Journal of Machine Learning Research 27 (2026) 1-63 Submitted 9/25; Revised 3/26; Published 6/26

Underdamped Langevin MCMC
with third order convergence

Maximilian Scott MS4314@QBATH.AC.UK
Daire O’Kane DOK29@BATH.AC.UK
Andraz Jelincic AJ2382@BATH.AC.UK
James Foster JMF68@BATH.AC.UK

Department of Mathematical Sciences
University of Bath, UK

Editor: Kevin Jamieson

Abstract

In this paper, we propose a new numerical method for the underdamped Langevin diffusion
(ULD) and present a non-asymptotic analysis of its sampling error in the 2-Wasserstein
distance when the d-dimensional target distribution p(z) oc e=f (*) is strongly log-concave
and has varying degrees of smoothness. Precisely, under the assumptions that the gradient
and Hessian of f are Lipschitz continuous, our algorithm achieves a 2-Wasserstein error of
€ in (’)(\/E /5) and (’)(\/67 / \/E) steps respectively. Therefore, our algorithm has a similar
complexity as other popular Langevin MCMC algorithms under matching assumptions.
However, if we additionally assume that the third derivative of f is Lipschitz continuous,
then our algorithm achieves a 2-Wasserstein error of ¢ in (’)(\/3 / E%) steps. To the best of
our knowledge, this is the first gradient-only method for ULD with third order convergence.
To support our theory, we perform Bayesian logistic regression across a range of real-world
datasets, where our algorithm achieves competitive performance compared to an existing
underdamped Langevin MCMC algorithm and the popular No U-Turn Sampler (NUTS).

Keywords: Langevin dynamics, Markov Chain Monte Carlo, High order convergence

1. Introduction

In a variety of applications ranging from statistical inference (Ma et al., 2015; Mandt et al.,
2017; Durmus and Moulines, 2019) to molecular dynamics (Pastor et al., 1988; Pastor, 1994;
Allen and Tildesley, 2017), we are often interested in sampling from a target distribution

p(x) oc e/, (1)

where z € R and f : R? — R denotes a scalar potential. In practice, we typically only
know this target distribution up to a normalisation constant — which becomes challenging to
compute when the dimension d is large. So instead, we can generate samples by constructing
and simulating a Markov chain whose marginal distribution becomes close to the target (1).
This methodology for sampling from p is known as Markov Chain Monte Carlo (or MCMC).
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In this paper, we consider MCMC algorithms obtained by simulating the underdamped
Langevin diffusion (ULD), given by the following stochastic differential equation (SDE):

d$t = V¢ dt,
dvy = —yve dt — uV () dt + /27w dWy,

where z,v € R? represent the position and momentum of a particle, ¥ > 0 denotes a
friction coefficient, u > 0 and W is a d-dimensional Brownian motion. Within the context
of MCMC, one can consider v and u as tuneable hyperparameters with the friction -~y
corresponding to the amount of partial momentum refreshment in Hamiltonian Monte Carlo
(Riou-Durand and Vogrine, 2022; Riou-Durand et al., 2023). Under mild assumptions on
the scalar potential f, it is known that the SDE (2) admits a unique strong solution which
is ergodic with respect to the Gibbs measure with Hamiltonian H(z,v) = f(z) + 5 |v||?
(Pavliotis, 2014, Proposition 6.1). In other words, ULD has a stationary measure 7 on R
with density proportional to exp(—H (z,v)). Therefore, the distribution of x; will converge
to the target distribution (1) and thus simulating ULD will allows us to generate samples.
In general, the SDE (2) which governs ULD does not admit a closed-form solution, and so
it is necessary to develop appropriate numerical methods for approximating these samples.

(2)

A variety of approximations have previously been proposed for ULD. Some noteworthy
examples include the unadjusted and Metropolis-adjusted OBABO schemes (Bussi and
Parrinello, 2006; Monmarché, 2021; Song and Tan, 2021; Riou-Durand and Vogrinc, 2022),
the UBU method (Alamo and Sanz-Serna, 2019; Sanz-Serna and Zygalakis, 2021), the
ALUM methods (Hu et al., 2021), the randomised midpoint method (Shen and Lee, 2019),
the BAOAB method (Leimkubhler et al., 2016) and a Strang splitting (Buckwar et al., 2019).
In addition, there exist a variety of methods for improving the accuracy and robustness of
underdamped Langevin MCMC algorithms. These include using a preconditioning matrix
(Goodman and Weare, 2010; Leimkuhler et al., 2018; AlRachid et al., 2018), adaptive step
sizes (Foster and Jelinci¢, 2024; Leroy et al., 2024; Leimkuhler et al., 2025) or unbiased
estimators based on Multilevel Monte Carlo techniques (Giles, 2015; Chada et al., 2024).

In this paper, we introduce a practical method for approximating ULD called QUICSORT",
which is derived using a piecewise linear discretisation of the underlying Brownian motion.

Definition 1 (QUICSORT) Let {t,,}n>0 be a sequence of times with to = 0, tp41 > ty
and hy, = tp41 — tn. We construct a numerical solution {(X,, V,)}n>0 for the SDE (2) by
choosing some initial (Xo, Vo) ~ mo and, for each n > 0, defining (Xn+1, Vot1) as follows:

V) =V, +o(H, + 6K,),

—A_vhn ~A_~hn B
x(0 = x, + Lo’ O ! J;}/l\—vhn Lo

v Y2hn

—Ayvhn . —ih, b B
X7(12) =X, + ﬁvﬂ(l) _ ﬂ“vf(x}(ll))hn n e MY 4_22+’yhn 1 .

K i V2hy,

—hn
Vn(2) = e*’Yhnvn(l) _ %efAJ“Vh"qu(XT(Ll))hn _ %efA_'yhnuvf(Xq(lg))hn " %Cn,
Yin

—_

. QUadrature Inspired and Contractive Shifted ODE with Runge-Kutta Three
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1 — e MVn

— Dy, )
Xpg1 = Xy, o uV (X D)k, o uV F(XP)hy, (3)
ey et L
,7 n ’72hn Y

Vg1 := Vrfg) —o(H, — 6K,).

where 0 = \/2yu, Ay = %, A= 3_6\/5 and Cy, = oc(Wy, —12K,,). The vectors {Wy, }n>0,
{H,}n>0 and {Kp,}n>0 are independent and Gaussian distributed with Wy, ~ N (0, hyp1g),
H, ~N (0, %hnld) and K, ~ N (O, ﬁlohnld) for allm > 0. These random vectors can be
viewed as the first three coefficients in a polynomial expansion of the Brownian motion W

(see Foster et al. (2020)).

This approach can be seen as a specific discretisation of the “Shifted ODE” introduced in
Foster et al. (2021). Whilst under certain convexity and smoothness assumptions on f, the
shifted ODE approximation achieves third order convergence guarantees that hold for all
n > 0, this convergence does not automatically extend to practical numerical discretisations
(e.g. the SORT and SOFA methods originally proposed for discretisating the shifted ODE).
Therefore, our work directly improves upon Foster et al. (2021) since we both theoretically
guarantee third order convergence for QUICSORT as well as demonstrate it numerically.

In the recent literature, it has become standard practice to understand a method’s efficacy
through a non-asymptotic error analysis. More precisely, by finding an upper bound for
the 2-Wasserstein distance between the target distribution (1) and the distribution of X,
the position variable at the n-th iteration, we can establish a mixing rate for the different
numerical methods. Quantitatively, we compare the number of steps n required to reach an
error of Wa(X,,,e™/) <e. The main theoretical contribution of this paper is that we show
that the QUICSORT method achieves a 2-Wasserstein error of € in O(\/&(é) steps under
certain smoothness and strong convexity assumption on f. Our central result is as follows:

Theorem 2 (QUICSORT non-asymptotic convergence) Let {(X,,V,)}n>0 denote the
QUICSORT approzimation (3) where h, = h for some fized h € (0,1]. Suppose that f is
three times differentiable, m-strongly convexr and its gradient, Hessian and third derivative
are all Lipschitz continuous (with respective constants My, Ma, Ms) and that v > 2\/ubl .
Assume further that Xy has finite second moments and Vo ~ N (0,uly). Then there exists
constants ,C > 0 (not depending on d and h) such that for all n > 0, the 2-Wasserstein
distance between the law of X,, and the target distribution p(x) o< e 7®) can be bounded as

Wa(Law(X,),p) < ce ™ Wy(Law(Xo),p) + Cd*?h3. (4)

In general, MCMC algorithms are only concerned with approximating statistics of the target
distribution, and so only weak convergence is needed. Fortunately, by obtaining bounds on
the strong? error of QUICSORT, we also obtain bounds for the 2-Wasserstein error (as given
in (4)). However, as QUICSORT has state-of-the-art strong convergence properties, it may
also have advantages over purely ‘weak’ MCMC algorithms. Firstly, it is straightforward
to numerically estimate the strong convergence of QUICSORT, which could help quantify

2. Throughout the paper, the terminology “strong” error refers to the Lo (or root mean square) error.
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its efficacy or be a diagnostic for determining when the step size is too large. Similarly, we
expect high order strong convergence to be helpful when more advanced methodologies are
applied, such as adaptive timestepping (Jelin¢ic et al., 2024) or unbiased estimators based
on either synchronous coupling or Multilevel Monte Carlo techniques (Chada et al., 2024).

In Table 1, we compare the mixing rate of QUICSORT with other approximations of ULD.
For proofs of their convergence rates see Monmarché (2021), Sanz-Serna and Zygalakis
(2021, Sections 6.1 and 6.2), Paulin and Whalley (2024), Dalalyan and Riou-Durand (2020)
and Hu et al. (2021) respectively.

