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Abstract

Error bounds are derived for sampling and estimation using a discretization of an intrin-
sically defined Langevin diffusion with invariant measure dug o< e*¢’dvolg on a compact
Riemannian manifold. Two estimators of linear functionals of 4 based on the discretized
Markov process are considered: a time-averaging estimator based on a single trajectory
and an ensemble-averaging estimator based on multiple independent trajectories. Impos-
ing no restrictions beyond a nominal level of smoothness on ¢, first-order error bounds,
in discretization step size, on the bias and variance/mean-square error of both estimators
are derived. The order of error matches the optimal rate in Euclidean and flat spaces, and
leads to a first-order bound on distance between the invariant measure ;14 and a station-
ary measure of the discretized Markov process. This order is preserved even upon using
retractions when exponential maps are unavailable in closed form, thus enhancing practi-
cality of the proposed algorithms. Generality of the proof techniques, which exploit links
between two partial differential equations and the semigroup of operators corresponding to
the Langevin diffusion, renders them amenable for the study of a more general class of sam-
pling algorithms related to the Langevin diffusion. Conditions for extending analysis to the
case of non-compact manifolds are discussed. Numerical illustrations with distributions,
log-concave and otherwise, on the manifolds of positive and negative curvature elucidate
on the derived bounds and demonstrate practical utility of the sampling algorithm.
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1. Introduction

The Langevin algorithm for sampling from a target probability measure dpg o e~ ?@dz on
RY,q > 1, is based on constructing a discrete time Markov process { X", n > 1} with time-
step size h = T/N > 0, t, = hn, obtained by discretizing the ergodic Langevin diffusion

dX(t) = —%V(b(X(t))dt +AB(#), 0<t<T, (1.1)

where B(t) is the ¢g-dimensional standard Brownian motion. Popular amongst the numerical
methods for constructing X/ is the (explicit) Euler method with Gaussian noise to approx-
imate Brownian motion increments, under which various types of approximation errors in
using X in place of X(t,) have been ascertained (e.g., Talay, 1990; Roberts and T'weedie,
1996; Dalalyan, 2017; Milstein and Tretyakov, 2007, 2021). The natural regime to examine
error bounds for such algorithms is when step size h — 0.

The Langevin diffusion (1.1) has been successfully used for sampling from posterior dis-
tributions in Bayesian inference (e.g., Roberts and Tweedie, 1996; Durmus and Moulines,
2017), for canonical-ensemble calculations in molecular dynamics (Leimkuhler and Matthews,
2015) and for approximating minimizers in convex/non-convex optimisation (e.g., Teh et al.,
2016). Recently, there has been growing interest in finding effective ways to sample from
distributions on manifolds, and in providing corresponding theoretical guarantees (e.g.,
Girolami and Calderhead, 2011; Barp et al., 2022; Gatmiry and Vempala, 2022; Cheng
et al., 2022; Li and Erdogdu, 2023). Our work aims to provide theoretical guarantees for
an intrinsically-defined Langevin algorithm for sampling from a target probability measure
on Riemannian manifolds.

In a statistical context, when sampling and estimation are of primary interest, quantita-
tive error bounds, in terms of the time-step h and integration time T, on two interconnected
quantities related to distributional aspects of the approximations are relevant: bias of an
estimator based on X of the linear functional us(¢) := [ dus over a class H of test
functions ¢; and an integral probability metric with respect to H between the stationary
measure of X" and 4. Such bounds are referred to as weak error bounds. In statistical
applications (e.g., Bayesian computing), the commonly used estimator of ji4(¢) is based on
a single trajectory of X until a large time 7' = Nh, known as the time-averaging estimator.
Under suitable conditions on ¢, when the law of X (¢) converges to its invariant measure
ftp as t — 00, it is known that for the Euler method the optimal rate at which bias of the
time-averaging estimator disappears is O(h) (Talay, 1990; Milstein and Tretyakov, 2007;
Mattingly et al., 2010; Milstein and Tretyakov, 2021); the first-order (in h) bound on the
bias then results in a commensurate first-order bound on the integral probability metric.

Modern statistical and machine learning applications have generated a growing need for
extending the above program to a g-dimensional smooth Riemannian manifold M. To better
understand the challenges, some context on the necessary ingredients is helpful. Broadly,
the type of application engenders two perspectives of, and hence coordinate systems on,
M: (i) as a submanifold of R¥ k& > ¢, with embedded geometry inherited from that of
R¥; (i) as a g-dimensional differentiable manifold equipped with an intrinsic geometry.
These two points of view lead to different formulations of the Langevin diffusion on M with
different invariant measures. The focus of this article is on the intrinsic perspective, and on
investigating a geodesic-based sampling algorithm built on an intrinsic Langevin diffusion.
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A Riemannian metric g prescribes a notion of curvature of the manifold M at a point
and determines a unique intrinsic Brownian motion on it (e.g., Elworthy, 1982; Hsu, 2002;
Wang, 2013). The curvature of M and behavior of the Brownian motion are intimately
related: positive curvature makes curves come closer and thus prevents a Brownian mo-
tion from wandering away to infinity (non-explosion) while ensuring recurrence and fast
convergence to ergodicity (e.g., Ichihara, 1982a,b); this is true even for its approximation
based on a geodesic random walk (Mangoubi and Smith, 2018). Negative curvature, on
the other hand, disperses curves and encourages Brownian motion to exit compact sets
and drift away to infinity (explosion) while discouraging recurrence (e.g., Kendall, 1984).
Ricci curvature at a point, which is, roughly, the average of the sectional curvatures of two-
dimensional subspaces of the tangent space at the point, captures the notion of curvature
alluded to above. Compactness (unboundedness) and positive (non-positive) curvature of
M are closely related, although there are non-trivial exceptions depending on the Rieman-
nian metric g (for instance, manifolds with hyperbolic metric g (Everitt and Maclachlan,
2000)). Thus, for negatively curved (typically) non-compact spaces, a uniform lower bound
on the Ricci curvature is needed to ensure that the Brownian motion is well-behaved, while
this is automatically true for positively curved (typically) compact manifolds. These issues,
as one can now imagine, are subtler for a Brownian motion with drift.

It would thus be reasonable to expect the intrinsic curvature of M, and regularity and
behavior at infinity of its drift, to influence error of approximations of an intrinsically
defined Langevin diffusion and its invariant measure. This is apparently the case in recent
works (e.g., Gatmiry and Vempala, 2022; Cheng et al., 2022), where curvature-dependent
constant terms show up in upper bounds on distances between the stationary measure ,ug

of a discretized Markov processes X,’;L and pg on M defined with respect to the Riemannian
volume measure dvol,. Importantly, however, the curvature-terms do not affect the claimed
error order with respect to step size h.

A differentiable manifold M is locally Euclidean, covered by a family of charts (open
subsets of R?) and smooth mappings between them. In a small region of M, local analysis
of the weak error within a chart, where X solves the appropriate stochastic differential
equation (SDE), proceeds as in R? using the local coordinate representation of the metric
g in the chart, which accounts for the local curvature. The challenge lies in adapting
the analysis when one transitions to another chart, where the local representation of the
metric g, and hence that of X, changes. Thus, on flat manifolds M with zero curvature,
error analysis proceeds unabated as in (R?, g). Indeed, Mattingly et al. (2010) demonstrate
precisely this with weak error analysis when M = T? = R?/7Z4, the g-dimensional compact
torus, equipped with the flat (quotient) metric from RY. The main technical ingredient in
their analysis was the link between the solution of a Poisson equation (given by a partial
differential equation (PDE)) on T? and the infinitesimal generator of the Langevin diffusion
X. Aided by the fact that a weak error analysis merely requires bounding and matching of a
handful of moments, assured by compactness of T?, an optimal first-order O(h) weak error
bound, matching the situation in R?, was established for general discretization schemes,
including the Euler method.

It thus seems plausible to posit that weak error bounds of a suitable Euler method on
compact manifolds M should match the optimal first-order rate seen on T?. This leads us
to the two related questions of interest in this work, stated informally as:
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(Q1) Can an intrinsic Euler discretization method of an intrinsically defined Langevin dif-
fusion on a compact manifold M match the first-order weak error bounds obtained in
the Euclidean setting?

(Q2) Is it possible to construct estimators of linear functionals of the target measure on M
with first-order bias terms?

1.1 Contributions and related work

Our main contribution is in providing affirmative answers to (Q1) and (Q2), and in doing
so demonstrate utility of the PDE-based tools in obtaining error bounds of Langevin-based
sampling algorithms for compact manifolds.

Specifically, on a connected compact Riemannian manifold (M, ¢g) without boundary,
we consider an intrinsically defined Langevin diffusion

dX (1) = —%ng(X(t))dt +ABY(1), X(0) =€ M,

with invariant measure dgg o e_d’(m)dvolg, where BM is a Brownian motion on M, and its
Euler discretization Xff based on moving along geodesics, or their approximations, deter-
mined by drift-dependent tangent direction and R?-valued noise. The resulting algorithm is
termed Riemannian Langevin. The potential ¢ is not required to be (geodesically) convex.
At every step X/ automatically belongs to the manifold M owing to use of the exponen-
tial map (or more generally, retractions), i.e., the algorithm respects the geometry of the
problem. It is well-known in deterministic (Hairer et al., 2002) and stochastic (Leimkuhler
and Matthews, 2015; Milstein and Tretyakov, 2021) numerical analysis that geometric inte-
grators (i.e., numerical methods which naturally preserve geometric features of differential
equations they approximate) are computationally more efficient (e.g., allowing larger time
steps while still producing accurate results) for long time simulations as ones arising in
sampling problems. The Riemannian Langevin algorithm considered here belongs to the
class of such geometric integrators, and is hence suitable for sampling on manifolds.

Two estimators of the linear functional 14 (¢) for a smooth ¢ are proposed: an ensemble-
averaging estimator defined using multiple independent trajectories of X!, and a time-
averaging estimator based on a single trajectory. The former is of great practical merit.
First, it enables decoupling and management of three sources of error: (i) length of the
integration time 7" that controls proximity of X to its ergodic limit; (ii) discretization error
controlled by the step size h; (iii) the number of independent trajectories of X/ that controls
the Monte Carlo error (sample variance). Second, the estimator is particularly useful in a
parallel computing environment (GPUs or array of CPUs) where independent trajectories
of X! can be generated in parallel and combined in the end. Analysis of the time-averaging
estimator leads to first-order bound on a distance between the empirical measure ,ug of X!
and 14, with respect to a smooth class H of test functions.

Our technical analyses are based on exploiting links between the Markov semigroup of
X and the Kolmogorov and Poisson PDEs; a positive answer to (Q1), bearing in mind
the optimal error rate in TY, is realised by effectively ‘flattening’ the compact M, at least
as far as the deviation of the stationary measure ug of X! from pg, is concerned. The
price paid for the proof technique used is seen in the absence of explicit curvature-related
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constants in the weak error bounds. However, in addition to deriving the optimal order
for weak error, there are other important benefits to the semigroup approach which make
it suitable for analyzing sampling algorithms: (i) analysis can be extended to sampling
on non-compact manifolds (Section 5); (ii) variants of the Riemannian Langevin algorithm
with many families of distributions for increments of the Markov chain X, and based on
splitting methods, can be analysed in a unified manner (Section 3.3).

In existing works on SDE-based algorithms for sampling on manifolds (Gatmiry and
Vempala, 2022; Cheng et al., 2022) weak convergence of the algorithm is established by
first proving mean-square (strong) convergence, since weak convergence follows from mean-
square; a consequence of this approach is usually a non-optimal weak convergence order
when compared to the situation in R%. A notable exception to this is Grorud and Talay
(1996), which we discuss in Section 3.1. Mean-square convergence of numerical methods for
intrinsically defined SDEs on a Riemannian manifold is studied in Bharath et al. (2025).

Methods convergent in mean-square are needed when one is interested in proximity of
trajectories of an SDEs’ approximation to trajectories of the exact solution (Milstein and
Tretyakov, 2021). However, the task of approximating expectations with respect to SDEs,
including that of ergodic limits, is in principle simpler: it was noted in Milstein (1978)
that, roughly, weak-sense convergence needs only moments of the SDEs’ solution and its
approximation to be matched up to some order. Consequently, demands on approximations
convergent in weak sense are less stringent than for mean-square schemes, especially in the
case of higher-order approximations. In particular on R?, the Euler scheme for general
SDEs has mean-square order 1/2, while its weak order is 1, and there are constructive weak
order schemes of higher orders and no constructive mean-square schemes of higher order
than 1/2 in the general case (Milstein and Tretyakov, 2021).

Thanks to the PDE-based technique for proving weak convergence (Milstein, 1985; Ta-~
lay, 1986, 1990; Mattingly et al., 2010) (see also Milstein and Tretyakov (2021)), our proofs
of weak convergence for Riemannian Langevin algorithms have a unified nature and are
easily adaptable to a variety of schemes, for example, involving retraction maps (see Sec-
tion 3.2). The consequence of this proof technique is that we do not monitor dependence of
the coefficients (at h) in upper error bounds on parameters of the problem (such as dimen-
sion, curvature, spectral gap, etc). However, using the Talay-Tubaro expansion (Talay and
Tubaro, 1990) (see Section 4.4), one can estimate the leading error term of a weak scheme
(i.e., the posteriori error), which is valuable in practice.

