + 2¢L)t| O|+*—maXZ|z1)

5 - . 5elL ;
(e A J
(4(L+2€L)|zo\ + 5, ax éé_ \z§|)

25 ~ . €l )

< 2 N J )

3ht (16(L+2 P + LA 2Dzl T max Dol (5.18)
J#i
7(7 maxz |27 ) )
75(L + 2€L) 15 €L N2
<h———r— =l h@ﬁxggx(2|zg|) : (5.19)
J#i
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Note that Young’s product inequality is used to bound the cross term in (5.18).
To bound €t (t), €4(t) and € (¢), we note that by (4.6) and (5.2),

t
|2t — 2l = ‘ /Ltj 75 2eds
2

h
< hwi* + 5 (L+ 2eL)zl w g Dol maxz |11, (5.20)
T J#

i h

where w!* = max,<, |w|. Similarly,
, , o2 3
|21y — 2¢] < hwi’*+7(L+2eL) + —mfxg\zﬂ (5.21)
j#i

Hence, by applying (5.20), (5.21) and (5.2) in the first step, and (4.8) and (4.10) with
w' = 0 in the second step,

ot - w26l :
¥ _ < % = 7
mar(4(6) + by (L4 26D + = ma S 1)
VE3
(wi* ML aekye + L 1211)
Awy + 5 + 2¢ r?g?(g Z
JFL

5 = 5S¢l .
< — ? J
_th(4(L+2eL)|zO|+ - rglgici ; |zs|>

~((L+26[~/>( f)f| 0\+@§(t+ )maXZ\zﬁ)

<ni(r+2) (2 +2eE)2 2012412 + (L+2€ﬂ)ei|zé|r§§§(;§z2|
T (T R))
o) B -+ B s (1))

h3 O (L 4 2= 2 GE 525(2|zg|)2. (5.22)

Note that Young’s product inequality is used to bound the cross term in the third step
and (4.13) and (5.13) are used in the last step. For £}(¢), we obtain by (5.20) and (5.21),

mgg<|€4( 5 < 5%2125\(% + 2{5)) - (25 — 2]y)) + (2 +erw) (25 — 219l

L, iy h
< 2thkzy (wi + 2(L—|—26L) 4 —max E |29 )
T j#

) = 5el. ;
< — 7 J
< 2th<4(L + 2eL)|20| + oy 2K ; \z§|) (5.23)
VE

. hN5 . 25 h ,
. B i PV - _ J
((LJ“QEL)(HQ)LL‘ZOH n 4(”2)?2?%'28')
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< 2ht<t+ g) ((L+26L) 7| A2 5(L+2€L)6L|zo|maXfZ\z3\
J#i
+ 2 (ZW) )
g2ht<t+g)(§(L+2eﬁ)2|zé|2+ 2n2 ma (;pﬂ) )
por
< hi—g(L+26[~,)|z6|2 +th£ max (§|zg‘|)2, (5.24)

where (5.23) follows by (4.8) with w® = 0 and (4.10) with w’ = 0 and since by (2.6)
k< (L+ Zeﬂ). Note that Young’s product inequality is used to bound the cross term in
the third step.

Therefore, by (5.17), (5.19), (5.22) and (5.24),

[ (= nEer+en)ar

t 7 % % 7
< (amax(Je}(s) + =h(s)]) + mavx |=h(s)| + mave =i (s))) + £ mae |5 (s)|
< ht

75 . 925 .75 N
(L + 2¢L) L+2eL) + 22(L +2eL) + 2L 1L)"2
+ 2¢ +64(+€)+16(+6)+16+56 |20

(5
(5t 5+ 5+ ()
(%

_|_
>

JF1

ht

525 235 ; 237 €L
>|z8\2+ht—€—maX(Z|z7 ) (5.25)

w}lere we used €L < K/6 in (5.25). We note that by (4.15), (2.6) and since by assumption
eL < K/6,

525 235 Kt kKt
< — < — .
h( 64L 64 K) — 64 — 32 (5.26)
and
237 < 237 Kt 1 (5.27)

i Qe )
32 T 32 525L 4+ 235K — 2
Therefore, by (5.25), (5.26) and (5.27)

/Ot ((tfr)|5i(r)|+|§i(r)|>dr§t2(3%|zo|2 26”2 S?X(Zw) ) (5.28)

Inserting (5.14) and (5.28) in (5.11) and applying (4.13) yields,
i 5 o\(i2 , 20 o2 5 eLt? N2, A2
a'(t) < (1 — ént )|ZO| + i Kt°|z]° + (% +1> 3 (212}2\2{0 + Ct
J#i
+t2(—| 2% + 2n2 (maXZ|zJ ) )

By (5.4), we obtain for z,y € R% with |z’ — 3’| > R,

|5 * < (1_@_%_322)“2)'20‘2 <1+%+ )6Lt2<max,z|z])
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1 i eLt?
< (1 - th2)|zo\2 +257

X 2
J
(rggchIZsl) :