Numerical method Smoothness assumptions Number of steps n to achieve
on the strongly convex f an error of Wa(Law(X,,),p) <€

QUICSORT (ours) Lipschitz Gradient O(Vd/e)

+ Lipschitz Hessian O(Vd/e)

+ Lipschitz third derivative o(Vd/ 5%)
OBABO splitting Lipschitz Gradient O(Vd/e)

+ Lipschitz Hessian O(Vd/Ve)
Exponential Euler Lipschitz Gradient (’)(\/ﬁ /)
UBU splitting Lipschitz Gradient (’)(\/3 /)

+ Lipschitz Hessian (’)(\/E/\/E)

+ Strongly Lipschitz Hessian (9(\4/3 /VE)
ALUM Lipschitz Gradient O(Vd/e3)

Table 1: Summary of complexities for ULD methods (with respect to 2-Wasserstein error).

We can numerically verify the mixing rates for most of these methods by estimating their
strong error at a large time 7. This involves comparing the numerical solution obtained
by the method using both large and small step sizes. To ensure that these two numerical
solutions are close, we will apply methods using the same underlying Brownian motion.
The estimated strong convergence rates for some of the numerical methods in Table 1 are
presented in Figure 1. We give a more detailed description of our experiments in Section 4.
To help facilitate applications, our QUICSORT method has been implemented in Diffrax
(Kidger, 2021), which is a high performance open-source software package for ODE and
SDE simulation (see docs.kidger.site/diffrax/examples/underdamped_langevin_example).

The paper is organised as follows. In Section 2 we establish our key notation, definitions
and assumptions. We also provide an outline for the derivation of the QUICSORT method.
In Section 3, we present our main results (first, second and third order convergence rates
for the QUICSORT method) and describe our strategy of proof. In Section 4, we provide
experiments demonstrating the convergence and efficacy of the QUICSORT method as an
MCMC algorithm for performing Bayesian logistic regression on real-world data. Finally,
the technical details of our non-asymptotic error analysis can be found in the appendix.
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Figure 1: Empirical validation of the complexities in Table 1. Here, the numerical methods
are applied to simulate underdamped Langevin dynamics where the potential f is obtained

from a Bayesian logistic regression that is applied to the Titanic passenger survival dataset
(Hendricks, 2015). We compute the Monte Carlo estimators for the strong error at 7' = 100.

2. Notation, definitions and derivation of the QUICSORT method

In this section, we present some of the notation, definitions and assumptions for the paper.
We then provide an informal derivation of the QUICSORT method (3).

Throughout the paper, we use || - ||2 to denote the standard Euclidean norm on R? and R??.
Along with the Euclidean norm, we will use the usual inner product (-, -) with (v,v) = ||v||3.

We shall now briefly recall the notions of tensor and operator norms. For k& > 1, a k-tensor
on R is an element of the d*-dimensional space R4 ¢ We can interpret a k-tensor on
R? as a multilinear map into R with & arguments from RY. Hence, for k-tensor T' on R?
(with k& > 2) and a vector v € R?, we define Tv := T'(v,---) as a (k — 1)-tensor on R?.
Using this, we can iteratively define the operator norm of T" as

172, if T e RY,
1T |op := sup ||Tv|lop, if T is a k-tensor on R? with &k > 2.
UERd,
[[o]l2<1
With a slight abuse of notation, we will write | - |2 instead of || - ||op for all k-tensors.
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2.1 Assumptions on f

The potential function f : R — R is assumed to be differentiable throughout this paper.
In addition, we will always assume that f to be m-strongly convex

Fly) > @)+ (Vi(@).y — 2} + gmlla — ylB, (A1)

and that the gradient Vf : R — R? is M;-Lipschitz continuous

IVf(z) = VI)llz < Miflz —ylla, (A.2)

for all z,y € R?. Tt is straightforward to show that the two conditions (A.1) and (A.2) are
equivalent to the Hessian of f being positive definite and satisfying mIy; < V2f(x) < Mily
(where I, is the d x d identity matrix and A < B means that 27 Az < 27 Bz for z € R?).

To establish a second order rate of convergence for the QUICSORT method, we shall assume
further that f is twice differentiable and that its Hessian V2 f is My-Lipschitz continuous

IV2f(@)v = V2 f(y)vll2 < Mollz = yll2 [[v]]2, (A.3)

and, to establish the third order convergence in Theorem 2, we additional assume that f is
three times differentiable and and that its third derivative V3 f is M3-Lipschitz continuous

IV2£ (@) (v,u) = V2 £(y) (v,u)ll2 < M|z = yll2 [vll2 [Jul2 (A.4)

for all z,y,u,v € R?

2.2 Probability notation

Suppose (2, F,P; {F:}+>0) is a filtered probability space carrying a standard d-dimensional
Brownian motion. The only SDE that we study in this paper is (2) which, under our
smoothness and convexity assumptions on f, admits a unique strong solution that is ergodic
and whose stationary measure 7 has a density m(z,v) o e/ @)=2z VI3, The numerical
methods for (2) are computed at times {t,,}n>0 with tg =0, t,+1 > t, and hy, = ty41 — .
However, for deriving our global error estimates, we assume the step sizes {h,, } are constant.
For a random variable X, taking values in either R? or R??, we define the L, norm of X as

RS

1X e, =E[IXI5]7,

for all p > 1.

2.3 Coupling and Wasserstein distance

Let p, v be probability measures on R?. A coupling between p and v is a random variable
Z = (X,Y) for which X ~ pand Y ~ v. For p > 1, we define the p-Wasserstein distance
between p and v as
Wy(p,v) == inf X—-Y|L,,
p(uy)i=  inf I,
where the above infimum is taken over all couplings of the random variables X and Y with
distributions X ~ y and Y ~ v.
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In this paper, we are interested in obtaining non-asymptotic bounds for the 2-Wasserstein
distance between the target distribution p(x) o< e~/®) and the QUICSORT method (3).
For this, we will use the standard bound between the distribution of X,, and p(z) oc e (),

WQ(Law(Xn),p) < HXn - xthLm (5)

where (x4, v;) denotes the solution of the SDE (2) started from the stationary distribution
(29, vg9) ~ 7. This then implies that x; ~ p for all ¢ > 0, which is required for (5) to hold.
Both the SDE solution (z¢,v;) and (X, V},) are obtained using the same Brownian motion.

2.4 Definition of the variables W,,, H, and K,

When Taylor expanding the SDE (2), we will obtain iterated integrals of Brownian motion.
So, in order to derive a high order scheme, we require a method of simulating these integrals.
In Foster et al. (2021), the authors use random variables (W,,, Hy,, K,), which we now define.

Definition 3 Let {t,},>0 be a sequence of times with ty = 0, t, 41 >ty and hy =ty —tp.
From the same Brownian motion W = {W;}, we define the following three random variables,

Wn = th7tn+1 = th+1 - th,

1 [t t—tn
Hn = — (th,t — h Wn> dt,

hn tn n

1 [t /1 t—ty
K, = — “hp— (t—tn) | | Wi o — —— W, | dt.
i, (g ) ()

Theorem 4 Let I; denote the d x d identity matriz. Then the three random variables,
Wy ~ N (0,hp1y), Hy ~ N (0, %hnfd) and K, ~ N (O, 7710hn.7d) are independent and

tn+1 1
th,n drl = ihan + hanu
tn

7

tn+1 T1 1 ) 1 ) ) ( )

/ thﬂ"2 d7"2 d’l”l = ghan + ihan + hnKn
in

tn

Proof The result was shown in Foster (2024, Theorem 2 and Remark 6). [ ]

For a detailed derivation of these variables, we refer the reader to Foster et al. (2020) and
Foster (2024, Section 2). The key idea underlying our QUICSORT method and its third
order convergence is the same idea underlying the SORT method in Foster et al. (2021).
Namely, we will replace the Brownian motion driving the SDE with a piecewise linear path.
By constructing the piecewise linear path W on [t,, t,+1] to match the increment W,, and
the integrals (7), the resulting ODE approximation matches the desired terms in its Taylor
expansion and achieves high order convergence. This was shown in Foster et al. (2021).
More generally, this approach can be used to design high order splitting methods for SDEs
(see Foster et al. (2024)). In our case, we will define the following piecewise linear path W.



ScotT, O’KANE, JELINCIC AND FOSTER

Definition 5 Let {t,},>0 be a sequence of times with to = 0, t, 41 >ty and hy =ty —ty.
We define an R¥*-valued piecewise linear path W = {Wi}i>0, whose n-th piece is given by

W i o (HnF6Kn) + (Wo —12K5) G, for ¢ € (i, tni1)
t = .
W, fort € {tn,tnt1}

— Brownian path — Brownian path
Piecewise linear approximation —— Piecewise linear approximation

0 0.5 1 0 0.5 1
t t

Figure 2: Brownian motion alongside the piecewise linear path W given by Definition 5
(diagram taken from Foster et al. (2021)).

2.5 Derivation of the QUICSORT method

In Foster et al. (2021), the authors construct a splitting method for the underdamped
Langevin dynamics (2) using the piecewise linear path WV defined in the previous subsection.
We will recall this splitting method and then use it to derive the QUICSORT method (3).

Definition 6 (The shifted ODE approximation of ULD) Let {t,}n>0 be a sequence
of times with tg = 0, tp41 > t, and hy = ty,41 — t,. We construct a numerical solution
{(Xn, Vi) }tn=0 by first setting some initial (Xo, Vo) ~ mo and for each n > 0 defining

(Xn+17 Vn—i—l) as
(50 = () o ()
Vit o o)’

where o := \/2yu and {(Z{',0{") }ejt, t,.1) S0lves the following Langevin-type ODE

i () = (o i) = 0% 1200 (0). v

with initial condition
7N (X 0
(5) = (37) + oo ().

We now wish to find a suitable numerical discretisation of the Langevin-type ODE (8).
We first let C, := o(W,, — 12K,,) and define a change of variables w;* := €'3;*. This gives,

d (Y _ e )
dt \wp) — \—ueVf@) +oerC, )"
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Taking the integral of both sides and expressing everything in terms of 2™ and v™ produces

T T L—e fret [T ~ e hn L AR 1
xZH-l If, + f“tﬁ - U/ / 6_7(“42)Vf(x;12) drodry +o R C,,
tn tn

v2hn
1—e

tn+1
e —u [ eI @R dr 4 0
n . "Yhn

vtn+1

We then approximate the integral terms using a two-point Gauss—Legendre quadrature.