The central challenge in extending the analysis to non-compact M lies in the fact that,
unlike when M = R? or a Ricci-flat manifold M (e.g., T?), it is insufficient to merely
control behavior of the drift term V¢, since the non-positive curvature of M also dictates
behavior of an intrinsic Brownian motion B™. The Langevin diffusion can hence fail to
be ergodic even when its drift term is well-behaved on a geodesically complete negatively
curved M. We discuss conditions that would enable obtaining first-order weak error bounds
in Section 5, and also provide numerical illustrations of the same in Section 6.2, but postpone
the theoretical analysis to future work.

As mentioned earlier, there are some existing works that provide curvature-dependent
bounds for distances between ug and pg under different intrinsic discretizations X" and
settings: Grorud and Talay (1996) for chart-dependent Euler scheme (see further discussion
at the end of Section 3.1); Cheng et al. (2022) for the geodesic Euler scheme considered
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here claim to develop O(hl/ 2) bound in expected squared Riemannian distance between
X(t,) and X!, t, = nh; Gatmiry and Vempala (2022) provide an O(h) bound on the
Kullback-Leibler distance for Hessian manifolds, but assume possibility of eract sampling
of a Brownian increment on M, which currently is available for spheres (Mijatovié et al.,
2020). Further, the above works do not consider and analyse an estimator of 14(yp) while
we obtain an O(h) bound on the bias of the estimators.

Although not directly related to our work, we note that there are quite a few papers on
extrinsic discretization methods for an embedded Langevin diffusion X defined by viewing
M as a submanifold of R* k > ¢ (e.g., Leliévre et al., 2012; Sharma and Zhang, 2021;
Laurent and Vilmart, 2022; Armstrong and King, 2022). A critical limitation of extrinsic
methods is that while X is constrained to move on M, the discretized Markov process XZLL
need not, and repeated, computationally expensive, projections on to M are required to
ensure that X,’;L does not leave M; an exception is when M is a Lie group, and the group
action enables transport along the manifold (e.g., Malham and Wiese, 2008; Davidchack
et al., 2009; Mentink et al., 2010; Davidchack et al., 2015). Use of projections results
in an additional source of error over the original discretization of X, avoided entirely by
intrinsic methods. Intrinsic methods may require additional computation of geodesics when
they are unknown in closed-form, but this can be addressed by using computationally
cheaper, higher-order retractions which do not affect the theoretical weak error bounds (see
Section 3.2). We note that as with the approximation of the projection map in the extrinsic
setting, an efficient computation of retraction in our intrinsic setting does not depend on
the potential ¢ and noise, and depends only on the manifold.

Projection-based schemes are inappropriate when the target probability density to sam-
ple from on a manifold M is defined with respect to a volume form coming from a specific
Riemannian metric ¢ that is not the restriction of the standard metric in R¥, k > ¢. More-
over, when M is an open submanifold of R¥, in the absence of a level-set representation of
M, projection-based schemes are inappropriate. A practically relevant example that high-
lights the above two issues concerns the manifold P, of m x m real symmetric positive
definite matrices of dimension ¢ = m(m+ 1)/2 (see Section 6.2). Firstly, it is an open cone
within the same dimensional vector space of symmetric matrices so that & = m(m-+1)/2; an
orthogonal projection would map a symmetric matrix with a single negative eigenvalue to
a positive definite matrix with smallest eigenvalue very close to zero, close to the boundary
of P, which is infinitely far away with respect to the intrinsic geometry of P,,, and the
projection-based sampling scheme will fail to sample from the target measure with support
in Pp,. Secondly, there are numerous choices of intrinsic Riemannian metrics motivated
by practical applications (e.g. Pennec et al., 2006, Chapter 3) which lead to specific target
probability densities that cannot be sampled with projection-based schemes that views M
as a submanifold of R¥ with the induced metric.

Additionally, projection-based schemes are typically less stable (requiring the use of
appreciably smaller time steps) compared to geometric integrators, which by construction
automatically lie on the manifold; see, for example, Mentink et al. (2010) when M = S2.
For M that is a Lie group or a homogeneous space of one, Lie group integrators preserving
the geometry represent an efficient choice. However, for general manifolds M with specific
metrics g the intrinsic methods considered in this paper will typically have an advantage
when compared with projection-based schemes.
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2. Preliminaries

In Section 2.1, we briefly review concepts and fix notation from differential geometry needed
for analysis on a Riemannian manifold M; for more details we refer to some well-known
sources (e.g., Jost, 2008; Cheeger and Ebin, 1975; Gallot et al., 1990; Bishop and Crittenden,
2011). In Section 2.2, we introduce the Langevin diffusion on M with a given invariant
measure, the target measure for sampling.

2.1 Differential geometric concepts

Let M be a g-dimensional topological manifold. By this we mean a Hausdorff, paracompact,
locally Euclidean topological space. We further assume that M is connected and without a
boundary. A chart of M is a double (U, 1) where U is an open set of M and ¢ : M — R? is
a homeomorphism. A collection of these charts that cover M entirely is called an atlas. For
any two different charts (Uj, ;) and (Uj, ¢;) that overlap (for any ¢, j such that U;NU; # 0),
the map v, o ¢, ¥ (U; N U;) — ;(U; N U;) is known as a transition map. Then M is
a C*-differentiable manifold if the transition maps are C* with C* inverses. In this paper,
we consider the case when k = oo, then M is known as a smooth manifold.

Tangent vectors at a point x € M may be defined using derivations (linear operators
on smooth functions on M compatible with the product rule of differentiation) or as (time)
derivatives of an equivalence class of curves passing through x. Denote by T, M the g¢-
dimensional tangent space of x € M and by TM = U,T, M the tangent bundle of M, itself
a differentiable manifold of dimension 2q. A local coordinate system z = (! )T
chart induces a basis 9, = {0,1,...,0z¢} at T, M such that any v € T,, M may be expressed
as v = v'0,:, where the Einstein summation notation, which will be used throughout, is
used. The map X : M — T'M is a vector field with X (z) € T, M for x € M.

Tangent spaces T, M and the tangent bundle T'M have dual spaces, the cotangent space
TYM and cotangent bundle T*M consisting of linear functionals v : T,M — R. The
coordinate basis {9,1,...,0,4} induces a similar basis {dz',...,dz?} on T; M defined via
the evaluation da’(0,:) = 87, where &/ is the delta function, such that v = v;dz’ for every
veliM.

A differentiable manifold M becomes a Riemannian manifold (M, g) when equipped
with a Riemannian metric g : T,M x T,M — R, a family {g(z),z € M} of smoothly
varying symmetric positive definite bilinear forms (inner products). In a chart around =z,
the metric g(z) can be expressed as a symmetric positive definite matrix whose (i, j)-th
entry is g(0,i,0,;), which we write in index notation as g;;.

Denote by D the unique torsion-free Levi-Civita connection, or covariant derivative,
compatible with g. The connection enables definition of a derivative DxY of a vector
field Y along a vector field X. For a smooth function f : M — R, denote by X(f)
the derivative of f in the direction of X based on the interpretation of tangent vectors as
derivations. The covariant derivative is linear in X and follows the product rule in Y so that
Dx(fY)=X(f)Y + fDxY. More conveniently, DxY may be written in local coordinates
at = using the relation Dy ;0,5 = F,Z-amk, where T'¥. are the Christoffel symbols.

The length of a curve ¢ : [0, 1] — M connecting ¢(0) = z and ¢(1) = y is given by

1
L(e) = /0 NEOR O

,...,x%) " in a

7
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where ¢ € T, M is the tangent vector to the curve at c(t). A curve that minimises the
length functional is called a geodesic, and this may not be unique. A geodesic v satisfies
the equation D4% = 0, and in local coordinates may be expressed as

d*h e dytdy

Geodesics enjoy a rescaling property: if t — v(t) is a geodesic with «(0) = x and 4(0) = v,
then t — y(at) is a geodesic with 4(0) = awv for every (z,v) € TM and «,t € R. Aided by
the rescaling property of geodesic, the Riemannian distance (z,y) — p(z,y) between two
points z,y € M is defined to be the length of the geodesic v with v(0) = z and (1) = y.

A manifold M is said to be geodesically complete if every geodesic v : (—a,a) - M
can be extended to a geodesic with domain R, and by the Hopf-Rinow theorem, the space
(M, p) is complete as a metric space, and the two notions of completeness coincide; this
ensures that for such manifolds there exists at least one minimizing geodesic between any
two points whose length is the distance between the points. Moreover, (M, p) is said to be
compact if it is a compact metric space, and every compact Riemannian manifold without
boundary is complete.

Theory of differential equations guarantees that for every (z,v) € T'M, there exists a
unique geodesic v starting at z with «(0) = = with 4(0) = v. This results in a surjective
map on T, M for complete M that maps a vector v € T, M to a point on M along geodesics:
straight lines through the origin in 7T, M map to geodesics through x on M.

Definition 1 Let v : [0,1] — M be a geodesic with v(0) = x and 4(0) = v. Then
exp, : TpyM — M, v exp,(v):=-(1)
1s known as the exponential map at x.

Although surjectivity ensures that exp, is defined on all of T, M for every z € M, it is
injective only in a neighbourhood N, around the origin in T, M. Every geodesic ~y(tv) =
exp,(tv) starting from ¢ = 0 is either minimizing on all ¢ € R or is minimizing until s < oo;
then ~(sv) is called a cut point of x. The set of all cut points of all geodesics starting from
z is the cut locus cut, of x.

The neighbourhood N, is star-shaped and connected, and exp,(N,) = M — cut,. Re-
latedly, the radius of injectivity, inj(x), of a point x € M is the maximal radius of balls
around the origin in T, M on which the exponential map is injective; or, in other words, it
is the radius r of the largest geodesic ball centered at x such that each geodesic connecting
to & within the ball is minimizing. The injectivity radius inj,,; of the manifold M is the
smallest of such radii across M.

It is necessary to introduce a handful of tensors in preparation for the analysis of the
algorithm. First, the exterior derivative d is a differential operator that maps C! functions
to the cotangent bundle 7% M, and in local coordinates assumes the form df(x) = %J(:f) dat.
The quantity df is known as a 1-form. More generally, an r-form, for r € {1, ..., ¢}, can be
considered on A"T¥ M with anti-symmetric wedge product A spanned by dz! A---Adz”. For
brevity, the wedge symbol is omitted when discussing differential forms. Then, the exterior
derivative d maps r-forms to (r + 1)-forms and d? = 0. For the purposes of integration,
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we introduce the volume form, a g-form, dvol, = +/|g|dz!...dz9, where |g| denotes the
determinant of the Riemannian metric g in local coordinates around z.
For v € T, M, the relation

df(z)(v) = g(Vf(x),v)

defines the Riemannian gradient operator V acting on smooth functions f : M — R as the
dual of df. In local coordinates, the gradient is written as Vf = g% g ;2 % where g% are
the elements of the inverse metric; it is often convenient to omit dependence on x and use

df(v),v e T, M.
The L?-adjoint of the gradient is the negative of the divergence operator. For a tangent
vector v € T, M the local coordinate representation of divergence is div(v) = \/» 6331( lg|v?).

The Hessian of a C? function f: M — R is
Hess/ = D?f = DdJ.

Then, the Laplace-Beltrami operator, as an analogue of the Laplacian in RY, is defined as
the trace (with respect to the metric tensor) of the Hessian

Ay f = TrHess! = g% Hess{j.

For higher derivatives of functions, D¥ : C®(M) — (T*M)®* ie. DF maps smooth
functions to the k times cotangent space. We can contract D¥f by interpreting it as the
mapping D¥f : (TM)®* — R. For the contracted tensor S € (T*M)®*, S(vy,...,v;) for
arbitrary v € T'M, the covariant derivative acts multilinearly on the (0, k)-tensor S and
also on each of the vector fields. More precisely, D, (S(v1,...,vg)) = (DyS)(vi,...,v5) +
S(Dyv1,v2, ... vk)+- -+ S(v1, ..., 1, Dyvg) (e.g., Jost, 2008, pp. 202). The norm g can
be extended to tensors, for a tensor S € TZ'?M the norm of S is

Jil . Jqq i1ip gvkp
'g Sjl Jq ll lp :

\5\2 = Girkr " Gipky
The parallel transport II,, : T, M — T, M along a curve v, : [0,1] — M connecting
and y is a linear isometry determined by a unique vector field X satisfying D; ;X = 0 for
all ¢, such that g(IL,, u,Il,, v) = g(u,v) for all u,v € T, M. More generally, the parallel
transport IL,, = of a tensor S € TYIM along an arbitrary geodesic (or even curve) 7 from
the point z = (0) to y = (1) is such that it preserves the inner product between S and
9(S,%(0)) = g(IL,, ,S,4(1)), and also its norm, g(S, S) = [S|* = |IL,, ,S|*. It is similarly
defined by solving the ODE D,ILS = 0.