J#i

as required. O

6 Proofs of main results

6.1 Proof of main contraction result

For the proof of Theorem 3.1, we write R’ and r* for r*(z,y) = |2° — y*| and R'(z,y) =
|X(z,y) — Yi(x,y)| for fixed z,y € R". Further, we write 7 = |¢i(z,¢) — ¢’ (y, n)| for the
distance between the two positions at time s satisfying (2.3) where &, n are the velocities
coupled using the construction given in Section 2.3. Further, we denote z = x — y and
w=¢&—n.
Proof of Theorem 3.1. Note that (3.9), (3.11) and (4.14) imply

k> (1/2)K and L44el <L+ (2K/3) < (5/3)L. (6.1)

Hence, we obtain by (3.9)

~ 1 K 1
L+ 4eL)(T + hy)? < min ( -, =, — ). (6.2)
( )T+ 1) (4 L+ 4eL 256(L+4eL)R2)

Moreover, the following inequalities are satisfied,

YT <1, (6.3)

(L +4eL)(T + h) < /4, (6.4)
YR < 1/4, (6.5)

exp(T~Y(R; — R)) > 12. (6.6)

Inequalities (6.3) and (6.5) follow by (3.2), (6.4) follows by (3.2) and (6.2), and the
inequality (6.6) follows by (3.3).

We first prove a bound on E[f(R?) — f(r*)] for each particle i similarly to the strategy
to bound E[f(R) — f(r)] in [13, Proof of Theorem 2.4]. We split the calculation of this
expectation in two cases depending on the applied coupling.

Case 1: 7’ = |z' — 5’| > R. In this case, the initial velocities of the i-th particles are
synchronized, i.e., w* = 0. By concavity of the function f, by Lemma 4.3 and since

vV1i—a<1l-a/2 forael0,1), (6.7)
we obtain
E[f(R") = f(r")] < /(") E[R' — ']

; 1 } , =T .

< f(pt ( - 2) % 1(..0 - [ j:| . .

< f'(r") 8/<;T T +f(r)\/26LnE rsnga%(er (6.8)
J#

Case 2: 1’ = |2' — y'| < R. In this case, since the distance between the i-th particles

is smaller than R, the initial velocities of the i-th particles satisfy w* = —vz* with maximal

possible probability and otherwise a reflection is applied. These disjoint possibilities
motivate splitting the expectation E[f(R') — f(r%)] as follows

E[f(R") = f(r")] = BIf (R') = f(r'), {w’ = —vz"}]
+E[f(Ri AR = f(r'), {w' # —72'}]
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E[f(RY) — f(Ry A RY), {w' # —72'}] = T+ T+ 1L

First, we bound the probability P[w® # —~v2*], which equals the total variation distance
between a standard normal distribution with zero mean and a normal distribution
with mean vz* and unit variance, cf. Lemma 4.4 of [12]. Note using the coupling
characterization of the TV distance, this representation shows that the coupling ¢ — ' =
—~%" holds with maximal probability. By (6.5),

IP[wi 7& _,yzi] _ vlzt /2 \/%(exp ( o %X2> — exp ( — %(X — ’Y|zi‘>2>)+dx

vlz*|/2 1 1, —ylz*/2 1 1,
= ex — —x“)dx — ——ex (—fx )dx
o V2 p( 2 ) /—oo V2 P 2
RiES |/2 1 9 i
vl 1
exp [ — =x“)dx < —. 6.9
\/27r/ p( - px)dx< =Vor 2 10 (6-9)

Next, we bound I, I and IIl. For I, we note that on the set {w’ = —~v2'}, by (4.7)
and (6.4)

. ) ~ 2L i
i< _ 7 2 1 2 J
R' < (1 —~T)[2"| + (L +2eL)(T* + Th)|z \—l—TL (T +Th)1§1<a%<2|zs|
T J#F
, T 2L
< |zl\<17’yT+ PYT) < (T2+Th maerj
39T ;2L
(1—L) 1+6—(T2+Th)max .
4 s<T v
J#i

Hence by concavity of f and by (6.9),

T2 -0 T B = <4 R[22 4 T ma Y2
J#i
<—f'(r )ig'yTr + f(r )QL(T2+Th [maerJ} (6.10)

L
To bound II, note that by (3.4) for r, s < Ry,

f(s)=f(r)= /S e Tt = T(e_T/T —e /Ty < Te /T = Tf (r).