3if

That is, we use the quadrature points Ay = and obtain

tn+1 1
/ e —Y(tn41—71) Vf( )d’r’l ~ 5hn (e)\-s-’yhnvf(%gl_p\ hn) + e)\_’yhnvf(%&+>\+hn))a
tn

and by additionally applying Fubini’s theorem

tn+1
[ ey draan
tn tn
tn+1 tn+1
/ / Tl r2 d?"l Vf( 7n2)d7“2
tn

1— —)ur’yh 1— —)\ Yhn,
hn <7 V(& h,) T 77

VI @) )

The terms Xﬁl) and XT(ZQ) in the QUICSORT method are then designed to approximate
x5 and 2, . To reduce the number of gradient evaluations, the formula for X 1)
does not involve V f. This is inspired by the UBU scheme (Sanz-Serna and Zygalakis, 2021)
which approximates the SDE solution at the midpoint of the interval before evaluating V f.
But, as X has no V f term, the resulting scheme does not match the desired expansion.
Thus, to correct this, we use a coefficient of % instead of A4 for the gradient term in X (%),

As mentioned above, the QUICSORT method is a natural extension to the UBU scheme,
with the difference being that we use a two-point Gaussian quadrature to approximate the
gradient terms instead of a midpoint approximation. Similarly, just as the UBU scheme has
a contractivity property for strongly convex f, we can show QUICSORT is also contractive.
This is precisely the reason why we can establish third order convergence guarantees for the
QUICSORT method and not the SORT method originally proposed in Foster et al. (2021).

3. Error analysis of the QUICSORT method

In this section, we will present our main results regarding the 2-Wasserstein convergence of
our new method (3) to the stationary distribution of (2). Our main theorem is given below.

Theorem 7 (Global error bound) Let {(X,,V,)}n>0 be the QUICSORT method (3)
and let {(z¢,v¢) }i>0 denote the underdamped Langevin diffusion, given by (2), with the
same underlying Brownian motion. Suppose that the assumptions (A.1) and (A.2) hold.
Suppose further that (xg,vo) ~ 7, the unique stationary measure of the diffusion process
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and that both processes have the same initial velocity Vo = vg ~ N (0,uly). Let 0 < h <1
be fixed and v > 2v/uMy. Then for all n > 0, the global error at time t = t,, has the bound

X0 — @4, I, < ce™ ™| Xo — ]|, + C1Vdh, (9)

where the contraction rate o is defined as
1 . 2 2 1
a=—min (v —uMy, um, \_vy* — §U(M1 —m) | — Kh, (10)
gl

and the constants ¢, C1, K > 0 depend only on vy, u, m and My. Therefore, if h is sufficiently
small, we have o > 0. Under the additional assumption (A.3), the error at time t,, satisfies

1X5 — 2, ||Ly < ce™ | Xo — o1, + Cadh®, (11)

where Cy > 0 is a constant depending on 7y, u, m, My and Ms.

Finally, under the additional assumption (A.4), the global error at time t = t,, has the bound

1X0 — 24, Ly < ce™ ™M Xo — zo|1, + C3d* R, (12)

where 8 = %a and C5 > 0 is a constant depending on v, u, m, My, My and Ms.

A proof for this theorem can be found in Appendix D. The various constants are given
explicitly throughout the appendices. The general recipe for the error analysis is as follows.

e At each time step t,41, we wish to bound the Ly error between the underdamped
Langevin diffusion (2) and the QUICSORT method (3) where we assume the two
processes are synchronously coupled (i.e. driven by the same Brownian motion W).

e We introduce a third process, obtained by applying the QUICSORT approximation
with step size h, to the diffusion process at each time t,.

e By showing that the QUICSORT method is contractive, we obtain an exponentially
decaying bound for the Ly distance between our approximation and this third process.

e We establish local error bounds between the true diffusion (2) and the third process.
This allows us to estimate the Ly error at time t,4+1 between the true diffusion (2)
and the QUICSORT approximation (3) in terms of the same error at time t,.

e By iteratively unfolding this local error bound, we obtain a global Ly error estimate
over the entire length of the Markov chain. In particular, due to the contractivity of

the QUICSORT method when f is strongly convex, this bound holds for all n > 0.

This approach is illustrated in Figure 3:

10
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I Local error

S==-n
(Xn+17 Vn+l)
2-Wasserstein
contraction
X,V)
PRt T
s \\
/// T --"
0/ (Xn+1’ Vn+1)

(o, Vo) e
7

N —e— Underdamped Langevin diffusion
(Xo, Vo) --4-- QUICSORT approximation
--m-- QUICSORT, different initial values

Figure 3: Diagram outlining the general strategy for our error analysis.

For the rest of the section, we outline the key results used in each step of the error analysis.

3.1 Exponential contractivity

Typically the local errors between the approximation and the diffusion process propagate
like a random walk and we would not be able to bound the global Ly error for all n > 0.
Fortunately, it is possible to remedy this by applying a suitable Ly contractivity argument.
For ULD, contractivity does not hold directly for the solution process {(x¢,v:)}s>0, but
instead holds after introducing a coordinate transformation (Eberle et al., 2019). In this
paper we use the approach introduced by Dalalyan and Riou-Durand (2020) which considers,

Wry + Vg

2 +ve) f sy
where w € [0, %’y) and z := v — w to obtain Lo contractivity. However, to establish our
higher order convergence guarantees, we prove a similar contraction result between two

synchronously coupled steps of our QUICSORT method (3). This allows us to bound the
local error at each time step in terms of global IL,, bounds of the underlying diffusion process.

Our main result for this step is as follows.

11
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Theorem 8 (Exponential contractivity of the QUICSORT method) Consider the
application of the QUICSORT method from different initial conditions (X, V) and (Y, Uy,)
at time t,,. Let (Xp41, V1) and (Yni1, Unt1) be the corresponding approzimations obtained
at time tn41 using the same Brownian motion. We define the coordinate transformations:

W, _ (wXy, +Vy) — (Y, + Uy)
Zn) \(Xp4Vy)—Yn+Un) )’

(13)
(Wn+1> _ <(an+1 + Vag1) — (wYny1 + Un—‘,—l))

Znt1 (2Xn41 + Vng1) — (2Yng1 + Unt1)

where w € [0,1v) and 2 = v — w. Then under the assumptions (A.1) and (A.2), we have

(IWatille + 1 Zn+1llL,) < e ([WallL, + 1 Zall.), (14)
for alln >0 and hy, € (0,1], where the contraction rate « is given by

1 1
a= min <('y —w)? — uMy, um — w?, (A(y— w)? — )\+w2) - §u(M1 - m)) — Khy,,

v — 2w
(15)

for some constant K > 0 not depending on h,,.

A proof of the above can be found in Appendix B.

3.2 Global L, bounds for underdamped Langevin dynamics

Over each time interval [t,,, t,,+1], we wish to iteratively bound the error at t,,11 in terms of
the error at time t,,. In order to obtain estimates independently of the current position and
momentum of the SDE, we use the global L, bounds of underdamped Langevin dynamics.
In particular, by using the moments of the momentum’s stationary distribution (o< e=7)
and extending Dalalyan (2017, Lemma 2), we will establish the following global L,, bounds.

Theorem 9 (Global L, bounds for ULD) Let {(z,v¢)}+>0 be the underdamped Langevin
diffusion (2) with initial condition (xg,vo) ~ w, the stationary distribution of the process.
Then, for allp > 1,

[villL,, < C(p)Vud, (16)

where C(p) = [(2p — 1)!!]ﬁ. Here, !! denotes the standard double factorial for odd numbers.

In addition, under the assumption that the gradient of f is Mi-Lipschitz continuous, we
have

IVf(zi)lL,, < Clp)V Mid, (17)
forallp > 1.

A proof of the above can be found in Appendix A.
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3.3 Local error estimates

We wish to estimate the absolute average difference (local weak error) and the mean squared
difference (local strong error) between ULD and its QUICSORT approximation over the
interval [t,,,t,+1] when the processes are synchronously coupled and coincide at time ¢,.
By applying a contraction argument to the approximation and not to the SDE itself, we
can use the global L, bounds for the diffusion process when bounding each local error.
Furthermore, under the smoothness assumptions on the scalar potential f, we are also able
to estimate all of the error terms involving derivatives of f.

Theorem 10 (Local error bounds) Let @, = (X, V,) be the QUICSORT scheme (3)
and q; = (x4, v¢) denote the underdamped Langevin diffusion (2) with the same underlying
Brownian motion. Suppose the assumptions (A.1) and (A.2) hold and assume further that
(zo,v9) ~ m, the unique stationary distribution of the diffusion process. Let 0 < h, <1

be fized. Then, if Qn = qi, at time t,, the local strong and weak errors at time tp+1 are
bounded by

HQnJrl — Aty H]L2 < Cs(l) \/gh%w HE[QnJrl - Qthrl] ”2 < 01511) \/Eh%w (18)

where C’S(l), CQS}) > 0 are finite constants depending on v, u, m and M.

Under the additional assumption (A.3), the local strong and weak errors are bounded by
HQn-ﬁ-l — Aty H]L2 < 05(2)0”’%’ HE[QR-H - qtn+1] H2 < 015;2)th7 (19)

where CS(2), CQE,Q) > 0 are finite constants depending on v, u, m, My and M,.

Finally, under the additional assumption (A.4), the local errors are bounded by
HQn—&-l — Qtpiq H]LQ < 08(3) dl'shiﬁv HE[Qn-‘rl - Qtn+1] HZ < 015;3) d1'5hf“ (20)
where Cg,(?’), 045,3) > 0 are finite constants depending on v, u, m, My, My and Ms.

A proof for the above theorem can be found in Appendix C.

13
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4. Numerical Experiments

In this section, we will present experiments to demonstrate the convergence properties of
the proposed QUICSORT method (3). Firstly, we shall compare the QUICSORT method
to other approximations of ULD and empirically verify its third order convergence rate.
Secondly, we will show the efficacy of QUICSORT as an MCMC algorithm for performing
Bayesian logistic regression on real-world data. In particular, in our highest dimensional
datasets, we observe that QUICSORT (and the UBU splitting) have faster mixing times
than the popular “No U-Turn Sampler” (NUTS) introduced in Hoffman and Gelman (2014).