Define the operator norm for a (0, k)-tensor ¥ on M (e.g. Le et al., 2024)

| T lop 1= sup —‘T(Vl,; - Vil (2.2)
Vi V€T M, Vilo  [[q Vil

Y,y

for each z € M. In addition to spaces of continuously differentiable functions C*(M), we
will need Hélder spaces C4¢(M), 0 < e < 1, containing real-valued functions u(x), z € M,
with corresponding number of Hélder continuous derivatives and with the norm

bu(z) — Ly op
Zsup | DFu(z |D'u(z) — 1L, , (D'u(y))|

[[ullcr.e x)| sup ’
(M) Op Y,y ,EFEYEM (,0(1', y))e
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where v, , denotes any possible minimal geodesic from y to z and II,, , denotes the parallel
transport from Ty, M to T,M along ~;,. Analogously, CU/2be([0,T) x M) is a space of
sufficiently smooth functions u(¢, z) with the norm for even :

1/2 1—2k

ak
1wl e/2.0.e = sup sup ‘D”u(t,x)
¢ (0.7 M) ,;0 nZ:O te[0,T] zeM otk

op
1/2

1—2k OF
+ Z sup sup D a?u(t, ) — 1y

_ k
y(‘Dl Zkiu(ta Y))lop
k—0 t€[0,T] Y,y TFYEM (p(x, y))e

otk

x,

For vector fields X, Y, Z, the Riemannian curvature tensor at a point x € M
R:T,M xT,M x T, M — T,M of M is defined as

R(X,Y)Z := (DxDy — Dy Dx — Dixy)Z,

where the commutativity bracket (or Lie bracket) is defined via its application to a smooth
function f: M — R by [X,Y]f = X(Y(f))—Y(X(f)). Roughly, it quantifies the difference
between the vectors obtained by transporting a vector Z(z) first along X (z) then Y (z),
in contrast to moving first along Y (x) and then X (z). The sectional curvature at x is the
quadratic form (Hsu, 2002, pp. 89)

K(X,Y) = g(R(X,Y)Y,X), X,Y €T,M,

and for an orthonormal basis {X;(z)} on T, M, the Ricci curvature at x is a contraction of
the sectional curvature:

q
Ric(X, X) := > g(R(X, X;)X;, X).
i=1
2.2 Langevin diffusion on a Riemannian manifold

Let (M,g) be a connected compact Riemannian manifold of dimension ¢ > 1 without
boundary; this will be the main setting assumed throughout the paper except in Sections 5
and 6.2. Consider the target probability measure 4 on M

1
dpg = pdvoly = C—¢e_¢dvolg, (2.3)

absolutely continuous with density p with respect to the volume measure dvoly, where
Cy= /[ M 6_¢dvolg < 00. The following conditions on smoothness of the metric g and the
density p are imposed through that of ¢.

Assumption 1 Assume that x — g¥ (x) € C3¢(M).
Assumption 2 Assume that ¢ € C3¢(M).

No further restrictions are placed on ¢ (e.g., convexity). The level of smoothness imposed
in these assumptions is required primarily for proofs of Theorems 1-3, but may be weakened
for the content of this section.

10
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Since we aim to sample from a given probability measure j4, we must find an (second
order) elliptic linear operator A* acting on probability densities p (with respect to dvoly)
so that the density p from (2.3) satisfies the stationary Fokker-Planck equation (Ikeda and
Watanabe, 2014, Chapter 5, Proposition 4.5):

A*p=0. (2.4)

For example, one can verify that the above is satisfied by the operator
. 1 1.
A'p = 5Aup + 5div(pVe), (2.5)

which is adjoint to the elliptic operator (Ikeda and Watanabe, 2014, Chapter 5, Proposition
4.4)

A= LAy~ 29(V6.9) (2.6)

acting on C?(M)-functions, where Ay is the Laplace-Beltrami operator.
The Markov process with infinitesimal generator A is governed by the following SDE
(e.g., Elworthy, 1982; Tkeda and Watanabe, 2014)

dX(t) = —%Vd)(X(t))dt +dBM(t), 0<t<T; X(0)=u, (2.7)

where BM is a Brownian motion on the manifold M defined using the Eells-Elworthy-
Malliavin frame bundle construction (e.g., Hsu, 2002, p.87).

The Brownian motion B can be intuited as follows: given a filtered probability space
(Q, F, Fi,P),t > 0, and an {F;};~o-adapted R?-valued standard Brownian motion B, the
construction uses the dynamics of B on R? to induce one on M by first, mapping the
dynamics of B onto the orthonormal frame bundle using the notion of horizontal vector
fields, and then projecting down from the frame bundle onto the manifold. Thus, in local
coordinates in a chart the SDE (2.7) assumes the It6 form

1 .. %

dX'(t) = —597 (X (t)5 5 (X(t)dt — %gkj(X(t)) L (X (0)dt+ (g"2(X(1)))7dBy(t),
(2.8)

X(0) ==z,

where B; are R-valued components of B. Under Assumptions 1 and 2, (2.8) is well-defined.
The frame g~/2(z) : R? — T,,M maps Brownian dynamics from RY to T,,M, and this leads
to the diffusion coefficient g~/2 in (2.8).

On a Riemannian manifold, not necessarily compact, it is known (Bakry, 1986) that the
diffusion X does not explode, i.e., it is defined for any ¢ > 0, if

Ric(v,v) 4+ Hess?(v,v) > —rg(v,v) for all (z,v) € TM (2.9)

for some k > 0. The condition is satisfied for any compact M, since the Hessian of ¢ is
bounded under Assumption 2; moreover, the Ricci curvature is bounded from below since
the sectional curvature at any point in M is bounded from below (Bishop and Crittenden,

11
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2011, pp. 167). We will revisit this condition in Section 5 on non-compact manifolds, where
we also discuss how it relates to the Euclidean case.

A key requirement for sampling and estimation using X (t) is its ergodicity. Recall
that a diffusion X (¢) is ergodic if there exists a unique invariant measure p of X (t), and
independently of the initial condition z € M, the limit

t—o00

lim Bo(X,() = [ pla) dugle) = ol (2.10)

exists for any bounded and measurable function ¢ : M — R. Furthermore, the process
X (t) is exponentially ergodic if for any x € M and any bounded function ¢ we have the
following strengthening of (2.10):

[Ep(Xa () — po(p)| < Ce™, t>0, (2.11)

where C' > 0 and A > 0 are some constants. Since the process X () is a non-degenerate

diffusion on a compact smooth manifold M, its distribution converges at an exponential

rate to the invariant probability measure g (Freidlin, 1985, p. 97). Consequently, we can

exploit the SDE (2.7) (or its local version (2.8)) for computing ergodic limits f14(¢).
Consider two examples of Langevin diffusions on compact M.

Example 1 Let M = S with canonical round metric g = dr? + sin® r d0? with intrinsic
coordinate x = (r,0) for r € [0,7) and 0 € S¥~1. The Fisher-Watson distribution has
the probability density function p(z) o< exp(Acos®r) with respect to the volume form for
A>0,r€[0,7) (Watson, 1965), and thus ¢(x) = —\cos®r, which clearly is in C°(M) C
C3<(M). At least, two charts are needed for the local representation of X since the cut
locus of every point is its antipode, and non-empty.

Example 2 Let M = SO(m) be the space of real m x m orthogonal matrices with deter-
minant 1, a manifold of dimension ¢ = m(m — 1)/2. Consider the bi-invariant metric
9(E1, Ey) = —3Tr(E1E,) for x € SO(m), where Ey, By € T,SO(m) = {z} x so(m) and
where s0(m) is the Lie algebra of SO(m) containing skew-symmetric matrices. The matriz
generalisation of the von-Mises Fisher distribution, known as the matriz von-Mises distribu-
tion (Downs, 1972; Jupp and Mardia, 1979), has the density function p(z) o exp(cTr(zox))
for ¢ > 0 and x,z9 € SO(m). With ¢ = —cTr(xox) it can be verified that for x € SO(m)
and e € so(m), Hess®(ze, ze) = —cTr(ze?), which shows that ¢ € C*(M) (Lewis, 2023,
Section 4.3).

2.3 Partial differential equations on M related to the Langevin diffusion

Central to our analysis of estimators of a linear functional p4(¢) of the invariant measure
e are two PDEs that link the generator A to pe(¢).

2.3.1 BACKWARD KoLMOGOROV PDE

The backward Kolmogorov PDE on manifold M associated with the SDE (2.7) (e.g., Ikeda
and Watanabe, 2014) is given by:

%(t,x) + Au(t,z) =0, (t,z) € [0,T] x M;

12
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u(T,x) =p(x), x€ M. (2.12)

Under Assumptions 1 and 2 and ¢ € C*¢(M), there is a unique solution of the parabolic
problem (2.12) which belongs to C>%¢([0,T] x M) (Aubin, 1998; Ladyzhenskaya et al., 1968;
Lunardi, 1995; Tkeda and Watanabe, 2014) and

[ullezaeo.r1x a1y < Cllellcae(ary, (2.13)

where C' > 0 is a constant independent of ¢. The solution of (2.12) also has the following
property (Grorud and Talay, 1996, Lemma 6.4), which links geometric ergodicity of the
Markov process X (t) solving (2.7) to the decay of the norm of derivatives of its semigroup:
there exist constants A > 0 and C > 0 that do not depend on T" and choice of ¢ such that

2 4-2k
k=0

n=0
k+n#0

o (T
atku(t,-)H < Cllelloreane T, (2.14)
Cn,e(M)

For every (tg,z9) € [0,T] x M, the Feynman-Kac formula (Ikeda and Watanabe, 2014;
Freidlin, 1985) provides a probabilistic representation of the solution of (2.12) by linking it
to the law of the Langevin diffusion X (¢) via

u(to, m0) = E(p(X(T))), (2.15)

where X is from (2.7) with initial condition X (¢9) = zp. The representation enables con-
struction of the ensemble-averaging estimator of ji4(¢) using multiple independent trajec-
tories of the discretized X/.

2.3.2 PoissoN PDE
The Poisson PDE on M associated with the SDE (2.7) has the form

Au(z) = o(x) — pg(p), x€ M. (2.16)

It is clear that [,,(¢(x) — pe(p))dus(z) = 0, i.e., the centering condition is satisfied (e.g.,
Miranda, 1969; Freidlin, 1985). Under Assumptions 1 and 2 and ¢ € C*¢(M), there is a
unique (upto an additive constant) solution of the elliptic problem (2.16) which belongs to
C*¢(M) (Aubin, 1998; Nicolaescu, 2007; Miranda, 1969) and

ullcaeary < Cllellezeans (2.17)

where C' > 0 is a constant independent of a choice of .
Using It6’s formula, one can derive the probabilistic representation of solution of (2.16)
as (e.g., Freidlin, 1985; Le et al., 2024)

u(z) = —E /0 (X (1)) — o))t + ().

The representation motivates an estimator of 114(¢) based on a long single trajectory of X
which can then be analysed by the mean ergodic theorem.

13
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3. Langevin Sampling Algorithms

Section 3.1 introduces the intrinsic geodesic Euler discretization of the intrinsic Langevin
SDE (2.7) to sample from a given distribution j4 on a Riemannian manifold. The resulting
algorithm can be used on non-compact M as well, and numerical experiments with the
non-compact manifold of symmetric positive definite matrices in Sections 6.2.1 and 6.2.2
demonstrate this. Section 3.2 generalises the Riemannian Langevin algorithm to one based
on retractions, of which the exponential map is a special case. Section 3.3 discusses possible
variants and extensions of the Riemannian Langevin algorithm.

3.1 Riemannian Langevin algorithm

For T' > 0 and tp = 0, consider a uniform partition ¢ty < --- <ty = T of the interval [0, T
with time step h :=T/N, ie. ty11 —tn, =h,n=0,...,N — 1. In R? the Euler method to
discretize (1.1) assumes the form (see e.g. Milstein and Tretyakov (2021))

h
X;Ll—‘rl =X} - §V¢(Xg) + VR,

where &,, n=1,..., N, are independent standard Gaussians on R? such that V&, repre-
sents a Brownian increment in a small time step of size h. Evidently, the dynamics are then
along the straight line from X/ with respect to the direction

h
Un+1 = —§V¢(X£L) + \/EgnJrl-

Its natural generalisation to the curved M is via a Markov process whose next state
moves along a geodesic with a direction chosen in the tangent space of the current state.
Upon isometrically identifying the tangent space with RY, the following two-step procedure
ensues:

(i) In the tangent space T'xn M, select a random direction vp41 via an R9-valued random
vector &,41;

(ii) follow the geodesic [0,1] > ¢ = ~(t) € M with v(0) = X", %(0) = v,41 to t = 1, and
set XI == (1).

Note that geodesics can be parameterized using the exponential map TM > (z,v) —
exp,(v) € M defined in Section 2.1 such that y(1) = expxn(vpt+1). Surjectivity of the
exponential map on complete manifolds M ensures that the two-step procedure is well-
defined without requiring any restriction on the support of distribution of the random
vector £,41. It is possible to replace the geodesic with curves arising from retractions of
suitable order without affecting the order of convergence of the algorithm (see Section 3.2).

Choice of the distribution of {&,} may be of practical consequence (Section 6.2). Never-
theless, when studying weak convergence, it suffices to consider a distribution that matches
k moments of a Gaussian, where k is related to the order of weak convergence (Milstein
and Tretyakov, 2021) and in the case of first order weak methods like the Euler scheme
it is sufficient to match the first three moments. Thus, in contrast to the algorithms cur-
rently available in the literature (e.g., Cheng et al., 2022) which use Gaussian distributed
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& in T'xp with respect to the inner product g(X), we only require that the components of
ffwi =1,...,q satisfy

Elg) =0, E[()°] =1, E[(&)°]=0, E[&)"] <o (3.1)

for every n = 0,..., N — 1. It suffices, for example, to use a discrete distribution so that
foreachn=20,...,N — 1,

: 1
P(E=+1)=7, i=1....¢ (3.2)

The Markov chain {X",n =0,1,..., N} with X{]‘ =z, defined as

h
Xiia1 = expyy < — 5 Vo(Xq) + h1/291/2<x,’$>5n+1>, (3.3)

represents the discretization of (2.7). The intrinsic method of discretization without using
an embedding into R¥, k > ¢, ensures that it suffices to use a g-dimensional random vector
&n, as opposed to a higher-dimensional one used in extrinsic approaches (e.g. Laurent and
Vilmart, 2022; Sharma and Zhang, 2021; Armstrong and King, 2022).