T

Therefore, by (6.9)

’}/’I’

V2
where we used the bound 1/v/27 < 2/5. For II, we get by concavity of f

I<Tf (r)Plw' # -] <Tf'(r')—= < ﬂWf() (6.11)

IT < f'(R)E[(R" — Ry) ", {w' # —2'}]. (6.12)

If w' # —v2¢, then w® = 2(e’ - £%)e? with e! = 2'/|2?| and hence |z¢ + Tw?| = |r® + 2Te® - £7).
This computation and (4.8) yield

2¢L(T? + Th)

R' < (1 + (L + 2¢L)(T? 4 Th)) max(|r® + 2T¢" - £, r) + ———= max 7.
" =i
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Hence by (6.2) and since (5/4)r" — Ry

< (5/49)R— R, <0,
E[(R" — Ry)™"

Aw' # —2'}]

o 2eL(T?+Th :
< EK max(|r’ 4+ 2Te’ - £°|,r") + Mmaxz:rJ R1> {w* # —vz }}
n s<T “—
J#i
5 . . + , 2¢L(T% +Th ,
<]E[(*W-F2Te & —Rl) JAw' # —'yzz}} +E{M max ri} (6.13)
4 n s<T “——
J#i
For the first term, where only the :-th particle is involved, we follow the calculations in
the proof of [13, Theorem 2.4]
5 o + ,
E[(EW +2Te" - &' - R1) Aw' # —727’}}
< 5 + 1 u? (u+yrt)2\\*+
= 2N 2Tl = Ry) = ((exp (= %) —exp (= ) au
| Girearal =) (e (= ) —ew (- 5
oo + 1 u? (u+~rt)?
2ol = 1) o= (e (= ) —e (=57 )a
- ( |7 +2Tu| — Ry W exp exp 5 u
+ 1 2
( |rt + 2Tu| — 1) exp( u?)du
, + 5 .
(( |r* 4+ 2Tu| — Rl) (Z 4+ 2(u —yr*)T|

o] 2

S/ ) (Z?yriT) exp( )du< ATt
art
2

(6.14)
Hence by (6.6), (6.12), (6.13) and (6.14)

g
T
o

2

1)) e (-

6~ 2
< (Rl)(fwTr +E[2 L(Tn+ Th)

max rgD
s<T
T g#
5 eL(T? +Th) ;
<t ( Tri 7]]3[ JD 1
< f(rY yraaks + = max ) 7 (6.15)
J#i

We combine the bounds on I, Il and IIT in (6.10), (6.11) and (6.15) respectively, to obtain
forri < R,

E[f(R) — f(r)] < — /(') 2T

2 ., b

407T7’ + f(r )57TT + f'(r )487T7"

o (2eL(T? +Th)  eL(T?>+Th ;

w ) (T T 3 1]
T g

n
Al i 13eL(T? + Th) ,

< —f'(r )m*yTr + f(r )—Gn E[r;lga%c _ rﬁ}

J#i

Next, we combine (6.8) and (6.16) and sum over 7 to obtain

E[Z(f(Rl) _ f(w))} < —min (240711 7,{T2) Zrzf

(6.16)

13¢L(T% + Th) o ;

+ max (T T) Zf [mga%(er]
7
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To bound the expectation in the last term of (6.17) we note that when w’ #+ —yzj , then
wl =2(ed - &7)e’ with e/ =

E[|w]|]‘{N‘<R}ﬂ{uﬂ';ﬁ—’yzi}}
2l x2 (x 4+ r)?
“leiy | ae(ew(—g) —ew (=T ) Jax
2

x2 >~ 1 ) X
=1, ~(/ _—2xex (f—>dx7/,—2xf | ex <f—)dx)

x2 * 1 . x2
5 2x ex ( —)dx+/ ——2vr? ex (——)dx)
<R} / x| exp 5 i Vom yr’ exp 5
1 5
< l{rfsé}(WN) +w) < Yem (307 +07) < . (6.18)

Then we obtain by (4.11), by (6.2), and since by (6.3) for w? = —vyz79, |27 + Tw?| < |27],

s<T -

4 5 , o
E[max i_rg} < ZE{ZmaXOZJ + Tw’|, \zj\)}
J#i J

< FE[S 171+ ST s <y o]
J j
= ZZ 27| + ZTZE“wj\l{rké}m{wj;eﬂzj}] < %55 er, (6.19)
J J J
where last step holds by (6.18) and (6.3). Hence inserting (6.19) in (6.17),
B[S (R — £67)] < —min (5T, £nT?) G
+ Z f'(r") max (—136L(T2 +Th) \/7T> 145 Z

6 16

(6.20)

J

Since by (6.4) kT? < T~/4, the minimum in (6.20) is attained at %HTQ. Since (2.6), (6.2)
and (3.11) imply (5.13) with t = T, it holds that

(13/6)eL(T? 4+ Th) < 13/(6v/40)\/eL(T? + Th).

Hence, the maximum in (6.20) is attained at V/2¢L7T. The minimum of rf’c(;(r)) is attained
at R; defined in (3.3),

(1) Ryexp(—=Ry/T) 5/R 5R 5
oy = T —ewCiy) 2 dlr T (—ap)ee(-3) 62D
and it holds by (3.3) that
Z NG < ]J:,((N)) < exp (%)f(rj) = exp (%) exp (g)f(“), (6.22)

where we used that f(r7) > r7 f/(r7) and exp(—R;/T) < f’(r*) < 1. Hence,

E[Z(f(Rl)_f( ))} <—§ TQZ(?—&-Z)eXP(—%)eXp(—f)Zf

%
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+ QEET% exp (g) exp (%) z; £