The code for our experiments can be found at github.com/andyElking/ThirdOrderLMC.
The ULD-based MCMC sampling was done by simulating ULD using Diffrax (Kidger, 2021)
and we used the package NumPyro (Phan et al., 2019) to generate samples using NUTS.

To begin, we will define the logistic regression model that we aim to generate samples from.

Given a labelled dataset D = {(x;, yi) }1<i<m with features x; € R¢ and labels y; € {—1,1},

the logistic regression aims to find weights § € R? and a bias b € R such that the relation
1

1+ exp(—((0,2:) + b))’

is a good model for the data. Specifically, we would like to maximise the likelihood

Po,p(yi = 1]zi) =

1

p(D|0.b) = El+exp yil(B.23) 4 )

(21)

For Bayesian logistic regression, we impose a prior distribution on the parameters 0 = (0,b)
and aim to generate samples from the posterior distribution p(6|D) given by Bayes’ rule:

iy _ P(D1O)p(6)

In this section, we will use the following Gaussian prior distribution for the parameters 0,

(22)

6~pl) — 9~N(0, b~ N(0,1), (23)

1
—1
2Var({z:}) d)’
where Var({z;}) is the empirical variance of the dataset {z1,---,zn}. We rescale by this
variance simply as a way to normalise the inner products in (21). Whilst computing p(D)
involves an intractable integral, it disappears when we compute V f(0) = V(—log(p(0|D))).

Therefore, using Bayes’ rule (22), the scalar potential coming from our logistic regression is

:Zlog(l—i—exp(—yi((@,xi)) +b)) + H@H%—i—%b? (24)

1
i=1 4Var ({ i})

Remark 11 The logistic regression loss function is typically convex but not strongly conver.
However, due to the quadratic regularisation terms appearing due to the prior distribution,
the potential (24) is strongly convex. In addition, just as for the standard logistic regression
loss, the above potential is smooth and its derivatives are all globally Lipschitz continuous.
Thus, it satisfies the assumptions needed in our error analysis of QUICSORT (Theorem 7).

14
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4.1 Verifying the third order convergence of QUICSORT

In this subsection, we will present our experiment for empirically verifying the convergence
rates for some of the Langevin methods given in Table 1 (including the QUICSORT method).

We will be simulating the following underdamped Langevin dynamics with v =1 and v = 1,

dét = V¢ dt,

i (25)
d’Ut = —U¢ dt — Vf(@t) dt + \/ith,

where the initial condition 6y is sampled from the prior distribution (23) and vg ~ N (0, I).
The scalar potential f comes from the previously described Bayesian logistic regression
applied to the Titanic passenger survival dataset (Hendricks, 2015) and is of the form (24).
The dimensionality of the dataset is 4, so the corresponding Langevin dynamics has 0, € R°.

To estimate the strong (or ILy) convergence rate of each numerical method, we first compute
reference solutions by simulating the SDE (25) using a very fine step size (in our experiment,
we use hgne = 2716T). More precisely, since we are estimating the Lo error by Monte Carlo
simulation, we will compute a reference solution for each sample path of Brownian motion.
We used QUICSORT to compute these reference solutions due to its fast convergence rate.

For each Brownian sample path, we then simulate (25) using each numerical method with
a larger step size and compute the mean squared error against the corresponding reference
solution at time T'. By averaging over sample paths, we obtain the following estimator for
E[l XN — éTH%] where X is the numerical approximation for the SDE solution at time 7.

Definition 12 (Strong error estimator) Let T > 0 be fizred. For N > 1, we compute a
numerical solution {(Xy,Vp)} o<n<n of (25) at times t,, := nh using a step size of h = %
Similarly, let {(Xne Vineyl <o be an approvimation obtained with a smaller step size hfine-

We generate J samples of {(X,V, Xfire Vine)\Y and compute the Monte Carlo estimator:

J
1
SNg =45 > [1Xng — X8e|l5 (26)
j=1

where each pair (XNJ,XR{‘;) is computed using the same sample path of Brownian motion

and the initial condition X ; = Xg"?-e is sampled from the Gaussian prior distribution (23).

Remark 13 To simulate the SDE (25), we use the Diffrax software package (Kidger, 2021).
Given a single PRNG seed, the “Virtual Brownian Tree” in Diffrax can determine an entire
sample path of Brownian motion (including the integrals (3)) up to a user-specified tolerance.
This then makes it straightforward to generate multiple different numerical solutions using
the same Brownian sample path. The various algorithmic details and Brownian bridge
constructions used by Diffrax’s Virtual Brownian Tree can be found in Jelinéic et al. (2024).
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Figure 4: Empirical validation of the complexities in Table 1. Here, each numerical method
is used to simulate the underdamped Langevin dynamics (25) where the potential f is
obtained from a Bayesian logistic regression applied to the Titanic passenger survival dataset
(Hendricks, 2015). The Monte Carlo estimator (26) for the root mean square (RMS) error
is estimated at time T = 100 using J = 1000 samples. Instead of the number of steps,
we report the number of evaluations of V f since that is often the most computationally
expensive part of gradient-based MCMC.

From Figure 4, we can see that the numerical methods for ULD (25) achieve their theoretical
rates of convergence with the QUICSORT method exhibiting a third order convergence rate.

When the step size is large, the QUICSORT method performs similarly to the UBU splitting
method (Sanz-Serna and Zygalakis, 2021) which has only one gradient evaluation per step.
However, as the step size becomes smaller, the third order convergence of QUICSORT makes
it significantly more accurate than the UBU scheme — which is second order convergent.
As one would expect, the exponential Euler scheme proposed in (Cheng et al., 2018) is the
least accurate among the numerical methods and only shows a first order convergence rate.

However, estimating the strong convergence only gives an small indication of each methods’
efficacy as an MCMC algorithm. In the next subsection, we shall investigate this further.
4.2 Mixing time experiments against the No U-Turn Sampler (NUTS)

In this subsection, we compare the QUICSORT and UBU methods against the No U-Turn
Sampler (NUTS) for performing Bayesian logistic regression with target distribution (22)
and Gaussian prior (23). We test using 14 datasets with dimension d ranging from 3 to 617.
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The first 13 datasets are those used in the Bayesian logistic experiments in Li et al. (2023).
For the final dataset, we use the ISOLET dataset (Cole and Fanty, 1991) with d = 617 and
26 classes (letters of the alphabet), but we only use “A” and “B” for our logistic regression.

We would like to observe how quickly the MCMC chains approach the target distribution.
Inspired by Li et al. (2023), we will compute the following metrics to assess this convergence.

e Energy distance
d?(p1,v) = 2Ex v [|1X = Y] = Exop xrmp [|1X = X'[l2] = By yrnn [[IY = Y|2],

where the random variables (X,Y, X’ Y”’) within the expectations are independent.
This is the Maximum Mean Discrepancy (MMD) obtained from the negative distance
kernel k(x,y) := —|lx — y||2 and is explicitly computable when p and v are discrete.

e 2-Wasserstein distance

Wa(p,v) = (X,Y)iIle(#XV) HX - Y”L27
where the above infimum is taken over all couplings of the random variables X and
Y with distributions X ~ p and Y ~ v. If p and v are empirical distributions with J
points each, it becomes very computationally expensive to find an optimal coupling
between p and v (as J increases). For estimating the 2-Wasserstein distance between
distributions, we use the Python Optimal Transport package (Flamary et al., 2021).

We present the results for 6 out of the 14 datasets in Figure 5. Here, we generate a collection
of ‘ground truth” samples using NUTS with a sufficiently large number of iterations and,
at regular time intervals, compare against the samples from different MCMC algorithms
(QUICSORT and UBU applied to ULD (25) as well as NUTS applied to the target (22)).
Results for the other 8 datasets can be found at github.com/andyElking/ThirdOrderLMC.

In half of the datasets, we observed that NUTS converged significantly faster to the target
distribution (22) than the numerical methods for ULD. This is perhaps unsuprising since
NUTS is widely considered the “go-to” algorithm for performing gradient-based MCMC.
However, in the two highest dimensional datasets, splice (d = 61) and isolet (d = 617), the
Langevin numerical methods converge faster than NUTS (after an initial burn-in period).
Hence, exploring these algorithms in higher dimensional settings is a topic of future work.

In these experiments, we were able to achieve good performance from the two Langevin
numerical methods with a relatively large step size. However, as we observed in Figure 4,
the strong accuracy of QUICSORT and UBU become very similar as the step size increases.
This appears to carry over when we investigate the weak convergence of the algorithms as
the QUICSORT and UBU methods give near identical performances across all 14 datasets.
In these experiments, we set hquicsort = 2husu so that the QUICSORT and UBU chains
require the same number of gradient evaluations (i.e. to have essentially the same cost).
Since both the energy and 2-Wasserstein distance become computationally expensive for
large collections of particles, it is difficult to accurately compare the stationary distributions
of the QUICSORT and UBU methods. Given the smoothness of the potential, we expect
QUICSORT would have a better stationary distribution due to its faster convergence rate.
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Figure 5: For each of the 14 datasets we ran 2 independent chains of NUTS and the
same number of Langevin trajectories simulated using the UBU and QUICSORT methods.
At regular intervals along the run we compared these 2! particles against the “ground
truth” samples, which were obtained using NUTS with a sufficiently long burn-in period.
We computed both the energy distance and the 2-Wasserstein distance (the latter on a
subsample of size 2!1). These distances are plotted against the number of times the gradient
V f was evaluated up to that point in the run. We present 6 of the 14 plots here and the
rest can be found at github.com/andyFElking/ThirdOrderLMC. We ran the experiment five
times (with different PRNG seeds) and present the standard deviation as the shaded regions.
Although different step sizes are used for different datasets, we choose the step size to be as
large as possible and set hquicsort = 2hygu so that the ULD methods have similar cost.
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5. Conclusion and future work

In this paper, we presented a numerical method for underdamped Langevin dynamcis (ULD)
called QUICSORT?, which can be seen as a particular discretisation of the “Shifted ODE”
introduced in Foster et al. (2021). Under strong convexity and smoothness assumptions on
the potential f, we obtain first, second and third order Ly error bounds for QUICSORT.
In particular, by establishing a contraction property for QUICSORT, these non-asymptotic
bounds hold over the entire trajectory of the numerical solutions. Therefore, when used as
an MCMC algorithm to sample from a log-concave target distribution p(z) e f@) we can
bound the 2-Wasserstein error between p and the distribution of the QUICSORT samples.