Importantly, use of the exponential map, or more generally, retractions (see Section 3.2),
ensures that X" always lies on the manifold M. As discussed in the Introduction, this
feature of the algorithms discussed here and in the next subsection is important for their
long time stability (in terms of being able to use larger time steps h and hence resulting in
overall faster simulations), which is crucial for efficient sampling.

The proposed Riemannian Langevin algorithm may be fruitfully compared to the one
proposed by Grorud and Talay (1996). In their paper an Euler scheme was defined in local
coordinates of a chart, and the random variables were constrained to have compact support
within the chart to ensure that X/ and X/, lie in the same chart for sufficiently small
h, to facilitate proof of weak convergence of the scheme. In contrast, our algorithm, and
the subsequent proof of weak convergence, requires no such constraints (beyond the natural
moment matching condition (3.1)) since the Markov chain arising from our algorithm moves
directly along geodesics, and there is no need to verify that X! and X" 1 belong to the
same chart. In Section 6.1, we experimentally compare the use of Gaussian and discrete
random variables within (3.3).

3.2 Retractions

Closed form expressions for the exponential maps are available for very few manifolds (M, g).
Practical utility of the Riemannian Langevin algorithm may be enhanced by using more
general retraction maps F,, : T, M — M in place of the exponential map. Then the update
rule for the Markov chain becomes

h _
X1 = Fxy <—2V¢<XZ;> +h'/2%g 1/2(sz>sn+1) : (3-4)

A retraction is a smooth map from the tangent bundle F' : TM — M, whose restriction F},
to T, M satisfies: (i) F;(0) = x; (ii) DF,(0) = idp, as, the identity mapping on 7, M. In the
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definition, 0 is the origin of the concerned tangent space. We associate with the retraction
Fxn a curve ¢ which satisfies the initial conditions

c(0) = X}, (3.5)
h
¢0) =V = —‘gw(x) + g V2 (x)e. (3.6)
Then by (3.4), c(Vh) = Xh .
There are several ways to construct retractions. One way of obtaining a computation-

ally inexpensive retraction is via numerical approximation of the geodesic equation. The
geodesic equation (2.1) takes the following form in local coordinates:

m N :—ri;}vivﬂ'] (3.7)

with initial condition

sl

V= ~Yhvs) + 2w

where

To obtain the first weak order of convergence of the Riemannian Langevin algorithm
(3.4) as in the case of the exponential map (3.3), it is necessary to impose conditions on the
retraction. This relates to the leading h? terms in the local error expansion of Lemma B.2.
Consequently, we make the following assumption.

Assumption 3 For a curve c : [0,v/h] — M with initial conditions (3.5)-(3.6) correspond-
ing to the retraction F,, we require

[E[Dy(s)¢(5)|s=0]| < Ch

and
|E[Dé(s)Dé(s)é(5) |S=0] | < Oh1/2v

where C' > 0 is independent of h.

To illustrate our retraction based approach, we solve the geodesic equation (3.7) by
using a single step of size v/h of the standard (1/6,1/3,1/3,1/6) 4th-order Runge-Kutta
method (RK4) (see e.g. Hairer et al. (1993)). This is employed in Section 6.1 on the 2-
sphere S?, where the exponential map is not readily available in analytic form in the intrinsic
coordinates (r, ) for the round metric. Since this approximation occurs within a specific,
localized coordinate system, the resulting solution belongs to the manifold M, and hence a
projection onto M is not required, i.e., there is no additional loss in accuracy.

We now verify that the curve obtained by applying RK4 method to (3.7) with time step
s € (0,v/h] satisfies Assumption 3. We denote

e R S
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where |e;(s)] < Cs®, i = 1,2. Note that, since the curve p(s) in TM corresponds to the one
step of RK4 method with step s, we can write the error e;(s) as the following expansion
(Hairer et al., 1993) in terms of s:

e1(s) = s°ay + s%az + s7az + O(s%), (3.10)

where a; € RY, ¢ =1,...,3, are independent of s.
Writing Dy, ¢(s) in local coordinates we obtain

d? defded  d? dyidyl | d? det de] dy'de] | del dy/
S | IR T A k]( ade 4 da eli)
ds ds ds ds ds ds ds ds ds ds ds ds ds
2 ., /deidel dyide]  del dyd
(STt a E B )
where k =1,...,¢. It is then clear that D;(4)¢(s)|s=0 = 0 a.s.. Let (c,?) be a curve on TM
such that 9(s) € T, ;)M and k—th component of 9J(s) is given by

P = Lok (e il dedody @11

T a2 T g5 ds T ds ds | ds ds
and we are interested in De(s) De(s)¢(s) = De(s)9(s). We can write De(s)9(s) in local coor-
dinates as

d -d
L AT A (s),
which is of order O(s?) since all the terms have a derivative of e; and the highest derivative
is of 3rd order (see (3.10)). Consequently, Dg(s)Dgy(5)¢(8)|s=0 = 0 a.s.. Thus, the approxi-
mation of the geodesic equation (2.1) by the one step of RK4 with time step v/h satisfies
Assumption 3.

For other applications of retractions, see Schwarz et al. (2023), where retraction-based
geodesic random walks on compact Riemannian manifolds were studied, and Absil et al.
(2008), where retractions are used in optimization algorithms on manifolds.

3.3 Other Langevin-based sampling algorithms

It is always beneficial to have a range of algorithms for solving problems numerically. Here
we consider two further variants of the Riemannian Langevin algorithm, each of which
again ensures that X/ always stays on M. Similarly to the algorithms from the previous
two subsections, these algorithms are likewise of weak order 1 (see Remark 1).

e Consider different random variables than &,.

An example of which is the generalisation of the walk-on-sphere (Milstein and Tretyakov,
2021, Section 7.1.1) on R? to Riemannian manifolds given by

h
X = expgy (= 5VOLX + Vahg (X ). (.12

where {1, } are independent uniformly distributed on the unit sphere in R?, and /g is

used to take into account that E(nind) = 4j/q so that \/gqn!, satisfy the conditions on
moments (3.1).
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e Consider splitting methods that divide each iteration of the sampling algorithm into first
approximating the drift V¢ followed by approximating a Brownian increment.

An example is the following Markov chain based on the idea of splitting of the SDE flow
(e.g., Milstein and Tretyakov, 2021):

X = Fxn ( - ZV¢(X3>), (3.13)

Xﬁ+1 = PXff+1 (h7£n+1)> (3.14)
where I’ can be the exponential map or a retraction as described above, XZL” 1 denotes
the intermediate step, and P(h,&,+1) : TM — M and &,41 are such that

IE(f(P;e (h,§n+1))) = f(Xh) + gAMf(X,f;+1) +0(h?) (3.15)

h
n+1
for any f € C*¢(M). The above relation can be satisfied, for example, if P is an exact
simulation of Brownian motion from ¢, to t, + h, or if

Pay,, () = Py (/202060 ) (3.16)

n+1

The sampling method of Gatmiry and Vempala (2022) for Hessian manifolds can be
considered as a special case of (3.13)-(3.14) with F' being exponential map at X" and P
being exact simulation of Brownian motion starting at X/ ;.

4. Error Bounds

In this section, first-order weak error bounds are given for the ensemble- and time-averaging
estimators of pg(p) = [3; @due, based, respectively, on a single and multiple independent
trajectories of X/ obtained from (3.3) or (3.4). Proofs of the three theorems stated here
are in the Appendix. We prove the theorems under the stated sufficient conditions which
include smoothness assumptions on ¢, ¢ and g. At the same time, the algorithms presented
can be successfully used when, for example, ¢ is less smooth. In this respect we mention
that in the Euclidean case (i.e, M = R?) weak convergence of the Euler scheme with order
one was proved for ¢ being just measurable and bounded (Bally and Talay, 1995). Relaxing
smoothness conditions for the theorems we prove here is a subject of future study.

Theorem 1 is proved for the Riemannian Langevin algorithm using a retraction (3.4).
For clarity of exposition, Theorems 2 and 3 are proved for the algorithm (3.3) which uses
the exponential map; proofs of these can be generalised to accommodate retractions in a
manner similar to the proof of Theorem 1.

4.1 Ensemble-averaging estimator

Equation (2.11) implies that 14(¢) may be estimated upon using E(¢(X(T))) by choosing
a sufficiently large 7. This motivates the ensemble-averaging estimator fis y(¢) based on

independent realizations {X](\l,)’h,l =1,...,L} of Xif from the algorithm (3.4) up until the
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final step N (recall that T'= Nh), since

L
fon(@) =7 3 p(X") ~ Bp(Xh)) ~ E(e(X(T)) ~ uols). (4.1)
=1

There are three sources of errors of fig n(¢): (i) proximity to the ergodic limit controlled by
a choice of T'; (ii) the numerical integration error controlled by the time step h; and (iii) the
Monte Carlo error controlled by the number of Monte Carlo runs L. The following result
shows how the weak upper bound on its bias depend on both A and 7', and in a specific
way on the class of functions ¢. Note that the initial point x in (2.8) can be random,
independent of the Wiener process w(-), and, consequently, X(’)1 in the ensemble-averaging
setting can be random, independent of &,.

Theorem 1 (Bias of the ensemble averaging estimator) Under Assumptions 1 and
2 and p € C*¢(M), the following bound holds for the the Riemannian Langevin algorithm
with retraction (3.4) satisfying Assumption 3:

Elfign(9)) = 1) < C(h+e7T), (4.2)

where C, \ are positive constants independent of h and T and the constant C' linearly depends
on |[¢llcaeary but otherwise C, A are independent of .

Variance of the estimator fig n(¢) is estimated in the usual way for sample means (see
also Section 6):

Var(jig x(9)) = 7 Var(p(X4)) = 7 [Var(p(X (7)) + O(h) (13)
1

= —[ug(©?) = (ns(9)? + O(h + e 7).

h

4.2 Time-averaging estimator

Since X (t) is an ergodic process, we also have

T—oo T

T
tim 7 [ X 0N = g(o). as. (4.4)
0

which suggests that we can take 7 fOT ©(X(t))dt as time-averaging estimator for pg(p).
Hence, the numerical time-averaging estimator is

1 N-1
fion(9) =5 D @(X7). (4.5)

n=0

In time-averaging estimation, we simulate a long trajectory and average ¢ at the discretized
points collected along the long trajectory as can be seen in (4.5). There are again three errors
associated with the estimator (4.5): (i) due to proximity to the ergodic limit controlled by
a choice of T' (i.e., by the choice of the number of steps N under fixed time step h), (ii) the
numerical integration error controlled by the time step h, and (iii) due to variance of the
estimator controlled by T
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Theorem 2 (Bias and mean-square error of the time-averaging estimator) Under
Assumptions 1 and 2 and ¢ € C*(M), the following bounds hold for the Riemannian
Langevin algorithm (3.3):

B (0) - o) < (4 1), (16)

B(io.x(e) ~ sl < 042+ 7). (@)

where C > 0 is independent of h and T' and it linearly depends on |¢||c2.(nr) but otherwise
it 1s independent of .

We remark that the error C/T" in (4.6)-(4.7) is due to the two sources of errors - (i) and (iii)
as described before the theorem. They correspond to properties of the considered SDE (2.7).
Further, it is not difficult to see that the estimates (4.6)-(4.7) imply that Var(fis n(¢)) <
C(h* + 1/T), however one can prove under a mixing condition that Var(iig n(p)) < C/T
with C' > 0 independent of h and T (see (Mattingly et al., 2010, Section 7) for more details
when M = T?). For a comparison of computational costs between ensemble averaging and

time averaging see (Tretyakov, 2025, Remark 3.9).

4.3 Bound on distance to invariant measure

The exponential map TM > (z,v) — exp,(v) € M, and more generally retractions Fy, are
continuous functions of x € M. This and Assumption 2 imply that the recursion

Xh =X &)

underlying the algorithm engenders a continuous map ® : M — M for every realization of
€. As aresult, { X/} arising from the proposed algorithm is a Feller chain: for a sequence
xp € M such that p(xp,z) — 0 as k — oo, Ep(®(xg,§)) — Ep(®(z,€)) as k — oo for
@ belonging to the class of bounded and continuous functions. A Feller chain evolving
on a compact separable state space has a stationary measure (not necessarily unique) by
the Krylov-Bogoliubov theorem (Da Prato and Zabczyk, 1996). Denote by MZ, a stationary

measure of the Markov chain X/ from (3.3). The following result provides an upper bound
on an integral probability metric between ug and pg with respect to a class of test functions.

Theorem 3 (Distance to invariant measure)
Under the assumptions of Theorem 2, with
dist(p, v) := sup / edu —/ edv
weEH |J M M

where H := {¢o € C*<(M) and lellozeary < 1}, the following bound holds:
dist(pg, ply) < Ch, (4.8)
with C' > 0 being independent of h.