1 5R ;
< ——kTPexp (= 22 ) D7 (),

%

where the last step holds by (3.11). O

6.2 Proofs of results from Section 3.2

Proof of Corollary 3.6. This proof works analogously to the proof of [13, Corollary 2.6]
and uses essentially [13, Lemma 6.1]. By Theorem 3.1, the contractivity condition

Elp(X(z,y), Y (z,9))] < e pl(x,y) (6.23)

is satisfied for the coupling (X(x,%), Y(z,y)). Let v,n be probability measures on R"
and let w be an arbitrary coupling of v and n. By [13, Lemma 6.1], there exists a Markov
chain (X, Y, )m>0 on a probability space (Q, A, f’) such that (X, Yo) ~w, (Xn), (Ym)
are Markov chains each having transition kernel 7;, and initial distributions v and 7,
respectively, and M, = ¢“"p(X,,,Y,,) is a non-negative supermartingale. Then, for all
m € N,

W,(vmp™ nmp™) < Elp(Xom, Ym)] < e "E[p(Xo, Yo)] = e_cm/pdw.

Since w is chosen arbitrary, we take the infimum over all couplings w € I'(v,n) and
obtain (3.13). The bound (3.14) follows by (3.7). The existence of a unique probability
measure (i On R holds by (3.14) and by Banach fixed-point theorem, cf. [32, Theorem
3.9]. Since upm,™ = uy, for all m, A(m) < ef1/Te="A(0). Hence, for a given ¢ > 0,
A(m) < € holds for (3.16) by (3.3). O

Proof of Theorem 3.7. This proof uses essentially standard numerical analysis tech-
niques and a priori estimates given in Lemma 4.1. Fix z,¢ € R%". Denote by (z,,vs) =
(qs(z,€),ps(x,€)) the Hamiltonian dynamics driven by (1.1). Set xi := ¢}, (x,¢), X, =
gi, (z,8), vi == pt, (x,€) and Vi := pi, (z,€). By (1.1) and (2.3), it holds

b

) ) ] ) ) ) (k+1)h  pu
s =Kol < b=l v = v+ | [ [ (V) - V(o) Jardu

_ ' ' _ (k+Dh 1 1
Vi — Vi | < Vi — v + ] / (iviU(xk) —VU(z) + 5viU(>~<k+1))c1u‘.
kh

By (5.2) and (2.3),

S [Vili(a) - ViU ()| < 3| ViU ) = ViU )| + 3 [Vl () — ViU ()|

<> / us.vviU(xs)ds‘+(L+4e£)2|x;;—5<;;
i kh i

h i

<y / (L -+ 4eL)olds| + (L +4eE) 3 Ixf — %
1k
<3 (L +4el) (h(§|vi| + 2(L + del)Ta |) +xi — % |)
—_ - 16 0 4 0 k k J
where (4.5) and (L + 4eL)T? < (1/4) is used in the last step. Analogously,

Z ( — VzU(JJu) + %ViU(f(k) + %ViU(fck._H))

%

EJP 28 (2023), paper 91. https://www.imstat.org/ejp
Page 28/40


https://doi.org/10.1214/23-EJP970
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Unadjusted HMC for mean-field models

- 21, ., 5 S Lo s b
< DL+ el (h( g lvbl + 5 (L + 4eL)Tlab) + 3k = Kbl + 5k 1 — K ])-

%

(6.24)
Then for any initial position z € R?",
. h2(L + 4el)
E[Z %11 *Xk+1|} < (1 + 7) {Z x5, — X }
+hE[Z vi —oﬂ + h—Ml
i 27"
and
{Z Vi1 = Vier } < E{Z Vi, = Vi, ] || +h* M,
(6.25)

o D (] S — ] + B3 i~ )

K2 (2

with My := Eeonr(0,14,) 2 (L + 4€L)(Z €' + 2(L + 4eL)T|2"|)]. Set ax := E[Y, |xi — %L ]
and by, := K[}, |v} —V}|]. The goalis to bound ay, from above using the discrete Gronwall
lemma [33, Proposition 3.2]. Note that this sequence (ag, bx) with ag = by = 0 satisfies

arp1 < (14 (L + 4eL)h?/2)ay, + hby + (KM, /2)
brg1 < by + h2My + ((L 4 4eL)h/2)(ag41 + ax).

We deduce for by

(L + 4eL)h

5 aps1 + (k+ 1)h2M;.

k
b1 < (L +4eL)h Y ar+
=1

Inserting this estimate in aj; yields

k—1
ars1 < (1+ (L + 4eD)h®)ay, + (kh*My + h* My /2) + (L + 4eL)h* Y " a. (6.26)
=1
Note that the sequence (ay) satisfying
~ B k—1
arr1 = (L+ (L +4el)h)ag + (k + (1/2))h3 My + (L +4eL)h® Y @ (6.27)

~

1

is an upper bound of the sequence (ay), i.e. a < ar. Moreover, it holds a; < ag41.
Hence,

Arg1 < (14 (L + 4eL)kh®)ay, + (k + 1/2)h3 My < (14 (L + 4eL)Th)ay + Th>M;.