Whilst similar bounds have been established for second order methods (such as for the UBU
scheme by Sanz-Serna and Zygalakis (2021)), we believe that QUICSORT is the only ULD
numerical method with third order convergence guarantees. Foster et al. (2021) obtained
similar third order non-asymptotic bounds for the shifted ODE, but these bounds require
the ODE to be solved exactly. Although other third order numerical methods for ULD
have been proposed, they involve computing the Hessian V2f which is often challenging
for high-dimensional applications. We refer the reader to Milstein and Tretyakov (2003);
Shkerin and Sibiryakov (2025) for examples of such derivative-based third order methods.

Finally, to support our theory, we presented numerical experiments where we demonstrated
the third order convergence of QUICSORT and showed that it can outperform the widely-
used No U-Turn Sampler (NUTS) as an MCMC algorithm for Bayesian logistic regression.
However, in our MCMC experiments, we found that QUICSORT and UBU performed near
identically across all 14 datasets. We expect this is simply due to the large step sizes used.

As well as considering more sophisticated Bayesian models, we would also like to explore the
applications of Langevin-based MCMC algorithms with adaptive step sizes. In particular,
Jelinéic et al. (2024) conduct additional Bayesian logistic regression experiments using the
QUICSORT method with an adaptive step size controller. This was possible thanks to the
“Virtual Brownian Tree” proposed by the authors and available in Diffrax (Kidger, 2021).

These adaptive step sizes are determined using Proportional Integral (PI) controllers, which
are commonly used for numerical ODE simulation but have seen relatively little use for SDEs
(Burrage et al., 2004; Ilie et al., 2015). Whilst QUICSORT with adaptive step sizes usually
performed comparably to QUICSORT with constant step sizes, there were several datasets
(including the two with the highest dimensions) where there was a significant improvement.
These results are shown in Figure 6 and clearly demonstrates that PI step size controllers
(which are very well supported by Diffrax) show great promise for Langevin-based MCMC.

In Chada et al. (2024), it is shown that the UBU method can be applied to perform unbiased
MCMC estimation (even with inexact gradients) using Multilevel Monte Carlo techniques.
Thus, a natural topic of future work would be to apply their methodology with QUICSORT.
As a further topic, it may also be possible to apply their approach with adaptive step sizes.

Another direction of future research would be to apply the QUICSORT method to the
Kinetic Interacting Particle Langevin Diffusion proposed by Valsecchi Oliva and Akyildiz
(2024) for the joint estimation of latent variables and parameters in latent variable models.

3. QUadrature Inspired and Contractive Shifted ODE with Runge-Kutta Three
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Figure 6: Using the same the target distribution and experimental setup as before, the
QUICSORT method with constant and adaptive step sizes is now compared against NUTS.
These adaptive step sizes are determined using a PI controller with parameters Kp = 0.1
and K; = 0.4 (along with a user-specified tolerance and initial step size). We note that these
are close to the parameters (Kp, K7) = (0.1,0.3) recommended by Ilie et al. (2015). Similar
to Jelinéic¢ et al. (2024), we report the convergence results in the energy distance for three
of the datasets (including the two highest dimensional ones), however the code and results
for all 14 datasets can be found at github.com/andyElking/Single-seed_BrownianMotion.

Finally, another avenue of future research would be to improve the QUICSORT method
by using “exponential” iterated integrals of the Brownian motion instead of (W, H,, Ky).
This could then allow us to better match the following stochastic Taylor expansion of ULD:

1 —e 7(tn+1 tn tn+1
Thos = Tty + < )vtn [ [ eV dran
tn
tn+1
n s

tn41 tn+1
Vi = e’V(t"“*t")vtn + / e*'y(t”“*”)Vf(xrl) dri + \/2fyu/ e Vtnt1-71) dw,,,
tn tn

In particular, we could construct a piecewise linear path W on the interval [s,t] such that

t
/ (t 7‘1) dW / —’y(t 7’1) dW
/ / Vr1=r2) g, dry = / / V=) qW,, diey
t 1 2 __
/ 6_7@_”)/ / e~ V(r2—73) AW, dro dr :/ e V(t— Tl)/ / (r2=rs) AW, dra dry .

If the path {(r, Wr)} had increments (0, A), (t —s, B), (0, C), then the first integral becomes

t __ 1 — e (t—9)
e aw, = ¢4 41— B4+ O
s v ’)/(t - S) ~
vertical jump at r=s N~— —oQ ——r jump at r=t
linear piece
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~
1 Cdd

h

Figure 7: Illustration of the piecewise linear path W with increments A, B and C to match
“exponential” iterated integrals of Brownian motion. Here, h =t — s denotes the step size.

Repeating for the other iterated integrals and substituting h = t — s, the problem of
finding the increments A, B and C would reduce to solving the linear system Mx = b where

1—eh

e—h — 1 ft e V(=) qw,.,
fY S
M=| 1= el g, b= Jo STt et aw, dny
Y Y
e (1) e 2R b2 Jg et [ [ e mrs) AW, diy diy
p; Vh

and x = (A, B,C)T. Since they are all linear functions of W, the iterated integrals in b are
jointly Gaussian, but their covariance matrix would need to be computed to generate them.
Using these increments it is then straightforward to modify the QUICSORT method with
(Hy, + 6K,,) replaced by A, (W,, —12K,,) replaced by B and (H,, — 6K,,) replaced by C.
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Appendix A. Preliminary theorems

In this section, we detail several useful theorems that are crucial to proving our main results.

Theorem 14 (Global L, bounds of V f(x;)) Let {(z¢,v)}t>0 denote the underdamped
Langevin diffusion (2) with initial condition (xg,vg) ~ m, the unique stationary distribu-
tion of the diffusion process. Under the assumption that the gradient of f is My-Lipschitz
continuous then

IV f o)l < [@2p- 1)"] M d, (27)
for all p > 1. Here, we use !! to denote the standard double factorial for odd numbers.

Proof Our strategy is to prove (27) by induction for d = 1, and then extend it for d > 1.
Recall that ULD has the stationary distribution

wlavo) scexp (= 1(a) = ool ).

Therefore, if (zo,v9) ~ 7 then (x¢,v¢) ~ w for all t > 0.

For d = 1, we first consider the case where p = 1. Define

w(z) = —f'(2)7(2),

B[ @] = [ (@)= [ 1) [f'm) [ f”(y)dy} n(z) d
:—f’(O)/ d:c—/ / " (y)7(z) dy dx,

by the fundamental theorem of calculus. For 7 to be well defined as a probability measure
we require 7(z) — 0 as & — £oo. Hence [ 7(z)dx = limy_o0 (7(x) — 7(—2)) = 0 and

E[(f / /f” 2) dy dx
/ / 1y dydw/_io/zof"() (x) dy dz
/ / () da:dy+/;/:f”()()dﬂcdy
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) 0 [
— /0 ) (y) dy + / P dy = / @) de

by Fubini’s theorem and the properties of 7, which in turn implies

E[(f'(2))*] <M,
as the derivative f’ being M;-Lipschitz implies that f” is bounded by M; almost everywhere.

For the inductive step, we will assume that for p =n

}E[(f’(z:))%} - /OO (' (@) n(z) do < (2n — 1)1 M,

—00

and for p =n + 1, we define

#(z) = (f(2) "7 ().
Notice that

2 (w) = 208" (@) (P @) wla) — (7)) ),

So rearranging gives

Fla)m(@) = 2nf" (@) (f ()" 'x(z) - 7' (2).

Therefore, from the definition of 7 and the above identity, we have

E[(f’(x))Q(nH)}

- / " @[ @) (@) de

- [ 1@ [2nf”<m> (/@)™ 7(a) %'(w)} da

—2n/ F(@) (f () *"x d:c—/ #(0 dm—/ /f” z) dy dz,

by the fundamental theorem of calculus.

Since f x) dzx is bounded (by the 1nductlon hypothesis) and 7 is non-negative, it follows

that 7(z ) — 0 as & — Foo. Therefore [ 7'(2)dx = limy_o0 (7(2) — T(—2)) = 0 and
2(n+1

E[ (/@) ]

x) dy dz

—on [y wwyde— [* ["rw dydx+/ /f”
:2n/oo f”(a:)(f’( da:—/ / " (y) d:vdy—i—/ / f"(y)7'(z) dx dy
/ F(@) (f' (@) 7 dx+/ f(

by Fubini’s theorem and the property that 7(z) — 0 as * — oo.

=2n
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Hence, by the definition of 7 and the fact that |f”(z)| < M; almost everywhere, we have
X 2(n+1) < / 2n n+1
(f'(2)) m(x)dr = (2n+1) (@) (f ()7 (z)de < (2n + )N M]T
— 0o —00
Since this bound is true for p = 1, it is also true for all p > 1 by induction.

For a general dimension d > 1, we can apply this bound to each partial derivative of f, as
each marginal distribution of 7 is of the form exp(—g(x;)) where g is Mj-Lipschitz. Then

IRt

by the triangle inequality followed by Jensen’s inequality (Foster et al., 2021, Theorem A.1).
Therefore

d

»

=1

of

(9:62'

of
89@

E|||V/@)]] = E

s[jvsl] <o w2

as required. |

] < (2p— DI (M),

Remark 15 The above theorem can also be shown directly from the sub-Gaussianity of
the stationary distribution. Therefore, the result holds more generally for an ergodic SDE
initialised at its (sub-Gaussian) stationary distribution. Indeed, an alternative proof would
involve using the strong concavity of m to deduce a logarithmic Sobolev inequality for w
(Bakry et al., 2013), from which sub-Gaussianity follows via Herbst’s argument.