)

Remark 1 Results similar to those in Theorems 1-3 can be proved for the two variants of
the Riemannian Langevin algorithm discussed in Section 3.5. This is a consequence of the
proof techniques used, which exploit links between the backward Kolmogorov and Poisson
PDEs and the semigroup of the Langevin diffusion.
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4.4 Error extrapolation: increasing accuracy order and controlling bias

Analogous to the Euclidean case (Talay and Tubaro, 1990) (see also (Milstein and Tretyakov,
2021, Section 2.2.3)), it is possible to expand the errors of the bias of the estimators consid-
ered earlier in this section in powers of time increment h assuming additional smoothness
of g, ¢ and ¢, which is known as the Talay-Tubaro (or Richardson-Runge) extrapolation.
For brevity, we skip technical details and merely highlight its practical importance. For
definiteness, let us consider the bias of the ensemble-averaging estimator fiy n(p) with X"
obtained from (3.3), but it will become clear that the estimator fiy n(¢) may be treated
analogously. Under appropriate smoothness assumptions, one can prove that

dim (i, (0)) = 1(9) = Crh+ -+ Gph? + O(W*1), (4.9)

where the constants C1,...,C), are independent of h, T, and p > 2 is an integer (p can be
arbitrarily large if g, ¢ and ¢ belong to C*°(M)).

Choose a sufficiently large T so that e~ in (4.2) is negligible, and take two time steps
h1 = h and hy = ah, o > 0, a # 1, with the corresponding number of steps being N1 and
Ns, respectively. Then, according to (4.9),

e(p) ~ E(fign, () + Cihi +O(h?), (4.10)
pe(p) ~ E(fgn, () + Cihy + O(h?),
whence ) R

By (4.10) and (4.11), we get the improved value with error O(h?) :

N h N h
(@ Jimp 1= B3, () 1 = Bl 2 (9)) 3 (4.12)

Thus, the obtained method has an accuracy of order two in h. We can continue exploiting
(4.9) and obtain a method of order three and so on. On the other hand, C1h gives the
leading term of the bias of fig n,(¢), which can be used for error estimation in practice
to assess the quality of the approximation. In Section 6.1, we apply the Talay-Tubaro
extrapolation method to generate samples of the von-Mises Fisher distribution with bias of
order 2.

4.5 Finite-time convergence

Although this paper is focused on the use of SDEs to sample from a given distribution on
M, and hence on the estimators for ergodic limits from Section 4, for some applications it
may also be of interest to discuss weak convergence of a Riemannian Langevin algorithm
at a finite time T'; this, for example, can be used to evaluate quantities related to tran-
sient behavior of diffusions on manifold and solving linear parabolic PDEs on manifolds
by exploiting probabilistic representations (see (2.15)). It is straightforward to prove the
following weak-sense convergence theorem along the lines of the proof of Theorem 1.
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Theorem 4 (Finite-time convergence) Under Assumptions 1 and 2 and ¢ € C*<(M),
the Riemannian Langevin algorithm (3.3) for (2.7) is of weak order one, i.e.,

[E[p(Xn) — o(X(T))]| < Ch, (4.13)
where C' > 0 is a constant independent of h.

Remark 2 Theorem 4 is more broadly applicable, and holds for weak-sense schemes similar
to those in Section 3 for a general class of SDEs

dX(t) = a(t, X (t))dt +dBM(t), X(to) =z, (4.14)

with a sufficiently smooth vector field a(t,x) on [ty,T] x M.

Remark 3 Results in this section demonstrate that the main techniques in the Euclidean
setting on weak approzimations and sampling carry over to the setting of compact manifolds
M. In contrast, the situation with mean-square (strong) convergence is more delicate. For
manifolds M where every point has an empty cut-locus, the Riemannian Langevin algorithm
(3.3) with {&,} being independent standard Gaussian random variables has mean-square
(strong) order 1/2 (Bharath et al., 2025). Although this matches the result for Euclidean
SDEs with multiplicative noise (e.g. Milstein and Tretyakov, 2021, Chapter 1), the proof in
the manifold setting is substantially more complex. If a manifold contains points with non-
empty cut-loci (e.g. positively curved manifolds) then we believe that mean-square schemes
should be based on space-time random walks; see Milstein and Tretyakov (2021, Chapter
6), and also Milstein and Tretyakov (1999) for a mean-square approximation of Euclidean
SDFEs in bounded domains. This is in contrast to the weak-sense convergence, where the
Riemannian Langevin algorithm on compact M has weak order 1, and is agnostic to the
presence or absence of cut points.

5. The Case of Non-compact Manifolds

In this section we discuss ingredients needed to transfer the error analysis of the preceding
section from compact to non-compact M. As mentioned in Section 1, negative curvature
encourages Brownian motion to drift away to infinity, and a uniform lower bound on the
Ricci curvature is needed to address this. Additionally, since non-compactness is closely
linked with non-positive curvature, when the Brownian motion has a drift component, as
with an R?-valued Brownian motion, extra care is needed.

The condition (2.9) is sufficient to ensure stochastic completeness of a diffusion with
generator A in (2.6) (Li, 1992); recall that it is automatically satisfied for compact M.
Hence here we state (2.9) as the below assumption.

Assumption 4 There exists a £ > 0 such that

Ric(v,v) 4+ Hess?(v,v) > —kg(v,v), for all (x,v) € TM.
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Conditions in Assumption 4 may be further relaxed (Wang, 2013, Corollary 2.1.2), which,
however, are harder to verify in practice. We note that Assumption 4 in the case of M = R¢?
resembles a one-sided Lipschitz condition which is sufficient to ensure regularity of SDEs in
RY as well as finiteness of moments of their solutions (Khasminskii, 2012).

Ergodicity, on the other hand, requires more. The Bakry—Emery criterion (Bakry and
Emery, 1985) demands the existence of a £ > 0 such that

Ric(v, v) 4+ Hess?(v,v) > 2kg(v,v) for all (z,v) € TM, (5.1)

which jointly controls both curvature of M and drift of the Brownian motion, and is more
restrictive than (2.9). For example, when M = RY, the criterion (5.1) reduces to Hess? >
2kg for k > 0, and implies that the density p is 2x-strongly log-concave. The Bakry—Emery
criterion provides a sufficient condition for exponential ergodicity of the diffusion (2.7) on
non-compact M, but is redundant for compact M. Recall that by construction, ug is the
invariant measure of the diffusion if it is ergodic.

A few intermediate conditions signpost the route to exponential ergodicity of the Langevin
diffusion that satisfies the Bakry-Emery criterion. The criterion ensures that the semigroup
{P;} of operators corresponding to the diffusion satisfy the Log-Sobolev inequality with
constant 2x (Wang, 2009), which then implies that they satisfy the Poincaré inequality:
Vary, (¢) < CE(p, ) for a Dirichlet form & and constant C. As a consequence, one gets
| Plop < e ¥/C which implies exponential ergodicity.

The Bakry—Emery criterion, however, is too stringent for our needs, as it precludes the
possibility of sampling from a sizeable class of interesting probability measures on M. It
is instead more natural to impose separate conditions on Ric and Hess?. The following as-
sumption is sufficient for the semigroup of operators corresponding to the Langevin diffusion
to satisfy the Log-Sobolev inequality (Wang, 2009, Theorem 1.1).

Assumption 5 For constants b,c > 0,
Ric > (—c — b%p?)g, (5.2)
where p, = p(o,x), o,x € M. The Hessian
Hess? > dg (5.3)

outside of a compact set in M, where the constant § satisfies 6 > (1 +/2)by/g —1 > 0.

In the case M = R? the assumption (5.3) is d-strong convexity condition to be satisfied
outside of a compact set in R? (which means that potential function can be locally non-
convex):

(2 = 9). 5(Volw) = V() = oz~ yP, 60,

which together with constant diffusion coefficient is sufficient for exponential ergodicity of
the corresponding SDE in R? (where Ric = 0) (Khasminskii, 2012; Roberts and Tweedie,
1996).
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5.1 Examples

A few examples elucidate on Assumptions 4 and 5 for non-compact M.

Example 3 Let M be the Poincaré half plane model H? for the q-dimensional hyperbolic
space with metric g = m% > dx?, under which M has negative sectional curvature equal to
—1 everywhere. From ;he Cartan-Hadamard theorem, it is diffeomorphic to RY. Consider
the Riemannian-Gaussian distribution with density p(z) o exp(—%), with respect to
dvoly, where o € M is a fized point and o > 0; for brevity, let p := p(z,0) be the distance
function to the fized o.

The Hessian of the squared distance satisfies Hess”” > 2g (Greene and Wu, 2006), and
since H? is an Finstein manifold, its Ricci curvature Ric = —(q — 1)g has a lower bound.
Assumption 4 is satisfied since Ric+Hess? > (% —q+1)g, ensuring stochastic completeness.
Note that the lower bound need not be positive as o > 0 is unbounded, therefore the Bakry-
E’mery criterion may be violated for some values of o.

The lower bound on the Hessian means that we can restrict attention to a geodesic ball

centered at o of finite radius to choose the values ¢ = (¢ — 1), b= (1 4+ v2)o2/q—1)"1/2

and § = % such that Assumption 5 is satisfied in tandem. Convergence exponentially fast

to pdvoly is thus assured for any o > 0, including for values that violate the Bakry—Emery
criterion (5.1).

Example 4 The space M = P,, consisting of m X m symmetric positive definite matrices
with affine-invariant metric g in (6.6) is a ¢ = m(m + 1)/2—dimensional manifold. As
with HY, the space P, with metric g has a negative sectional curvature everywhere, which,
however, unlike H?, is not constant. Assumptions 4 and 5 are verified for the following
distributions, later used in Section 6.2.

(i) Let p(X) = #p(X, 0)?% in (2.3) for o > 0 and fized O € Py,. This choice of ¢ results
in the Riemannian-Gaussian distribution (Section 6.2.1) on P,,. It can be verified
that Ric > —"¢g, and by the Hessian comparison theorem Hess”” > 2g (e.g., Lewis,
2023, Section 4.4). For k = ‘% — 5|, note that

1
Ric + Hess? > <2 — m)g,
o 4

and Assumption 4 is satisfied. For (5.2) in Assumption 5, we use the lower bound

on the Ricci curvature with ¢ = 7. The value of b can be determined upon first
calculating 6 in (5.3). Since Hess® > %g, we select § = % resulting in an interval
0 <b< (14+v2)a%Vm —1)"'/2 of possible values. Hence, Assumption 5 is satisfied.

Note that the Bak;ry—E'mery criterion (5.1) is only satisfied for o < \/%.

(ii) Let ¢(X) = p(X,0)* — p(X,0)? in (2.3) for fived O € Pp,. It will be shown in
towards the end of this example that ¢ is geodesically non-convex as the Hessian is
negative in some domain. To verify Assumption 4, note that a lower bound on the
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Ricci curvature is available from (i). To compute the Hessian, consider first a general
function f € C%(Py,). By the chain rule

Hess/(?”") = f"(p?)dp? ® dp? + f'(p*)Hess”" .
Then setting f(z) = x2 results in
Hess”' = 2dp? @ dp? + 2p2HeSS”2,
such that Hessian of ¢ is
Hess? = D?p* — D?p? = 8p2dp @ dp + (2p° — 1)Hess”2

upon using the fact that dp? = 2pdp. Since Hess”” > 2g and dp®dp is a non-negative
tensor:
Hess? > 2(2p% — 1)g.

Thus, Ric + Hess?® > (2(2,02 —-1)— %)g and Assumption 4 is satisfied for k = mTJFS.
FEvidently, the Hessian is negative when p < %, hence for the compact set we pick the
closure of geodesic ball B,(1) of radius 1 and centered at o. Outside of this ball, the
Hessian is strictly positive, and choosing 6 = 2 ensures that (5.3) in Assumption 5
is satisfied. This implies that choosing b satisfying 0 < b < (2(1 + v/2)y/m —1)~1/2
takes care of Assumption 5. Non-convezity of ¢ can now be gleaned from the fact
that inside of B,(1/v/2) the Hessian is negative. To see this, we look at the Hessian
contracted with vector fields v such that g(v,Vp) =0. Then

Hess? (v, v) = (2p* — 1)Hessp2 (v,v) < =2(1 —2p*)g(v,v) < 0.

5.2 Computational aspects

When M = R? it is known that Euler-type schemes (including explicit ones) converge
when coefficients of the SDE are globally Lipschitz (implying that the coefficients grow no
faster than linearly at infinity) (Milstein and Tretyakov, 2021). It is quite straightforward to
extend the analysis presented in this paper in the case of compact manifolds to non-compact
case under the globally Lipschitz assumption on V¢ and ¢g~/2. This extension will require
to prove uniform bounds for moments of Xj;”.

However, distributions ¢ and manifolds (M, g) of practical interest are usually so that the
globally Lipschitz assumption is violated. It is even so for Example 4(i) of the Riemannian-
Gaussian distribution on P,,.

It is known for SDEs on M = R? that when growth of coefficients at infinity is faster than
linear, ezplicit Euler schemes can diverge (Mattingly et al., 2002; Milstein and Tretyakov,
2021; Hutzenthaler et al., 2011). Reason for the divergence is exploding moments of the cor-
responding Markov chains (despite moments of the SDEs solution being bounded), typically
due to a tiny number of exploding trajectories (Milstein and Tretyakov, 2005, 2021).

By rejecting exploding trajectories, one can safely use any method of weak approx-
imation for a broad class of SDEs with nonglobally Lipschitz coefficients to compute the
ensemble averaging estimator fi4 v (@) of pg(p). SDEs from this class need to merely satisfy
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stochastic completeness and have sufficiently smooth coefficients, which SDEs of applicable
interest typically do. The rejection technique relates to the second part of Assumption 5
(see (5.3)) in that one can view the condition as ignoring all sample paths of the diffusion
that exit a sufficiently large geodesic ball B,(R) for R > 0 around a point o € M. The-
oretical justification of this when M = R case is given by Milstein and Tretyakov (2005,
2007) (see also Milstein and Tretyakov (2021)), and it is possible to transfer the proof to
the setting of non-compact manifolds M.