Applying the discrete Gronwall lemma to ay, yields for all & < (T'/h),

1 -
ap < dp < ———— ((1 + (L + 4eL)hT)F — l)ThMl
(L 4 4eL)T
L+ 4eL)T?) -1 1/4) —1
< hexp(( + € )~ ) 1 S eXp( / >~ ]\417 (6.28)
(L + 4eL) (L + 4¢L)
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where we applied (L + 4¢L)T? > 1/4 in the last step.
Hence, there exists a constant Cy depending on L, L, ¢ and T such that for all £k € IN
with kh < T and for any initial value z € R%",

E[Z\xg —5(” < h-Cg(d1/2n+Z|mi|)

K3

and so (3.17) holds. Note that the term d'/?n comes from E[3" |¢?|] since &' ~ N(0, I;).
If we assume additionally Assumption 2.6 and Assumption 2.7, then instead of (6.24)
we can bound using (5.1) and the trapezoidal rule,

(k+1)h 1 )
‘ / = ViU(zy) + ViU(Xp) + *ViU(ikH))du‘
kh i 2 2
(k+1)h 1 )
‘ / —VU(zy) + zViU(xp) + *Vz‘U(XkH))du’
kh R 2 2
+ 5 XZ:(L + 46E)(\Xk — Xp| + [Xpg1 — Kng1])

h ~ . . . . h3 d2
< - L+4el)(|x}, — x| + x5, — X} + — sup }—ViU Tyl
L+ D)=+ s =R+ 530 s [V

(6.29)

The last term is bounded using (2.3), (5.1), Assumption 2.6 and Assumption 2.7 by

2
sup

—V,;U(z,
o u€lkh,(k+1)h] du? ()

< z ap 712 i
< Z(LH—I—&LH) %a%(|vs| +Z(L—|—46L> gléa%(|ms|

% i

Since we can bound Y, max,<7 [v¢|? and Y, maxs<r |z¢| by Lemma 4.1 and Young’s
product inequality in terms of >, ], 2,3 2 ‘|2, we can bound the
last term in (6.29) after taking expectation over ¢ ~ N/(0,I4,) by a constant h3M,
where M, is a constant depending on L, L, Ly, Ly, ¢, d, n, 3, |2 and 3, |#|2. More
precisely, the dependence of M, is linear in nd, }_, [z/| and Y, |z*|>. Replacing h*M;
in (6.25) by h®M> leads to the fact that a; in (6.28) is bounded from above by g1 <
h?(exp(1/(4k)) —1)/(L + 46L>(M2 + M, /(2T')). Hence, there exists a constant C, of order
O(T~1) depending on L, L, ¢, Ly and Ly such that for all £ € IN with kk < T and for any
initial value = € R?" (3.18) holds, which concludes the proof. O

Proof of Theorem 3.9. Let v be an arbitrary probability measure on R%". Recall that by
Corollary 3.6, it holds Wy (upmp™, vip™) < exp((5/4)(2 + (R/T))) exp(—em)Wa (i, v).
By (3.7) and Corollary 3.6,

A(m) == Wer (pvmn™) < Wer (b ) + Wer (i, vmn™) < T+ where
5 R
T=exp (§(2+4 7))ol n)

I = exp (Z (2 + %) — cm)ng (o, v).

For m chosen as in (3.19), II < €/2. To obtain I < /2, we use the results of Corollary 3.8.
Then there exists ho such that for A < min(h,he), I < €/2 holds. In particular, we
choose hy* = 205(d"/?n + [ Y, |2%|u(dx))/(cé). Hence, for fixed L, L, ¢, K, R, T, hy*
is of order O(e~*(d'/?n + [ Y, |2t|u(dz))). If addltlonally Assumption 2.6 and Assump-
tion 2.7 are assumed, then for h < min(hy, hy) where hy ' = (20 (dn + [ 3, |*|u(dz) +
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[, |2 ?u(dx))/(c€))/?, T < &/2 holds. Note that h; ' is for fixed L, L, Ly, Ly, ¢, K, R,
T of order O~ Y/2((nd)'/? + ([ Y, |2*|u(dx))/2 + fz |22 pu(dx)) /?)).

Let us finally remark that Y [2%|u(dz) = [|2'|u(dz) and [, |2*|*u(dz) are finite.
This holds, since by Assumption 2.3 and Assumption 2 4 exp(—U(z)) can be bounded
from above by a density function of a Gaussian product measure which has finite first
and second moments. O

6.3 Proofs of results from Section 3.3

Proof of Theorem 3.12. The proof follows [32, Proof of Theorem 3.17]. It holds for
m,b € IN by (3.21),

1
Eu [Am,bg] = %

For all g € C} (R"¢) with max;e(1,...n} |Vigl| < oo,
n . . . .
g(x) —g)l = gz, ..ty ) =gt 2y )]
n
< max (IVugll Z (2, 2ty T ™) — (2t ety ™)
n
= max||Vig| Y |o* — o,

i=1

Then for all ¥ € N and for all couplings w € ['(v7f, n),

|(vmi)(9) — (g)| < max [[Vig] /Z 2" — y'|w(dzdy).
i=1

Hence by the triangle inequality, by (3.15) and by (3.7),

By [Am.pg] — 1(9)]