Remark 16 A direct implication of Theorem 1/ are the following bounds:

IVF@)ly, < vM
IVs @]y, <f\/ (28)
IVF@olly, < V15vM

Theorem 17 Let Z = (ZW, ..., Z@®) € R? denote a centered d-dimensional Gaussian
multivariate random variable such that Cov(Z) = 0214 for some o € R. Then

1Z]|L,, < [(2p — 1125 Vo2d, (29)
forallp > 1.

Proof First consider the case when d = 1 using the marginal Z() ~ N(0,02). It is a
standard result (Bulmer, 1979, Chapter 7) that the (2p)-th moment of Z( is

E[(Zz)%] = (2p — 1) o™
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Then by Jensen’s inequality (Foster et al., 2021, Theorem A.1), we have

d P
E <Z(Z() > ] <dP~ IZE[ QP} < dP” IZ (2p — D o?P = (2p — 1)1 o?PdP.
i=1 i=1
The result now directly follows since the left hand side is precisely equal to ||Z H%; - [ ]

Corollary 18 (Global L, bounds of v;) Let {(z¢,v¢) }+>0 be the underdamped Langevin
diffusion with initial condition (zg,vy) ~ 7, the stationary distribution of the process. Then

1
[0t < [(2p = DI Vud, (30)
forallp > 1.

Proof The stationary distribution of ULD (2) can be written explicitly as
(z,v) - f(z) - *1 | ”2
m(x,v) < ex f(z v .
’ P 2u" 2

Thus, v; has a centred d-dimensional multivariate Gaussian distribution with Var(v,’ u
The result now immediately follows by Theorem 17. |

Remark 19 A direct implication of the Theorem 18 are the following bounds:

Hth]Lz < Vud,
lvell, < V3V'ud, (31)
|vellLe < V15V ud.

Theorem 20 Let {t,}n>0 be a sequence of times with to = 0, tp11 > t,, and hy, = tpi1—1tp.
Similar to the random variables given by (6), we define

1 [tat1 /1 1 1 t—t
M, = — B2 = (=t )yt =(t—t)? ) (W s — “w,, | dt. 32

Then M,, ~ N( , 100800h Id) is also independent of Wy, H, and K,,. Furthermore,
tn+1 T2
/ / Wiy s drs dradry = o 4h;’;W + 20}7,;”; n + h3 K, +h3M, (33)
t"/ tn tn

Proof One can derive (32) as a coefficient in a polynomial expansion of Brownian motion
(see Foster et al. (2020, Theorem 2.2)). It is then straightforward to prove the identity (33)
using integration by parts and Theorem 4. |
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Corollary 21 Let W,, H,, K, and M, be the centred Gaussian random variables defined
in equations (6) and (32). Then, for all p > 1, we have the bounds

i 1 /1
WallL,, <[2p— D2/ dhn 1Hnle, < [(2p = NPy ) 5 dhn,
(34)
1 1 1
K, <[(2 —1!!7\/—dhn, M, <[(2p—1)!]2r dhy,
Proof The result follows immediately from Theorem 17. |

To help simplify the notation (especially for long calculations), we make the below definition.
Definition 22 For all time intervals [ty,,tn11], we define the following functions,
1 — e @Vhn e~V 4 xyh

o) =M i) = T ala) = ﬁ””.<m

Theorem 23 Consider a combination of the ¢; functions given by equation (35),
n m
=> ] ba, (b:),
i=1 j=1

where a € {0, 1, 2}™ and b € {Ay, A_, 1}" <™. Then

[p(h)| < A==t 97 Zim L ) N T (b ). (36)

=1 j=1
Proof Without loss of generality, we write

. 1—e 27 e~ 4 gyh — 1
Goleh) = Gileh) = ala) = T

and note that

xh zh
mm#é%mm ¢WL//¢ummm

Since |¢o(z, h)| <1 for all z,h > 0, then

zh zh
|¢1wh|_‘/ gboltdt' /0 |¢0(1t)|dt</ 1dt = zh,

zh zh
|¢23§‘h|—‘/ / ¢017“2 d?“gd’l"l / / |¢017“2|d7“2d7“1< a:h

Therefore, by the triangle inequality
n

M IECHIEDY = > 11 I, (0)]
i=1 i=1 j=1

i=1j=1

H ¢aa‘ (bi,j )

J=1
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The result now follows after taking the inequalities of the ¢; functions and rearranging. W

To end this section, we present a few useful results for estimating terms in Taylor expansions.
Theorem 24 Under the assumptions (A.1) and (A.2), we have
mllvllz, < [[V2f(2)oll, < Mo, (37)
for all z,v € R® and p > 1. Furthermore, for all x,v1,vo € R and p > 1,
HVQf(a:)vl — V2f(l‘)U2H]LP < My|lvy — vz, - (38)
Under the additional assumption (A.3)
[V2f(@n)o = V2 f(@2)v|, < Malz1 — 22y, 0], (39)
for all x1,xz2,v € R and p > 1. In addition, we have
Hv3f(a;)(v1,v2)HLp < Maljvr|Ly, [[v2llLy, » (40)
and
|V f () (v1,v2) — ng(ﬂf)(?flvUB)HLp < Malvi Ly, l[ve — vsllLa, » (41)
for all z,v1,ve,v3 € R and p > 1. Finally, under the additional assumption (A.4)
V2 f (1) (v1,v2) = V2 f(w2) (01, Uz)HLp < Ms|x1 — 22|Ls, [[v1 |13, [[v2]|1Ls, » (42)
for all x1,x9,v1,v0 € R andp > 1.

Proof These inequalities follow from the definitions of I, norm and Lipschitz continuity,
along with an application of Holder’s inequality. |

Theorem 25 Let ¢ > 0 be a fized constant. Then for vectors x,y € R%, we have
() < Sllal + o I3 (43)
=9 2c

Proof Using the Cauchy-Schwarz and Young inequalities, we obtain

1 1 9 1 2 1 , 1 ,
JE— < _ - _ 1
ﬁy'L < 2(\\\@:\\2 + Hﬁy 2> > (cllzl3 + - 3).

as required. |

(@) = (Vew, ) <||Veall,
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Appendix B. Exponential contractivity of the QUICSORT method

In this section, we will prove Theorem 8, which gives the contractivity of the QUICSORT
method. Our first step will be to write the QUICSORT method (3) as the sum of two terms,

Xn+1 - Xn+1 + yna Vn+1 - Vn+1 + Vna (44)
where
V() .=V, + o(H, + 6K,),
~ 1— e A-"hn _ —A_vhn _~vh, —1
WX, +— gy © +;\ gl .
v Y
—Aivhn
- )L
~ 1 — e Mrhn L 1— e 37hn ~ —A+7hn -1
X=X, +— O 227 X D)h, + & A =l
v v v
~A_~hn
T i e A LA (R, 4 L - e
~ ~ 1 — e~ A-"7hn ~ 1— e A-hn _ S (N W S |
Kpr = XD - L2 g RO+ -0 A g
g v Y
Vo1 := VO +0(H, - 6K,),
and
Xy = %(1 — e e_(%+>")7h" + e_)‘+7h”>qu()~(,gl))hn,
g

V= %(e_(%w")“’h” — e_”\”h")qu()NQ(Ll))hn.

The procedure for showing that the QUICSORT approximation is contractive is as follows.
Since proving contractivity for a map with multiple gradient evaluations can be difficult, we
will split the entire step (X, V) = (Xpn+1, Vat1) into the following three smaller mappings:

(Xn7 Vn) — ()?T(LQ) ) ‘7n(2))7 ()?T(LQ) ) ‘771(2)) — ()zn—i-l ) ‘771—&-1)7 ()A(:n—‘rl ) ‘771—1—1) — (Xn-‘,-l ) Vn+1)-

The first two maps are designed to resemble the UBU and Exponential Euler schemes (Sanz-
Serna and Zygalakis, 2021) and so, by similar techniques, can be shown to be contractive.
The final map is simply adding the correction term (Yn,Vn), which we will show is small.
Theorem 26 Consider the two approzimations (X,V) and (Y,U) under the mappings
(X0, Vo) — ()Z}(LQ) , 17752)) and (Y, U,) — (17752),(77(?)) driven by the same Brownian motion
but evolved from initial conditions (X, V) and (Yy,Uy). We define the transformations,

(Wn> _ ((an +V,) = (wYy + Un)> |

Zn (zXn + Vn) — (zYn + Un)

N\ ((@xP? v - (wn® 1)
zV) T\ XD v - P ) )

(45)
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where w € [0,1v) and 2 =~y —w. Then, under assumptions (A.1) and (A.2), we have
(IR, +1Z28012,) < (0= arha) (IWall?, + 11 ZalF,), (46)
for all 0 < h, <1 and n > 0 where

2\ 2% — uM — 22 w?
O[1:(/\+z ubMy) A (um >\+w)—K1hn, (47)

Z—w

for some constant K1 > 0 not depending on h, .

Proof We can unfold the mappings and then simplify notation using the ¢; functions (35).
The noise terms cancel out due to the synchronous coupling, which first yields

v oM = v, —U,,

n

~ -~ _ = A_~hn
XT(Ll) - Yn(l) = Xn - Yn + 167(‘/71 - Un)
Y

= Xy, — Yo+ 1(A_) (Vi — Up).

Since we assume that f is twice differentiable, we can use Taylor’s theorem to define?

~ o~ 1 ~ ~ ~ ~ ~
VHED) - VHED) = [ VHED 4o @0 - XO))ar (£ - T,0)
0

D
= HO[(Xn — Vo) + 61(A2) (Vo — Un)],

where 7—[,(11) € R¥? is a symmetric positive semidefinite matrix which, from the assumptions

(A.1) and (A.2), additionally satisfies mI; < # < Mi1y.