In Section 6.2 we provide numerical evidence of how the rejection technique can prof-
itably be used by choosing a large enough closed geodesic ball, as in Assumption 5, on
P using the proposed Riemannian Langevin Monte Carlo algorithm. In particular, no
trajectory was rejected for R = 2.7 in the case of the Riemannian-Gaussian distribution
(Section 6.2.1) and R = 2 for the non-convex potential (Section 6.2.2).

In RY, to address the difficulty with using the explicit Euler scheme for SDEs with non-
globally Lipschitz coefficients in time-averaging estimators, one can use the Metropolis-
adjusted Euler scheme (Bou-Rabee and Hairer, 2013). The Metropolis adjustment also
either removes the bias or makes it exponentially small, however it bears substantial ad-
ditional computational cost. A Metropolis-adjusted version of the Riemannian Langevin
algorithm treated in this paper requires a special separate consideration.

Alternatives to the explicit Euler, that result in bounded moments and hence conver-
gence, have been studied in depth for SDEs in R? with non-globally Lipschitz coefficients.
Examples include implicit methods (and in particular, the implicit Euler scheme) and ex-
plicit methods of tamed and balanced type (e.g., Mattingly et al., 2002; Hutzenthaler and
Jentzen, 2015; Tretyakov and Zhang, 2013; Milstein and Tretyakov, 2021). Extensions of
such methods to the non-compact manifold setting are possible and will be taken up else-
where.

6. Numerical Illustrations

We carry out numerical experiments to verify the theoretical results from Section 4 for
compact manifolds M, and demonstrate utility of the proposed algorithm for both compact
and non-compact M. Section 6.1 considers sampling using retractions from the von-Mises
distribution on the two-dimensional unit sphere S?. A sampling algorithm using extrinsic
embedding coordinates was proposed by Wood (1994), while Fisher et al. (1993) proposed
an exact method using intrinsic coordinates for dimension 2. A more recent development in
Kurz and Hanebeck (2015) provides an extrinsic algorithm without rejection that is exact
for even dimension spheres only.

Section 6.2 considers two distributions on the non-compact manifold of symmetric pos-
itive definite matrices: the Riemannian-Gaussian distribution with convex ¢, and a distri-
bution with non-convex potential. Versatility of the proposed algorithm to handle both
convex and non-convex potential is demonstrated.

We focus on the ensemble-averaging estimator fig n(¢) defined in (4.1). To this end, we
simulate a large number L of independent trajectories for a sufficiently long time T = Nh,
and then verify that it enjoys first order of convergence in terms of time step h by comparing
with the exact value of 14(¢) (obtained via numerical integration). Two types of errors are

26



LANGEVIN SAMPLING ON MANIFOLDS

reported: the numerical integration error

err = |fig, N () — pg(©);
and, the Monte Carlo error
1 L 1 L 2
1),k 1),k
moers = 1 (S px2 - L (Sex) ),
=1 =
with corresponding 95% confidence interval

MCerr

L

fign () = 1.96

We note that in a similar manner, the theoretical results (see Theorem 2) for the time-
averaging estimator ¢y (4.5) can also be verified.

Simulations were performed in R using a parallel architecture on 30 cores, using the
packages purrr and furrr on a Supermicro 620U Linux RHELS8.8 server with 48 Intel
Xeon (Ice Lake class) CPUs.

6.1 Retraction-based sampling from the von-Mises Fisher distribution on S?

The unit sphere S? is a compact manifold with constant positive sectional curvature 1
everywhere, such that the cut locus of every point «x is its antipode —z. This means that a
single chart cannot cover S? in order to implement the proposed algorithm. Charts can be
defined by embedding S? into R?, and this is commonly done using the inclusion map as the
embedding such that S? = {(z1,72,23)T € R3 : 22 4+ 23 + 23 = 1}, and two stereographic
projections from the north and south poles onto R? are used to define two charts which
cover S?.

We will instead consider spherical coordinates arising from the embedding of S? into
R? given by (r,0)T +— (sinrcosf,sinrsiné, cosr)T, where r is the geodesic distance to the
north pole, with r € [0, 7], 0 € [0,27]. Our choice is motivated by the fact that expressions
for the exponential and inverse-exponential maps are not available analytically in spherical
coordinates with respect to the round metric g, and implementation of the proposed algo-
rithm thus requires approximating the exponential map by numerically solving the geodesic
equation. We thus consider a retraction of an appropriate order that preserves the order of
errors derived in Section 4 (see Section 3.2), and we verify this numerically.

The Riemannian metric for the spherical coordinates at a point = = (r,0)7 is

g = dr? 4 sin® r d6?, (6.1)

which is obtained by pulling back the Euclidean metric from R3. The inverse metric tensor
assumes the form
a1 1 0
—\o : 12 )
sm= r

which is unbounded at » = 0 or r = 7 or equivalently, at (0,0,1)T or (0,0,—1)T in R3,
and can lead to instability or loss of accuracy of the algorithm. The second chart is ac-
quired by an orthogonal transformation of the coordinate axes obtained by permuting the
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axes corresponding to the embedding (r,0)T +— (cosr,sinr cos @, sinrsin #)T with the metric
unchanged. The transition map between the charts is then

Y (r,8) = (arccos(sinr cos ), arctan(cot r csc )T, (6.2)

which in R3 maps (sinr cos @, sinrsin @, cosr)T + (cosr,sinr cos 6, sin 7 sin §)T; its inverse is

¢~ (F,0) = (arccos(sin 7 sin f), arctan(tan 7 cos §))T. (6.3)

Numerically, we restrict the domain of the embeddings to (e, 7 — €) x [0, 27] for some
€ > 0, whence the union of the two charts covers S? as the singular points r =0 and r = 7
in chart 1 are mapped to (7/2,7/2) and (7/2,37/2), respectively, for any 6 € [0,27]. We
choose € = 0.5 in the simulations, which ensures that G~! is bounded.

The centered von-Mises Fisher distribution pg on S? is the distribution

dpg o e*7dvol,, for A >0, r € [0, 7], (6.4)

so that ¢((r,0)T) = —Acosr; performance of the algorithm for a non-centered version can
be examined with obvious modifications. It was verified in Example 1 that the Langevin
diffusion (2.7) with ¢((r,0)T) = —Acosr is ergodic, and converges exponentially fast to its
invariant measure fis.

The geodesic equation (2.1) can be written as the following system of ODEs in local
coordinates starting at (rg, 0y)T:

7=y, r(0) = ro, (6.5)
é =2z 0(0) = 007
y = sinrcosr 22, y(0) =o',
5= —2cotryz, 2(0) =v°
Since an exponential map in closed form is not available for this example, we use the
retraction based on solving the above ODEs by a single step of size v/h of the standard
(1/6,1/3,1/3,1/6) 4th-order Runge-Kutta method (RK4) as explained in Section 3.2.
For the testing purposes, we take ¢(x) = sinr and compute, for A = 1, the exact value
p(p) = V222 II(I)F(?’/ 2 ~ 0.7554024361, where I,(A) is the modified Bessel function of the

ﬁrst kind (LeW1s 2023 Section 4.1). The algorithm was terminated at time 7" = 5, sufficient
to ensure that the error [E(p(X(T))) —pe(p)| (i-e., the error due to proximity of the SDE’s
solution to the ergodic limit) is negligibly small. From Table 1 and the black line in Figure 1,
we observe the first order convergence of Algorithm 1 as expected.

We also report results from an experiment with the modified Algorithm 1 in which
the discrete random variables £ distributed according to (3.2) are replaced with standard
Gaussian random variables. The corresponding results given in Table 2 and the blue line
in Figure 1 show first order convergence of Algorithm 1 with Gaussian random variables.
Interestingly, the error is smaller in the case of Gaussian random variables than when the
discrete random variables are used.

A further experiment was implemented in Julia using GPU kernels and run on an
NVIDIA A100 GPU to compute the second order estimate of y4(¢) using the Talay-Tubaro
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Algorithm 1 Sample from a von-Mises Fisher distribution on S? using a retraction.
1. Input A\, h, N, Xy

2. Initialise the chain at Xy = (rg,6p)T according to the first chart and set chart counter ¢ =
1,e=0.5and n = 0.

3. Ifr,<eorr,>m—c¢
if ¢ = 1, change the chart according to (6.2) and set ¢ = 2;
if ¢ = 2, change the chart according to (6.3) and set ¢ = 1.

4. Generate &1 = (§141,&241)T, where £ | are independent, from (3.2).

5. Construct the tangent vector:
ifc=1, set vp41 = —’\T‘/E sinry, (1,0)T 4+ g~ /2(XM) 41
if c =2, set v,41 = AT‘/E(COS Ty 8i0 0y, cscry, cos 0,)T + g V/2( XM 0.

6. Approximate the geodesic equation (6.5) with (rg,80)T = (7, 0,)7, (v', 03T = (vh, 1,02, 1)T

by a single step of size v/h of RK4 to obtain X", | = (r41,0n41)T7.

7. If n+1 = N then stop and if ¢ = 2, change X% to first chart according to (6.2), else put
n:=n+ 1 and return to Step 3.

Table 1: Estimation error err and Monte Carlo error MCerr for sampling from a von-Mises Fisher
distribution depending on the time step h and number of independent realisations L. The
parameters are A = 1, Xo = (r9,60)7 = (7/4,7/4)T and T = 5.

h L err MCerr

0.2 105 0.0239  0.0004
0.1 105 0.0068  0.0004
0.05 10% 0.0029  0.0005
0.025 107 0.0014  0.0001
0.0125 107 0.00065 0.00015
0.01 107 0.00048 0.00015

Table 2: Sampling from a von-Mises Fisher distribution (Algorithm 1 with Gaussian ). The pa-
rameters are as in Table 1.

h L err MCerr

0.2 105 0.0068 0.0005
0.1 10 0.0032 0.0005
0.05 10% 0.0013  0.0005
0.025 107 0.00036 0.00015
0.0125 10%® 0.00011 0.00005
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Figure 1: Sampling from a von-Mises Fisher distribution. A log-log plot of the error err against
h. The black (blue) line corresponds to the Algorithm 1 with ¢, distributed according
to (3.1) (standard Gaussian distribution). Error bars correspond to Monte Carlo error
MCerr. The reference red line has gradient 1. The parameters are as in Table 1.

extrapolation method detailed in Section 4.4. For the initial first-order estimates, the
experiment was repeated with the time steps h = 0.1,0.08, 0.0625, 0.05 and with parameters
T=10and L =5 x 10° (Ny = 100, Ny = 125, N3 = 160, N, = 200). The respective first-
order estimates of f14(p) were fig N, () = 0.762017 & 0.000006 (err = 0.006615), fis N, =
0.760524 4 0.00006 (err = 0.005122), fis n,(¢) = 0.759317 £ 0.000006 (err= 0.003915)
and fiy N, (¢) = 0.758523 £ 0.000006 (err = 0.003121). Then, using (4.12) and the above
data, the three second order estimates of pg(p) are: figimp(w) = 0.754552 £ 0.000041
(err = 0.00085) based on fiy n, (@) and fig N, (¢); fig,imp(¢) = 0.755006 £ 0.000037 (err
= 0.000396) based on fig n,(¢) and fig n,(¥); and fig imp(@) = 0.755348 £ 0.000041 (err
= 0.000054) based on fig n,(¢) and fig n, (). We see that the Talay-Tubaro extrapolation
improves the accuracy as expected. The combined computation time of this experiment
was about 3000 seconds thanks to an effective use of GPU.

6.2 Sampling on the manifold of SPD matrices

We consider the non-compact manifold of symmetric positive definite (SPD) matrices, and
demonstrate numerically that the proposed Riemannian Langevin algorithm results in the
desired error bounds when sampling from two distributions which satisfy the assumptions
discussed in Section 5. In contrast to the unit sphere in Section 6.1, the algorithm is
implemented using a closed form expression for the exponential map.

Consider the general linear group GL(m) consisting of the set of m x m real invertible
matrices equipped with the group operation of matrix multiplication. Denote by M = P,,,
the manifold of m X m symmetric positive definite matrices P, = {X € GL(m) : XT =
X, yTXy >0, y € R™\{0}}, an open cone of dimension ¢ = m(m + 1)/2.
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The tangent space Tx Py, = {X} X S, where S, is the set of m x m real symmetric
matrices. Various choices of metric are available on P, (Pennec et al., 2006), and we choose
the affine invariant metric

gUV)x =Te(X'UXYV), UV € TxPm, (6.6)

which is invariant under the transformation X — A“!XA, for every A € GL(m). The
metric is compatible with the transitive action of GL(m) on Py, in that between any pair
X1,X5 € Py, there exists an A € GL(m) such that Xo = A~'X; A, which makes P, a
homogeneous space of GL(m).

Affine invariance of the metric ensures that the Riemannian distance p and volume
form dvol, will also be invariant under affine transformations. The metric g gives P,
a Riemannian structure with non-positive sectional curvature, and P,, is a non-compact,
geodesically complete metric space by the Hopf-Rinow theorem (e.g., Jost, 2008). More-
over, by the Cartan-Hadamard theorem (e.g., Kobayashi and Nomizu, 1969), the inverse
exponential map is globally defined, and the cut locus of every point is empty, i.e., every
two points in P, have a unique geodesic connecting them. This means that only a single
chart is needed to cover P,,.