1 b+m—1 1 b+m—1
<— 3 1emN9) —ae) < — 3 max|[VigllaWe (vmi*, )
k=b k=b
1 b+m—1
< — > max||[ViglloeWer (vmn®, jn) + max [ Viglloe Wes (sn, 1)
k=b
1 b+m—1
<~ > max||ViglleMe™ W (v, n) + max || Vigll o Wer (in, 1)
k=b
1 —cb
< —max [[Viglloo M y———War (v, un) + max[|VigllocWer (kn, 1)
with M = exp(2(2 + %)). Applying Corollary 3.8 yields the result. O

A Contractivity of uHMC for K-strongly convex and L-gradient
Lipschitz V

Here, we consider the special case of a single particle with potential V that is

K-strongly convex and L-gradient Lipschitz. In this case, we prove that the uHMC
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transition kernel is contractive with respect to the LP-Wasserstein distance for p € [1, c0),
which is given by

WP(v,n) = inf (/|x—y|pw(dxdy)>l/p

w€el'(v,m)

for two probability measures v, on R? with finite p-th moment, where I'(v,n) denotes
the set of all couplings of v and 7.

Theorem A.1 (Contractivity of uHMC under global strong convexity). Suppose that As-
sumption 2.1-Assumption 2.3 with R = 0 hold. Let T > 0 and h > 0 be such that (A.4)
holds and T'/h € Z if h > 0. Then for any p € [1,0c), any probability measures v, on R?
with finite p-th moment and m € INg,

WP(wr™ na™) < (1 —¢)"WP(v,n)  where (A.1)
c=KT?/10. (A.2)

For fixed duration hyperparameter, note that the WP contraction rate c is uniform in
the timestep hyperparameter.

To prove this theorem, we introduce the following piecewise quadratic interpolation
of the Verlet flow (§;(x,v), 0 (x, v))

d

—qr =V, — (= [t]n) VV(Ge),),

d _ 1 N -
= —h =3 (VYV(dp),) + VVI(ara,)) (A.3)

dt

with initial condition (go(z,v), 9o(z,v)) = (x,v) € R?4. The following lemma states that
lgr(z,v) — Gr(y,v)|? is itself contractive provided that the duration T is sufficiently
small as indicated, and h < T (which follows from 7'/h € Z). This result extends the
contractivity of the exact Hamiltonian flow from Lemma 2.1 of [20] to the velocity Verlet
integrator.

Lemma A.2 (Contractivity of velocity Verlet under global strong convexity). Suppose that
Assumption 2.1-Assumption 2.3 with R = 0 hold. Let T > 0 and h > 0 satisfy T/h € Z if
h > 0 and

LT? <2071, (A.4)
Then for all z,y,v € R?,
Gr(z,v) — Gr(y,v)]* < (1- KT?/5) |z — y|*. (A.5)

Proof of Theorem A.1. By synchronously coupling the random initial velocities in two
copies of uUHMC and applying Lemma A.2, it immediately follows that the transition kernel
of uHMC is contractive in the LP-Wasserstein distance with respect to the Euclidean
distance on R¢ with the given contraction rate. O

Remark A.3. If V is continuously differentiable, convex, and L-gradient Lipschitz, then
VYV satisfies the following ‘co-coercivity’ property

IVV(z) = VV(y)|> < L(VV(z) = VV(y)) - (x —y), forallz,yec R (A.6)
This property plays a crucial role in proving Lemma A.2.

Proof of Lemma A.2. The proof parallels the proof of Lemma 4.3, but employs the
sharper argument from Lemma 2.1 of [20]. Fix ¢ > 0 and h > 0 such that t/h € Z
for h > 0. Introduce the shorthand x; = ¢ (x,v) and y; = G:(y,v). Let z; := 2y — y; and
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wy := ve(2,v) — v (y,v). Let a; := ||z]|* and b; := 22 - w;. Our goal is to obtain an upper
bound for a;. To this end, define

pt = @ (2 — yy), Oy := VV(x) — VV (),
and note by Assumption 2.2, Assumption 2.3 and (A.6),
Ka; < p; < La;,  |®* < Lp;, forallt>D0. (A7)

Moreover, by (A.3), note that
d

%t = Wit ~ (t = [t]n) @ty (A.8)
d 1
= 5 (Pup T 2, - (A.9)

Let a > 0 be a parameter, which we specify shortly. A straightforward computation
shows that

d
aat = bt + (St, (A].O)
%bt:—OéKClt—‘rBt, (A].].)

where we have introduced

O =22 - (wig),, —we — (8= [t]n)@pep,) = (= [tn)ze - (Prey, — e,
ﬁt = OéKClt + 2|thJh — (t — I_tjh)(bl_tjhﬁ — 2t ((I)I_tjh + (I)[ﬂh)
— (t = [t]n) (wieg, — = [P e),) - (e, — Plegy)-