Then the next stage in the mappings yields following differences,
V@ g
1 ~ ~
_ e—)\+’yhn(Vn _ Un) _ §€—§’yhnuhn (Vf(Xr(Ll)) _ vf(yn(l)))

_ [_ b (;)%“] (X, V) + [¢0(A+>Id - ;Uhn¢o(;)¢1()\—)7'l¢(zl)] (Vo = Un),

— e M7ha e~ 37hn - -

_ [Id ~ whnin (;)wﬂ (Xn — Vo) + [qﬁl(mfd — uhntn (;) @(L)Hﬂ (Vo — Un).

4. The following definition is still valid even if we do not assume that the potential f is twice differentiable.
By Rademacher’s theorem (Federer, 1969, Theorem 3.1.6) since V f is Lipschitz continuous, then Vf is
almost everywhere differentiable. Therefore, as the probability of hitting a null set is 0, we can infer that
the potential function’s second derivative is sufficiently well defined to be applied in our setting.
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From the definitions of W,, and Z,,, we can write

Xn—Yn:M, Vn_Un:ZWn_

zZ—w Z—w
Thus, W,(Ll) can be expressed as
Wél) - w(f(( ) _ N( )) (‘7(2) U(2))

n

< [Id — uhnén (1 HO } [— ;uhm(;)%#)b(xn )

F 001~ uton (3) 10| - )

|01 = uatn (3 ) n (00| 71 - 02)

= - _1 - ((w [Id — whntn (;)H,S”] + [ - 1uhn<z>o (;)”HS)] ) (Zn — W)

+w|:¢1()‘+)ld_Uhn¢1( >¢1( )M )} (2Wn —wZy)

¥ [¢0<A+>fd - ;uhm(g)(pl@_m@] (W — wzn>>

= 1 [(—wA—B—i—wzC—i—zD)Wn—{—(wA—FB—wQC—wD)Zn},

Z—Ww

and similarly

Zfll) = L[(*ZA*BjLZQC%ZD)anL (ZAJrBfwzC'wa)Zn},

where

1 1 1
A= 1~ uhnd (3>%,<3>, B = —Zuhno (3>H53>,

C = ¢1(Ap)1g — uhngy (;) d1(A)HY, D = ¢o(Ay) g — %uhncbo <;>¢1()\—)H7(zl)-

Note the matrices A B,C,D are not only symmetric but also commute with one another.

By expanding HW" H2 and HZ we obtain

1
Emny (W,) EW,, + Z} FZ,, + 2W,] GZ,), (48)

(z —w

15
w25 + 112815 =
where
E = (w? + 2%)A? + 2B% + 22(w? + 2*)C? + 222D? + 2yAB — 2z(w? + 2?)AC
—2vzAD — 2y2BC — 42BD + 2v2%CD,
F = (w? 4 2%) A% + 2B + w?(w? + 2°)C% 4+ 2u?D? + 29vAB — 2w(w?® + 2*)AC
— 2wyAD — 2ywBC — 4wBD + 2yw?CD,
G = —(w? 4 2%)A? — 2B? — zw(w? + 2*)C? — 22wD? — 2yAB + y(w? + 2*)AC
+~*AD +~¥*BC + 2yBD — 2ywzCD.
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Whilst we could bound the terms involving A, B, C' and D by applying the inequality (36),
since —¢;(z) < |gi(z)| for all z € {Ay,A_,1} and i € {0,1} this would produce too high
an upper bound in order to prove the desired result. Instead, we will use the bounds below,

1
—¢o(z) < =1+ 27hy,, —¢1(x) < —zhy + §7x2hi.

In the following, we will also use

—he > ¢, (bi) <0,
=1

for terms with ¢ + >, a; > 2 as they do not significantly impact the contraction rate
a1 and all the ¢ functions are bounded below by 0. Using the Loewner order < and the
commutativity of the matrices A, B,C and D, we can bound the matrices F, F' and G as

E =< (w?+ 2?) (Id + %thf‘L (7—[,(11))2>
+ 2< u’h? (H(l)) ) + 2% (w? + 2?) <)\3_hild + SAQ_thg (”H,(ll))2>
12,2 (Id — 2N by + 202 2h2 T, + )\2 w2k (”H,SU)Q)
+ 27( — %uhnH,(f) + é’yuh?ﬂi,ﬁl) + 6u2hi (Hfll))Z)
+ 2z(w? + 2?) <)\+hnId + %7Aihi[d + ;uh;’;Hgl))
+ 2vz <1d — Avhols+ %A?ﬂ?hflfd + émﬂhi (Hg))2>

+2yz (;A+uhi%,§1>> + 4z (;uhnm(})) + 2722 <)\+hnId + éA%th;’; (%,21>)2>

< (-

w)? + (2 — w)hy, (uMy — 2)\+z2) +h? (72 +3v%22 + 22w? + z4)
+ B [(z + yw + 2vz)uMy + (1+ 7+ 2° + w4+ 2w +z4)u2M12])Id

_ ((z —w)2 + (2 — why (uby — 20 22) + By b2 )Id,
1 1
F = (w?+2%) (Id + guthy (H,gl))?) - 2<4u2hi (H7§1>)2>
2
+w?(w? + 2%) (Aihifd + g\ 2uh, (H;;))?)
1
+ 2uw? <Id — 2\ yho g+ 202 2R3 1, + Z)\%uflhﬁ (H}}>)2>
6 TG

+ 2fy< - %uhn?’-t,(f) + 1’yuhQ?'-[(l) + 1u2h3’1 (’Hfil))2>
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+ 2w(w? + 2?) <A+hnId + %fy)\ihifd + ;uhi‘;%gl))
+ 2yw (Id — A vhn Iy + é)\inyhZId + éA-thi (HS))Z)
+ 2yw (;)uruhi?-[ff)) + 4w (;uh,ﬂ{,ﬁl)) + 2yw? <)\+hnld + %V_u?hi (’HT@)Q)
= ((z —w)? + w)hy (2A1w? — um) + h2 (yw + 3v%w? + 2%w? + w?)
+h2 [(w + vz 4+ 2fyw)uM1 + (1 + v+ 22 +w? + 22w + w4)u2M12])Id
= ((z = w)? + (2 = w)ha (2Aw? — um) + Fy b2 ) I,
G = (w? 4 2%) ( — I+ guh%’l-[?(ll))
+ zw(w? + 2?) <)\2 h21g — AN h3 T, + ’yg)\4 hi Iy + §A+A_uhi”ﬂ§>>
250 = I+ 204 vhnla + A uhZHD)
+ yuh, Y + y(w? 4 22) (/\+hnld + é)\_uzhf’1 (HT(LD)Q)
+ 72 <Id — A vholy + %Ai%hi[d + éLuthL (H}}))?)
+7? (éA_u%;ﬁ (H,(3>)2> + 7< — uhHY + (; + A+>7uhi%£}>>
+ 27wz< — Aphalg +2902h2 1, + %A+A_uhi7{§> + ;/\_uhi?{,@)
+ %)\_’ythi (7-{7(11))2
= hi {zgw + 2w + 372211) + 722311) + ’}/2211)3 + 'y4 + (zw + 224w+ 272)uM1
+ (vaw + 22w + zw)uby + (1 4+ +~% +72° + ywz)uzMﬂ Iy

= G+h3llda

where we have used the assumption that h,, < 1 and also bounded A4 and A_ for readability.
Next, we will establish an O(h2) upper bound for W, GZ,, in terms of ||I/Vn\|ﬁ2 and ||Zn||]%2.

AW, GZy = (Wi + Z) ' G(Wy + Zn) — (W — Zn)  G(Wy, — Zy)
< (Wi + Zn) " GWy + Zo)| + |(Wh — Z0) T G(W,, — Z,,)|
< GLh2||Wa + Zo|2 + GLh2||Wi — Z 13,

which, by the triangle and Young’s inequalities, implies that

W GZn < Gt (| Walls + (1 203).
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Therefore, putting this all together gives

WOl + 12501

1
= (W, EW, + Z)FZ, +2W,] GZ,
(Z _ w)2 n n n

hy,
< IWall3 + 123 + —2 (ubdy = 224 2)|Wall3 + (22 w? — um) |1 Z,3)

zZ—Ww

h
T o) (E+||Wn||% + Pl Znll5 + 2G4 (IWall3 + ||zn||§))

hy,
< <1 + max ((uMy — 2X427), (2A1w? — um))

Z—w
h
—— (max(E, Fy) + 2G+)) (IWall3 + 11Zal13)

Ay

= (1~ arha) (IWall3 + 1 Z4]3)-

The result now follows by taking expectations of both sides. |

Similarly, we can show that the second map ()?7(12) , 17752)) — ()~(n+1 , Vn—i—l) is also contractive.

Theorem 27 Consider the two approrimations (X,V) and (Y,U) under the mappings

()?7(12), ~n(2)) — ()Z}LH,‘N/”H) and (17752),(77?)) — (}7”+1,[7n+1) that are driven by the same

Brownian motion but are evolved from the initial conditions ()N(T(E), ~n(2)) and (1771(2), ~T£2)).

Just as before, we define the following coordinate transformations,

( é”) <(wX£2) FU) - (@ +U52>)>

AR X + V) - (2% + U

<W7§2)> _ <(w5€n+1 + ‘771—1-1) - (UJ?TL—I—I + ﬁn—i—l))

Z,(Lz) (Z)?n+1 + ‘7n+1) - (Z?nﬂ + ﬁn+l)
where w € [0,1v) and z = v — w. Then, under assumptions (A.1) and (A.2), we have
(IW2N2, + 1Z22117,) < (1= aha) (IW,E, + 1257112,) (50)
for all 0 < h, <1 and n > 0 where

2\_2% — ulM —2\_w?
a2:()\z u :)_/\Lum )\w)—Kth, (51)

for some constant Ko > 0.