The volume form at a point X € P, with affine-invariant metric g is

dvoly = det (X)) 2dzy ... dzymi1 /0,

where x1,. .., Ty (my1)/2 are the upper triangular elements of X. For X € Py, and S € Sy,
the exponential map has the closed form

expy (tS) = XV2Exp(tX /25X ~1/2) x1/2, (6.7)

where Exp is the matrix exponential. A geodesic that connects two points X1, Xo € Py,
can be parameterised as

() = X1 Exp(tLog(X; X, X%)) X1/

so that v(0) = X7 and (1) = Xs, where Log is the matrix logarithm defined globally on
Pr.. The distance between two points X and X» is

where {r;}I", are the eigenvalues of X 1X,. The inverse exponential map can also be
written in the closed form:

expyl (Xa) = 5(0) = X, *Log(X; /2 XX, /%) X}/ (6.8)

For efficient use of the coordinates, we consider the vectorization and half-vectorization
. 2 L . . .
maps. With vec : S, — R™ as the vectorization map taking a symmetric matrix to a
column vector, consider the half-vectorization map

hvec : S;,, = R?,  hvec(z) := Bvec(z),
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where the matrix
B .= Z(UU & 6}- & 62) S ]qumQ
(24
picks out the lower triangular part of the vectorization, and wu;; is a g-dimensional unit
vector with 1 in position (j — 1)m + ¢ — j(j — 1)/2 and 0 elsewhere, and e; is the standard
basis of R™”. Its inverse

RY 3 z — hvec ™ (z) := (hvec(I,,)T @ I;,) (I, ® x) € R™X™

exists through the Moore-Penrose inverse of A.
For the experiments, we fix m = 3 and consider Ps with global coordinates x =
(1, x2, 3,24, x5, 2¢) such that

1 T4 Tg
X = T4 T2 Iy
e T5 I3

The metric tensor G is expressed as G = dzT(X ! ® X 1)dx, where dx := hvec(dX) with
dX = (dz;). The inverse metric G~! can be concisely expressed (e.g., Moakher and Zérai,
2011):

ZL'% l'% l’g T1T4 T4Tg T1T6
w% 1'% l‘g XoXy ToXs5 T4
Tg Ty €3 IT5T¢ Ir3xs 3T

GI(X) = 1 2y 1
T1X4 T2T4 T5Te 5 (561962 + 564) 2(372566 + z475) (x125 + T46)
(

T4T6 TaTs T3Tp %(552176 +a4w5) 5 (wow3 + 2 1324 + T576)
T1Te T4T5 T3Tg §(x1$5 + z4x6) %(1‘31’4 + z5x6) % (xlxg + $%)

D[ =D

which must be written as a column vector in RS using the hvec™! map for use in the
algorithms.

6.2.1 RIEMANNIAN-(GGAUSSIAN DISTRIBUTION

The Riemannian-Gaussian distribution can be viewed as the generalisation of the isotropic
normal distribution on R? to P,,, where the Euclidean distance is replaced by the Rieman-
nian distance in the probability density function:

1
dpy(X) = - (U)e_¢(X)dvolg, X € Py,

where

H(X) = 5 50X, 0)’ (69)

for a fixed O € Py, and parameter o > 0. The function x — ¢(z) is strictly convex, since,
by the Hessian comparison theorem (Cheeger and Ebin, 1975) the map = ~ p(z,-)? is
geodesically convex on a manifold with everywhere non-positive sectional curvature.
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The normalisation constant Z,,(c) can be evaluated by employing spectral decomposi-

tion X = QTdiag(eM,...,e’)Q, with eigenvalues A\; > --- > A, > 0, and computing the
following integral
C 24 Ai — Aj
Cm/ e S AT AT Hsinh <M>d/\1 cedA, (6.10)
m i 2

m2
where ¢, = %%SW("L—D/ 4 and T, is the multivariate gamma function (Said et al.,
2017); the constant ¢, is part of the volume form dvoly, and when m = 3, c3 = %.
Without loss of generality we set O = I,,,, since P, is a homogeneous space. For conve-
nience, we use p; = pr(X) = p(X, In).

Table 3: Estimation and Monte Carlo errors for the Riemannian—Gaussian distribution. The pa-

rameters are O = I3, 0 = % Xy =hvec™((2,4,2,1,1,0)T) and T = 10.

h L err MCerr

0.2 10 0.148 0.008
0.1 10 0.078 0.008
0.05 107 0.035 0.002
0.025 107 0.017 0.002

To our knowledge, currently, only a rejection-based algorithm for sampling from Riemannian-
Gaussian on P,,,, which relies on sampling the eigenvalues, is available in the literature (Said
et al., 2017). Our Riemannian Langevin algorithm given in Algorithm 2 does not contain
a rejection step; however, a rejection step can in principle be incorporated if needed (for
example, to be used as a proposal distribution within MCMC).

The Riemannian-Gaussian distribution satisfies Assumptions 4 and 5, as seen in Ex-
ample 4 (i). This ensures that the Langevin diffusion converges to its invariant measure
exponentially fast. From (6.8) the gradient of ¢ is

B expy’ (1) B XY2Log(X)X/?
2 2 ’

Vo(X) =

g o

which grows at infinity as x logx; also note that V¢(I) = 0.

The function ¢ : P3 — R we consider to assess accuracy is ¢(X) = det(X). The
value of p14(p) &~ 2.11699998, evaluated with accuracy of order of 107® using the function
NIntegrate in Mathematica. Table 3 and Figure 2 demonstrate that Algorithm 2 exhibits
the first order convergence.

6.2.2 DISTRIBUTION WITH NON-CONVEX POTENTIAL

The second part of Assumption 5 (see (5.3)) makes it evident that we need not have log-
concavity of the density function to guarantee ergodicity of the SDE. We verify this and
demonstrate generality of our algorithm by considering the following distribution with a
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Algorithm 2 Algorithm to sample from Riemannian-Gaussian distribution on P3 with

O=1I30= % and Xo = hvec™1((2,4,2,1,1,0)T).

1. Input h, N

2. Initialise the chain at Xy and set £ = 0.

3. Generate & = (&4, 672,€3, 62,67, €0)T, where, for every k, &i are independent from (3.2).
4. Compute the matrix M, = — 55 Log(X!) + VA(X}) ™1/ 2hvec (G2 (X&) (X 1) ~1/2.
Set XJtpy = (X" ?Exp(My) (X])'/2.

6. If £+ 1 = N then stop, else put k := k + 1 and return to Step 3.

o

0.1

err
T

0.01 b
0.01 0.1

h

Figure 2: Sampling from the Riemannian—Gaussian distribution on Ps: log-log plot of the esti-
mation error err against h. Error bars correspond to Monte Carlo error MCerr. The
reference red line has gradient 1. The parameters for the Riemannian-Gaussian are as in
Table 3.
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non-convex potential ¢:

1
dpg = Z—e—¢<X>dvolg, X € Py,

where

¢(X) = p(X, 0)4 - p(X, 0)27

with the normalisation constant Z,,. This distribution is referred to as one with a double-
well potential. Similar to the Riemannian-Gaussian distribution, the constant Z,, is ob-
tained by evaluating

o [ (et 08 Thainn (5 ),
m L4 2
1<)
where ¢, is as in (6.10).
Example 4 (ii) verified that ¢(X) satisfied Assumptions 4 and 5. The corresponding
Langevin diffusion (2.7) converges exponentially fast to the invariant distribution pg. The

gradient takes the form

Vo(X) = —4p(X, L) expy (In) + 2 expy! (Im) = (4p(X, I;n)? — 2) X2 Log(X) X /2,

Algorithm 3 Algorithm to sample from double-well potential distribution on P3 with
O = I3 and Xg = hvec™((2,4,2,1,1,0)T).

. Input h, N.

—_

2. Initialise the chain at Xy and set &£ = 0.
3. Generate & = (£}, 62,€3, 62,60, 69)T, where, for every k, &} are independent from (3.2).
4

. Compute the matrix
My, = h(1 = 2p(Xpt, 1)*)Log(XE) + VA(XE) ™/ 2hvec™ (G2 (X&) (XE) 712,

5. Set X', = (X)V2Exp(My) (XY
6. If £k + 1 = N then stop, else put k& := k + 1 and return to Step 3.

We choose p(X) = 1/(1 + tr(X)) and pe(p) ~ 0.2204801571878534, evaluated with
accuracy of order of 10~® using the function NIntegrate in Mathematica. Table 4 and
Figure 3 show that Algorithm 3 exhibits the first order convergence.

7. Discussion and Concluding Remarks

In this paper we have studied how the intrinsic Langevin diffusion can be used for sampling
on Riemannian manifolds. To this end we have analyzed and provided error estimates for
intrinsic Riemannian Langevin algorithms including those using retractions when the expo-
nential map is not available in closed form. The algorithm ensures that the corresponding
Markov chain moves on the manifold M without requiring a projection, i.e. it preserves the
geometrical features of the corresponding stochastic differential equation.
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Table 4: The double-well potential distribution. The parameters are O = I,,, Xg =
hvec™1((2,4,2,1,1,0)T) and T = 5.

h L err MCerr

0.2 10> 0.00537  0.0003
0.1 10° 0.00162  0.0003
0.05 107 0.000605 0.00003
0.025 107 0.000258 0.00003

r T T ]
0.1 o ’,,”/’ E
o 001F .
S r ]
i 5 i
0.001 | |
7\ L1 |

0.01 0.1

h

Figure 3: Sampling from a distribution with non-convex ‘double-well’ potential on Ps3: log-log plot
of the estimation error err against h. Error bars correspond to Monte Carlo error MCerr.
The reference red line has gradient 1. The parameters are as in Table 4.
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The main focus is on sampling from, and computing expectation of functions of, a target
distribution. As a consequence, we demonstrate how the concept of weak approximations
for SDEs in R? and the flat torus T?, and the corresponding proof techniques in deriving
weak error bounds, can be transferred to the case of compact Riemannian manifolds via
the covariant Taylor expansion. The PDE-based proof technique enables obtaining weak
error bounds that match the optimal bounds in R? and flat manifolds; these are superior
to the weak error bound currently available in the literature, which follow by first deriving
strong approximation (e.g., convergence in expected squared-distance) error bounds. The
price we pay for our approach is in the absence of explicit dimension-dependent constants in
the derived bounds. The Talay-Tubaro extrapolation in Section 4.4 may be used to extract
more information on the constants.

The approach used here to deriving weak error bounds opens the door to carry over the
extensive research (conducted by statistical, machine learning, and the numerical analysis
communities) on approximation of SDEs in Euclidean spaces to manifolds. For example,
sampling from a distribution with compact support on a non-compact manifold, or from a
manifold with boundary, are of considerable interest given their practical relevance. These
problems are yet to be considered within current literature; only recently has the former
been considered even for R? using a reflected diffusion (Leimkuhler et al., 2023). It is
plausible that an intrinsic reflected diffusion can be used to carry out a similar program on
manifolds, and this is the subject of our future work.

In this paper we have only considered explicit Euler-type schemes. In a similar fashion,
we can construct and analyze implicit schemes, second-order sampling algorithms, etc. for
Langevin diffusion on manifolds using the arsenal of numerical methods developed in the
Euclidean space (see e.g. (Milstein and Tretyakov, 2021)), which potentially can lead to
more efficient sampling methods.

The proposed algorithm and its analysis are also useful for applications in other research
areas, including molecular dynamics, finance, and optimisation. An important example in
financial engineering involves multi-factor stochastic volatility models widely used in option
pricing and risk analysis, where stochastic modelling of correlation/covariance between fac-
tors entering the asset price and volatility processes are of practical value. There is growing
interest (Fonseca et al., 2008; Alfonsi et al., 2019) in using a Wishart process (Bru, 1991)
to model the time-changing covariance structure, which is an example of stochastic process
assuming values in the manifold of positive (semi-)definite matrices. The examples consid-
ered in Section 6.2 with the intrinsic approach to modelling stochastic dynamics of positive
definite matrices provides a useful, more general class of processes to be used within this
context.
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Appendix A.

The covariant Taylor expansion plays a major role in the proofs of theorems, and we review

it here. Let f € C*(M) taking values in R and the curve c(s), s € R on M, be so that

¢(0) = z and ¢(0) = V. Introduce F(s) := f(c(s)) : R — R for which the Taylor expansion
can be written as

d s? d? s® d? st d?

F(s)=F —F ———F ———F —

() (0)+ “ds (0)+ 2 ds? 0)+ 6 ds? (0)+ 24 ds*

where « € (0, s). We examine each derivative in turn. The first derivative is

F(a), (A1)

S F(s) = T F(e(s)) = dF(els))(E(s)). (A2)
For the second derivative, the geodesic curvature of ¢ is accounted for
d? d?
S F(s) = i S (e(s))
= S (e(s))(@(5)
= Ddf(c(s))(é(s), é(s)) + df(c(s))(Degs)(s))- (A.3)
Computing the third derivative, we get
d? d
$76) = 4 (DAFE)E) 06 + (e (Do c(e))

= DA f(c(s))(é(s), &(5), é(s)) + 2D f (e(s)) (&(5), Degsyé(s))
+ Dd f(c(s))(E(s), Des)E(s)) + df (e(s)) (De(s) Dis)€(s))
= DA f(c(s))(é(s), &(5), é(s)) + 3D f (c(s))(&(5), Desyé(s))
+ df(c(5))(Dgs)Des)€(5)), (A.4)

where we have utilized the fact that second covariant derivative of functions is symmetric
(0,2)—tensor. Evaluating (A.2), (A.3), (A.4) at s = 0 and substituting them into (A.1), we
obtain the following Taylor formula of f along the curve c:

2

F(e(s)) = f(2) + sdf (@)(V) + 5 (DAF@)(V, V) + df (@) (Dy V)
%(D3f($)(V, V.V) 43D f(2)(V, DyV) + df(2)(DFV))
4
+ 2 e, (4.5)

where we have abbreviated D‘Q/ = Dy Dy.