Note that §; is piecewise smooth satisfying
6 =2t (Pre1, — @pog,) + (= [t]n) (weg, — (& = [E]n)@ey,) - (Prey, — Peg,)

between consecutive grid points, and having jump discontinuities at the grid points
where §;,+ =0 and

5tk_ = h(ptk - ptk—l) —h (hwtkfl - (h2/2)¢tk71) : (I)tk—l' (A.12)

Set s;—, :=sin(vVaK (t —r))/vVaK and ¢;—, := cos(vVaK(t —r)) such that ¢;_, = —<s,_,
and
0< sy <s4_s fors<r<t<1/2VK). (A.13)

By, first, variation of parameters, and second, integration by parts for piecewise smooth
functions with jump discontinuities on the evenly spaced time grid {¢x},

t t
at:CtaO+/ thr(srdr'i_/ sty fBrdr
0 0

t
SR D R e SR A e v (AR ST
0

k: tp <t
¢
= ciag — Z St—t, 0tp — +/ st—r(=2p|r|, +aKa|,, + € )dr, (A.14)
ke tp<t 0

where € := €} + €7 + €} and

etl = 2|thJh - (t - \_tJh)(I)UJh|27
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ef = —2(z — ZLtJh) “Plefns
e? = OcK(Zt — ZLtJh) : (Zt + Z[Hh)'

To upper bound ¢}, apply the Peter-Paul inequality with parameter V2,

(A.7)
6% < G‘thJhF +3(t — Ltjhqu)LtJh‘g < 6|w[tjh,|2 +3Lh2p[tjh- (A.15)

Similarly, for €7, apply (A.8) and Peter-Paul inequality with parameter /2,

2 2 o A7) 2, 3,2
€ = —Q(t— LtJh)thJh "I)Ltjh + (t— I_tjh) |q>|_tjh‘ < 2|wmh| + iLh Plt)n- (A.16)

Finally, for €}, apply (A.8) and Young’s product inequality

6? =aK (|Zt — Z\_tjh|2 + QZLtJh . (Zt — ZUM))
= aK|(t — [t]n)wie), — (1/2)(t = [£]n)*® gy, [?
+ 20Kz, - (= [tn)wpy, — (1/2)( = [£]n)* P,
A7 2 2 2 4
< (14 2aKh%)|wy), |7 + oK (ah” 4 (1/2)Lh%)p|y),, - (A.17)

To upper bound the sum in (A.14) coming from integration by parts, expand the sum
using (A.12), apply summation by parts, and Young’s product inequality

— Z st,tkétk, = — Z hSt*tk (Ptk - ptk—l)

k: tp<t k: t1<tp<t

h2
+ Z hst*tk (hwtk—l - ?¢tk71) . (btk—l

ket <tp<t
= Z h(st—t, = St—ty 1 )Pty — hSt— (1], P11, + PSt—11 P0

ki to<tp<t

h?
D hseg (g, — o Cus) Py
ket <tp<t

(A7) t1 t
< / St—rPlr),dr +(1/2) / st_r(\wmh|2 + LthLTJh)dr (A.18)
0 0

where in the last step we used Young’s product inequality and (A.13). To estimate the
terms in (A.15)-(A.18) involving |w|,, |, by (A.9) and since wo = 0,

1 s

5 /O (Plsyy + Prs,) ds

2 2

+

[t]n
< / 0] [sTh ds
0

Lt]n
9 /0 (I)LSJhdS

[t]n [tn (A.7) t
<t / |‘I>szh|2d8+/ @, *ds | < 2Lt/ PLs)nds
0 0 0

where in the second to last step we used Cauchy-Schwarz inequality. By (A.13) and

2fwyy, > =2

Fubini’s Theorem,

t A13) t pr t ot
/st_7.|wLTJh|2dr < L/ / rst_spLSJhdsdrzL/ / T8t—spP|s|,drds
0 o Jo 0 Js

L2 [

< - | St—sP| 5], dS-

(A.19)
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Combining (A.15)-(A.18),

t
Z [—St—ty0tr—] +/ st—r(=2p|r), +aKay,, +€)dr
0

k: tp <t

t1 t
< / St—rerjhdr +/ St—r(_Qp\_rJh + O‘KaLTJh)dT
0 0

t
19
+/ Se—r((Lh% + o> Kh? + %KLh‘l)pmh + (5 +20Kh?) g, [2)dr
0

(a.19) [t t
< / St—rP|r),dr + / st—r(=2p(r), + aKayy),)dr
0 0

i
1
+ / si—r((5LR* + o*Kh? + %KL;#) + (Zg + aKh?)Lt*)p|, dr
0

@an [t 39 3
< / St_p {a + (Z +a?+ iozLIfQ)Lt2 — 1| plrjdr <0 witha =4/9 (A.20)
0

where in the last step we used t/h € Z, K < L and condition (A.4) (i.e., Lt? < 2071). The
required estimate is then obtained by inserting (A.20) into (A.14) and then using the
elementary inequality

et <1—(a/2)Kt? + (1/6)a’K?*t* <1 — (/2)Kt? + (1/120)a*Kt*(K/L)
<1— (/2 —a?/120)Kt? <1 — Kt*/5 with a =4/9

which follows from condition (A.4) (i.e., Lt2 < 20~1') and K < L. O

B Perturbation of the product model

If the confinement potential is a quadratic potential, i.e., V(x) = K/2|x|? for all x € R¢,
the mean-field model can be treated as a perturbation of the product model. Given
x,y € R we consider the synchronous coupling of four transition kernels 7(z, ),

m(y,-), 7"z, ) and 72"*(y,-), where m,(x,-) and 7, (y, -) denote the two transition

kernels with a mean-field interaction, i.e., ¢ > 0, and 7/"°%(z,-) and «?"**(y,-) are

transition kernels of the product model, i.e., ¢ = 0. Then the coupling HMC step is given
by

X(z,y) = qr(z,$), Y (z,y) = qr(y,§),
XProd(z,y) = gr(z,), Yl x,y) = Gr(y,€),
where ¢ ~ N (0, I;,) and ¢r denotes the position component of the Hamiltonian dynamics
given by (2.3) for the product model.
Theorem B.1. Suppose that V(x) = (K/2)|x|? for all x € R? and Assumption 2.4 hold.
LetT € (0,00), hy € [0,00) and € € (0, 00) satisfy
K(T? +Thy) < 1. (B.1)

Then for any h € [0, h1] such thath =0 or T/h € N and any z,y € R,

n n

DX (@y) = Y, y) = (XN, y) = YU, y))| < 8eL(T? +Th) Y |o* — -

=1 i=1
Proof. Fix z,y,v € R For t € [0,T)], we write ! = ¢!(z,v) and y! = ¢!(y,v) for the i-th

v
position component of the solution to (2.3) with initial values (z,v) and (y, v), respectively,
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and with potential U(a:)': 27:1((1(/2)\951\ +en ' 370 ;4 W(z' —a7)). Analogously, we
write Z! = §i(z,v) and §; = §i(y, v) for the i-th position component of the solution to (2.3)
with initial values (z,v) and (y,v), respectively, and with potential Ulz) = S (K/2)|x.
We set 2! = 2¢ —y! and 2} = 3} — ¢ foralli = 1,...,n and ¢t € [0,7]. By (2.3) and
Assumption 2.4 it holds for ¢ € [0, 7],

n
max E |25 — 25
s<t 4 : )
i=1

= maXZ ] / / v U(z(y)) = ViU (yl,)) + ViU (2},) = ViU (y},)))

s<t

1 A0 ~

hofe Z. i . mi
_5/0 (ViU(CULuJ)—ViU(yLuJ)—(VZ-U(QJLUJ)—ViU(yLuJ)))du‘
< %(tzﬂh) rgngIz — 5|+ 2eL(£ + th) maXZ|zS| (B.2)

By (B.1) and (4.11),
n n

maXZ\z — 31 < 4eL(t? + th) maXZ|zl| < 8€L(t2+th)2| — 9.

s<t
=1

Thus, the result holds for ¢t =T. O

We note that the step (B.2) uses crucially that the third derivative of V' vanishes.

As some calculations simplify in the product case with quadratic confinement po-
tential, (4.16) in Lemma 4.3 holds for all i = 1,...,n provided K (¢*> + th) < 1/4 and
h < (4/165)t is satisfied. Hence by (6.7),

n n

Z |Xi’pMd(I,y) _ YiapTOd(I7y)| <(1- (I/S)KTZ) Z |$Z - yz|

i=1 i=1

for K(T%+Th) <1/4and h < (4/165)T. Combining the contraction result for the product
model with the perturbation result yields the following consequence.

Corollary B.2. Suppose that V (x) = (K/2)|x|? for all x € R? and Assumption 2.4 hold.
LetT € (0,00), hy € (0,00) and € € (0,00) satisfy

K(T? +Thy) <1/4, h<(4/165)T, and
eL < K/256. (B.3)

Then, for any h € [0, hy] such that h = 0 or T/h € IN and for any z,y € R
DX, y) = Yi(z,y)| < (1- KT?/16) ) |2* — '),
i=1 1=1
and for any two probability measures v and 1 on R and any m € IN,
Wi (vt mmgt) < e_KTZ’”/wl/Vll(u7 7).
Proof. The result is a direct consequence of the contraction result and Theorem B.1, i.e.,

n n
DX y) = Y, y) <Y 1XPN 2, y) = YO e, y))

i=1
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+ Y0 IX ) = Y y) — (X, y) = Y, y))|
=1

n

< (1- KT%/8) Y Ja — yi| + (8eL(T? + Th) 3" |a* — |
=1

=1

< (1-KT%/16)) o' /'],
i=1

where the last step follows by (B.3). The second bound in Corollary B.2 holds in the
same line as the proof of Corollary 3.6. O
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