Appendix B. Proofs of Theorems

For brevity, we denote u(t, z) as u, at v (t,x) as 81&7 Vu(t, ) as Vu, Du(t,z) as Du, D*u(t, )
as DFu, Vp(z) as Vo, g~ V/2(z) as g~/ and u(t,, X*) as u,, n =0,..., N—1, where u(t, z)
is the solution of (2.12) and ¢(x) is from (2.7). We need the following lemma on one-step
error of the algorithm (3.4) to prove Theorem 1.
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Lemma 1 (One-step error) Let Assumptions 1 and 2 and ¢ € C*¢(M) hold. Given
x e M, let X{I be computed according to the following formula:

X} = B~ 290() + 1% (@), (B.1)

where F, is a retraction, and curve c(s) corresponding to this retraction satisfies Assump-
tion 3 with ¢(0) =z, ¢(0) =V = —h12/2 V¢ + g~12¢ and hence F(V) = c¢(vV'h). Then

Elu(t + h, XI) — u(t, )] < Ch2e NI, (B.2)

where C > 0 is independent of T' and h and it linearly depends on |¢||ca.enry but otherwise
is independent of .

Proof Applying the Taylor expansion to u(t + h, c(s)) around ¢, we obtain

h2 2
u(t+ h,c(s)) = u(t,c(s)) + h?;;(t, c(s)) + QZ;L(t(al), c(s)), (B.3)
where t(aq) :=t + aqh € (t,t + h) since ag € (0,1).
Applying the covariant Taylor formula (A.5) to the function u(t,c(s)) along the curve
c, we get

u(t, c(s)) = u+ sdu(V) + S;(Ddu(V, V) + du(DyV))

(D3u(V,V,V) + 3D*u(V, Dy V) + du(D%V))
+ 214 Tult, c(az)), (B.4)

where as € (0,v/h). Similarly we obtain

ou ou ou
E(t,c(s)) = + SDE(V)

2

+ 5 (D25 el @lan) ) + a5 1 ) Deganlaa)) ) (B5)

where a3 € (0,Vh).
Substituting (B.4) and (B.5) in (B.3), we arrive at

u(t+ h,e(s)) =u+ h% + sdu(V) + 822(D2u(V, V) + du(Dy'V))
- 563(D3u(V, V,V) +3D*u(V, DyV) + du(D?V))
st a4
+ ﬂ@u(t, c(az))
u 82 u u
+hsD V) 4 1 (D50 )@l ) + a5 1 () (Dega )
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2 2'LL
+ 0 o). e(5). (B.6)

Taking expectation on both sides and putting s = v/h, we get

Efu(t + h, X1)] = u + h?j +E|vVhdu(V) + g(DZ‘u(v, V) + du(DyV))

h3/2 3 9 2 3/2 8u
+ —(D?u(V,V,V) +3D*u(V,DyV) + du(Di,V)) + h*/<D— Y

h2 d4

V)

(B.7)

Denote i-th component of V as V?, ie. Vi = ( h1/2 Vo + 971/25) Using the properties

of the random variables &
E[¢] =0, E[g'¢'] = 0y, E[¢'€7€" =0, E[(§)*(¢))*] = 1 for i # j, (B.8)

we deduce that

o W2 3h
E(VVIVE) = === (Vo) (Vo) (V)" + - (Vo) (VO)E((g%¢)")
1/2 ) . .

3h (VO)E((g~ /%€ (g7 2O)") + E((g7/28) (g7 /2¢) (97 1/26))
h3/2 3h1/2 )

= - (Vo) (Vo) (Vo) — (Vo) E((g"2Y' ("2 e)
h3/2 h1/2

= ——(Vo)'(VoY (V)" - (Vo) (g2 (g"/2) ™ 5y,
h3/2 h1/2

== (VO)'(Vo) (Vo) - (Vo)'g', (B.9)

where 7,5,k =1,...,q and 6;; is the Kronecker delta. Further, we have
E(hY2Du(V)) = —gg(w, Vu), (B.10)

B(LD*u(V, V) = KE(Hess (g€, g7/26)) + = D2u(v, V)
= hE(Hess{;(9~/%¢)"(¢7'/%¢)’) + }szqux Vo)
= hE(Hess!(9"/%)"* ¢(g"/?)'&) + TDMW, Vo)
= Aess (2 (6"/2) 5 + 1 D2u(v6, 90
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h2
= hHessf]g” + ZD%L(V(Z), Vo)

h2
= hApu + ZD%(w), Vo), (B.11)

E<h3/2p3u(v, v, V)) = 13/2D%u(0;,8;, 0 )E(VIVIVF)

3
= DR, 0;,00) (V6) (Vo) (Vo)
3 Du(9,,0,.0) (Va)ig, (B.12)
3/2 Ou _3/2@ ) i_h2 Ou ‘ i

E(h*2D5L(V)) = W 2DZL@)E(VY) = DL (0)(Ve).  (BA3)

Substituting (B.10)-(B.13) in (B.7), we get
0 h h
E(u(t +h, X})) = u+ hig = 59(V6, Vu) + 5 Ayu
3
Dy, (V6, V) — o DPu(@r, 35, 06) (V6) (Vo) (Vo)

8

- D, 0,,00(Va)'e* + D% 0)(voy

24 ds*

" 2 2U
+ Dth (t, c(as))(¢(as), é(as)) + %g?(t(al)’c(S))

+E <hzdu(t c(az))

ot

h3/2 h3/2
+ 5 E(u(DYV)) + = ~E(D*u(V, DyV)). (B.14)

v d%, () (Degan i) ) + FEAU(DVY)

We note that the remainder terms include a linear combination of derivatives of u which
can be estimated using (2.14) together with boundedness of V¢ thanks to compactness of
M and Assumptions 1 and 2. Due to Assumption 3 and again using Assumptions 1 and 2,
the last three terms are also bounded by Ce T~ h2 where C' and \ are independent of
h and T. Consequently, we arrive at (B.2). [ |

We prove the above lemma under the conditions that retraction satisfies Assumption 3. If we
take c(s) to be a geodesic curve then it is clear that De(4)¢(s)|s=0 = 0 and Dg () D ()¢(8)|s=0 =
0.

We now provide proof of Theorem 1.

B.1 Proof of Theorem 1
Note that using (2.12) and (2.15), we can write

E(p(XR)) = ko(0)] < [E(p(XR)) — E(e(X(T)))] + [E(@(X(T))) — 1o ()]
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= [E( (tN7 X)) = u(0, 20)| + [E((X(T))) — ()]

~ | ( i1 = un | XE) )|+ BTN - st

Using Lemma 1 and (2.11), we get

N-—1
E(p(XN)) = po(p)| < Ch? Y~ e M) 4 G < Clh+e M),
n=0

where C' > 0 is a constant independent of h and 7" and it linearly depends on ||| c4.(ar)
but otherwise C, A are independent of ¢.
B.2 Proof of Theorem 2

Let us denote u, := u(X"), Vo, := Vo(X]), 951/2 =g Y2(X}) and V, = —#V@l +

g;l/2£n+1, where u(z) is the solution of (2.16). Define 7y, to be the geodesic with initial
conditions

W (0) = X7, (B.15)

] h1/2 12

W, (0) = Vy = _7v¢n + 9, “Ent1. (B.16)
Applying the covariant Taylor expansion (A.5) with s = v/h to 4,41 around X, we obtain

h
Unp+1 — Un = h1/2Dun<Vn) + §(D2un(vn7 Vn) =+ dun(DVnVn))

h3 2
( Un(Vin, Vo, V) + 3D?up (Viy, Dy, Vi) + dun (DY, V3))
2 d4
+ ﬂ@“(’Wn (a)), (B.17)

where o € (0,v/h). Taking expectation conditioned on X" and using the fact that v is a
geodesic curve, we get

h h
E(un+1 | Xg) = u, — §g(V¢n, Vu,) + §AMun

h? h3
7D2 n n n) - o

h2 .
5 D*un(9:,0;,00) (Vén) g3

D3y (03,05, 0k) (Vébn) (Vb ) (Vo)
2
+ %E[D4U(’m (@) (v, (@), v (@), A, (@), A () | X, (B.18)

where 0;, © = 1,...,q, denote basis vectors of TxnM and V,, € T'xr M. The arguments
employed to obtain (B.18) are based on (B.10)-(B. 12) except that here we take expectation
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conditional on X and u represents the solution of the Poisson PDE (2.16). Rearranging
(B.18) and using the Poisson PDE (2.16), we arrive at

h2
h(P(XZzL) - hﬂ(b((p) = E(“n—i—l‘Xy};) — Up — 7D2un(v¢m v¢n)

8
3 , .
+ %Dgun(@', 0;,0k) (Vo) (Vén) (V)
h2

t+ 5 D*un (0,05, 0) (V) g3

- %E[D%(m(a))(ﬁvn(a),Wn(a),an(a)r'vvn(a)) | Xa]. (B.19)

Taking expectation on both sides, summing over n = 0,..., N — 1, and applying (2.17), we
ascertain

‘hE Z — hNpuy(y )‘ < |E(uy — uo)| + Ch2N

where C' > 0 is independent of 7" and h and it linearly depends on [|¢[|c2.(pr) but otherwise
it is independent of ¢. Dividing by T' (note that T'= Nh) gives us the result stated in (4.6):

- 1
[Efion () — o) < C(h+ 7)),
where we have used the fact that |uy — ug| is bounded uniformly in x due to compactness

of the manifold M and u(z) € C*¢(M).
To show the bound (4.7), we start with (B.17)

Uns1 = U = hAup + B2 Dun (9,60 41) + S(D%(Vn, Vo) = Aagun)

h3/2 h? : . : :
DY (Vi Vo Va) 5 D (v, (00) Giv, (@), v (), 31, (0), A, (). (B:20)
We rearrange (B.20), sum over n =0,..., N — 1 and use (2.16) to arrive at

Nh(jign (@) = tg(p)) = un — ug

h
1/2 1/2 e 2 _
+ Z ( h Du fnJrl) 9 (D un(vm Vn) AMun)
h3/2
- TDgun(Vna Vo, Vi )

2

310U (@) (v, (@), @) Avafe) i) ). (B2)

Squaring both sides and dividing by 7?2, we obtain
2
(o3 (9)~16(9)* < 75 (uy — o) + <z Dl *6011))
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N-1

CNR*
t > (D*un(Vn, Vo))
n=0

3 2
+ & ( Z D2un(gy i1, wn))
3 2
+ Ch( Z D2un v¢mgn 1/2 £n+1)>

Ch2 2
< Z D2 1/2£n+17g7:1/2§n+1) - AMun>

O h6 N—-1
3 (D4 (Vo V6, V)

n=0

CNK® S 3 ; i 1)2 k2

N (D*un01,85, 90 (V) (V) (07 11)")
n=0

cNpt A , .

% Z (Dun (95,05, 0) (V) (g5 *ens1) (g 2€ns1)")?
n=0

cnd (= . 2

+ T2< Z Dgun 6@7813810( 1/2 fn+1) ( EI/anH)J(gﬁlﬂan)k)

n=0

CNpt

T2 Z(D4u(7vn(a))(ﬁvn(a),Wn(a)dvn(a),wn(a)))Q. (B.22)
n=0

Using (B.8), we get

N-1 2 N-1
E( > Dun(951/2§n+1)> = Y E(Dun(g,*6n11))?
n=0 n=0

+2 Z E(Duk §k+1)Dun( 1/2 $nt1))

k<n
N—
= 3 E(Dun(gy 60s1)), (B.23)
and
N-1 2 N-1
B( X0 Dl 600, V0 ) = X BDPun(a P Vo) (B21)
n=0 n=0
Analogously,
N-1 2
<Z Dun (05, 05, 08) (95, *€ni1) (90 1) ( El/anH)k)
n=0
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N-1

= Z E(D?u, (05, 9;, Or)(9n /25 1)’ (9;1/2§n+1)j(951/2€n+1)k)2 (B.25)

n=0

Noting that E[D2un(g;1/2§n+1,951/2@1“) — Apug | X =0, we get

N—-1 2
E( > Dun(gy 6, 9, en) — AMun>
n=0

=3 E(D*un(gy €ns1, 0V 6n11) — Anrun)?. (B.26)

Taking expectation on both sides of (B.22), using (B.23)-(B.26) and applying (2.17), we
obtain

E(jig,n(9) — no(9))? < O (4 + 7).

where C' > 0 is a constant independent of h and 7" and it linearly depends on |[¢|c2.(ar)
but otherwise it is independent of ¢.

B.3 Proof of Theorem 3

Consider ¢ € H (see (4.8)). Since ,ug is stationary measure of Markov chain (see Section 3),
we have

/M p()pli(dz) = /M B, o(X})h(dz),

where E,p(X ,?) implies that Markov chain starts at x, i.e. Xg = x. Therefore, we can write

hda) = [ NE Xl
| etandian) - /MN; LX)l ().

Using Theorem 2, we get

‘ | et - ] ] | (% mexk o) Jubtao)| < K (n+ 77 ).

where K > 0 is independent of h, N and ¢ from # (the latter thanks to the constant
C in Theorem 2 being dependent on ¢ only via linear dependence on |[¢||c2.(pr) Which is
bounded for the class H of functions ¢). Letting N — oo, we get the desired result. B
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