Proof The proof strategy is identical to that of Theorem 26. The main difference is simply
the values of the constants E, F., and G. Specifically, these constants are given by

Ey =227 +92° + 2w + 220 + 2 + (v + 9z + 20”4+ 22 uMy + (1 + y)u® M7,
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Fy = ¥*w? +yw’ + 722w + 22w + wh + (v + yw + 22w + w)uby + (1 + y)u M,
Gy = Y2w + 4+ (V2 + 22 + w?)uby.
|
Next, we will show that the third mapping (Xn+1,‘7n+1) — (Xn+1, Vag1) is always small.

Theorem 28 Consider the two approvimations (X,V) and (Y,U) under the mappings

(Xnt1, Vag1) = (Xnt1, V1) and (Yog1,Uns1) = (Yag1,Unq1) that are driven by the
same Brownian motion but evolved from initial conditions (Xn+1,Vn+1) and (Yn+1, Un+1).
Just as before, we define the following coordinate transformations,

W, B (an + Vn) — (an + Un)
Z, (2Xn+ Vo) = (2Yn+Uy) |’
) L L (52)
WTE ) _ (an —i—Vn) — (an +Un)
where w € [0,1v) and z =~ — w. Then, under assumptions (A.1) and (A.2), we have
(W2, + 122112,) < Ks i (IWall2, + 1ZallE,), (53)
for all0 < h, <1 and n > 0 where K3 > 0 is a constant not depending on h, .
Proof Again, the proof strategy is nearly identical to that of Theorem 26. Here, we use
E<E.h}, and  F < F,h,
where
EL < (1 + 4+ 2% 4 w? + 422 + 22w? +z4) u? M,
Fy < (L4422 +w? +yw? + 22w + wh) w? M7,
and

Gt < (Y +2 + 922 + ywh)u MER2.

Finally, we are now in a position to prove our main contractivity result (Theorem 8).

Theorem 29 (Contractivity of the QUICSORT method (1)) Let (X,V) and (Y,U)
denote two numerical approximations defined by the mappings (X,,Vy,) — (Xn+1,Vn+1)
and (Yn,Yn) = (Yat1,Uny1) which are driven by the same Brownian motion but evolved
from initial conditions (X, ,V,,) and (Y,,,U,). We define the coordinate transformations,

W B (an + Vn) - (an + Un)
Zn) N\ (2Xn+ Vo) = (2Yn+Up) )’
(54)
Whi) (WX i1+ Vog1) — (WYnq1 + Uny1)
<Zn+1> B ( (2Xp41 + Vog1) — (2Yng1 + Unta) ) ’
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where w € [0,15) and 2 = v —w. Then, under the assumptions (A.1) and (A.2), we have

(IWestllZ, + 1Zn41l1E,) < (1 = 20h) (IWallE, + 1Z4lE,), (55)
for all0 < h, <1 and n > 0 where
1 1
a= min [22—uMl,um w?, (A_2% = Ajw )—Eu(Ml—m)] — Khy, (56)
z—w

for some constant K > 0 not depending on h,.
Proof From the decomposition (44) and coordinate transformations (49) and (52), we have

(Wn+1> _ ((w)?,ﬂ_l + ‘7n+1) — (wffnﬂ -+ ﬁn—l—l)) n ((an +Vn) — (w?n +Un)>

Zn+1 (ijn—i-l + ‘7n+1) - (Z?n—i-l + ﬁn+1) (Zyn + Vn) - (ZYn + Un)

B WTEQ) WTSS)
o)\ )

By applying the bounds (46), (50) and (53) given by the previous theorems along with the
inequality (43) in Theorem 25 with ¢ = h2, we obtain

(IWnsallZ, + 1 ZnalIE,)

< (WP, +1Z212,) + (WS 2, + 1Z012,) + 2B[(W, W®) + (72, 7]

<+, +12821,) + (1+ 5 ) (W01, +12012,)

< (L hp) (1 = ashn) (IWVNZ, + 1ZVIE,) + (i + B Ks(IWallE, + 1 Zall,)
< (1 +hp)(1 = arha) (1 = azhy) + (hy + B K3) (IWallE, + 11 ZallE,)
< (1= 2ahn) (IWall2, + 1 ZallE,)

where
o (A+z —QuMl) ( um — )\+w) ()\ z —fuMl) ( um — A_w ) _Kn,
z—w z—w
1 [ 2 2 2 1 1
= min {z —ublMy, A z® — d_w® — —uM; + —um,
zZ—w 2 2
1 1
A_z? — )\+w2 — §uM1 + §um, um — wﬂ — Kh,
1 9 1
= min {z —uMy, um —w?, (A_22 — Aw )—iu(Ml—m)} — Khy,
z—w
and
K=1+a1+ay+a-az+ K|+ Ky + Ks.
|
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Remark 30 Provided that v* > %JuMl, the contraction rate o becomes positive if w = 0
and hy, is sufficiently small.

Remark 31 We can recover the result from Theorem 8 using the inequality 1 — x < e™*.
Although it is not strictly necessary for the proof of the global error, it does establish how
the QUICSORT method undergoes exponential contractivity at each time interval [ty tp1].

Appendix C. Local error bounds

In this section we prove the local error bounds in Theorem 10. To do so, we compare the
Taylor expansions of underdamped Langevin dynamics (2) and the QUICSORT scheme (3).

Theorem 32 (Stochastic Taylor expansion of Langevin dynamics) Let {z:, v:}i>0
be the underdamped Langevin diffusion (2). Then, for alln > 0, over any interval [ty t,11],

tn+1
Tt = Tt, + hnvtn + o ) thﬂ“l dTl + Rgl), (57&)
tn+1 1 9
=umy, + hpvy, + 0 Wi,y dirp — §hn( — Yy, — qu(mtn))
tn
tn41 r1
— o / Wi, vy dro dry + R, (57b)
tn tn
tn+1 1 9
= x4, + hpvy, +0 Wi, vy dr1 + §hn( - YV, — va(mtn))
tn
fret T Lis( 2 2
- 70’/ Wi, o dr2 dry + gl (7 vy, +yuV f(2r,) — uV f(l“tn)vtn>
tn tn
tnt1 T1 72
+ 0(72 - quf(l‘tn)) / / Wi, s drs drg dry + R, (57¢)
tn tn Jtn
tn+1 1
Uty = Vg, + Wy + hn( — Yy, — qu(xtn)) — o Wi dr + ng ), (58a)
tn
75n+1
=, +oWp, + hn( — Y, — qu(mtn)) — o Wi, dr1

tn

1
+ §h121 (Vzvtn +yuV f(xy,) — UVQf(%’tn)Utn)

tn+1 1
+o(y? —uVif(z,)) / Wi,y dro dry + R, (58b)
tn tn
tn+1
=y, + oW, + hn( — Yy, — qu(a:tn)) — o Wi, r dr,
tn
+ 1y ( 2 v —uv?
2 n ’y Utn + ’)/u f(xtn) U f(xtn)vtn
2 P fntt (71 13 3 2
+o(v" —uVf(xy,)) / Wi, o dra dry + éhn( — Y v, — Y uV f(xy,))
tn tn
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1
—p3
6 n

thel  pT1 T2
— 70 (v = 2uV?f(zt,)) / / Wi, rs drs dro dry
tn tn Jitn

b (232 f(an, Jor, — WAV f (0, )V o) = w92 (@) (01, 0,) )

tnt1 r1 T2 3
— au/ / Vo f(ay,) (vw, th,r3) drs drg dry
tn tn tn

tn+1 1
- Uu/ V3 f(1,) (vt,,, (r2 — tn)We, ) dradry + RSV, (58¢)
tn tn
where the remainder terms R;E«l), Rf) and Rg(c3) for the position component are given by
tnt1 T1 tni1 71
RV = —'y/ / Upy dry dry — u/ Vf(zy,)dradry, (59a)
tn tn tn tn
tpt1 1 pr2 tht1 71 fintd
Rg(f) =2 / / / Upy drg drg dry + 'yu/ / / V f(xr,) drs drg dry
tn tn Jtn tn tn Jtn
thtl  [fT1 T2
— u/ / V2f(a:r3)vr3 drs dry dry, (59b)
tn tn Jtn

tni1 71 T2 T3
Rf) = —7 (72 - uV2f(xtn)) / / / / Uy, drg drs dre dry
tn tn Jtn Jtn

9 9 tht1 1 T2 T3

—u(y* —uV:f(zy,)) / / / V f(xy,) drydrs drg dry
tn tn tn tn
lny1 pr1 pr2 T3

+ yu / / / VQf(:cm)vr4 dry drs drg dry

tn tn Jtn Jtn

tn1 71 T2 T3
—u / / / V3 £ (20,)(Vry  Upy ) drg drrs diro drry (59¢)

tn tn tn tn

and the remainder terms Rf,l), Rq(,z) and Rz(,3) for the momentum component are given by

tn41 r1 tn+1 T1
RV =42 / / Upy dra dry + ’yu/ V f(xy,)dradr
tn tn tn

tn

tn+1
— u/ (Vf(xm) — Vf(xtn)) dri, (60a)
tn
9 9 9 tn+1 L T2
Rf, ) = —’y(’y —uV f(mtn)) / / / Upy drs drg dry
tn tn Jtn
5 ) tnt1  fT1 fT2
— u(v —uV f(xtn)) / / V f(xry) drs drg dry
tn tn Jtn
thtl [fT1 T2
+ vu/ / V2f(:pr3)vr3 drs dry dry
tn tn Jtn
tn+1 1 5 5
- u/ / (V2 f(@ry)vry — V2 f (21, )Ury ) dradry, (60b)
tn tn
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n+1
Rl(,?’) = 2 (72 — 2uV2 f(zy,) / / / / Uy, dry drs drg dry
tn Jtn Jtn

tn+1
+ 7”(’72 - QUVZf(l‘tn)) / / / / V f(xy,) drydrs dre dry
tn tn Jtn

tn+1
- u(72 - uv2f(33tn)) / / / v2f(337‘4)vr4 dry drs dra dry
tn tn tn

tn+1
+ yu / / ng(a:m)(w4 , Urg ) drg drs dra dry
tn tn tn tn

n+1 T1 T2
+ ’YU/ / / f(a%n)(’ur4 \Vpy) dra drs dra diy
tn tn tn tn

+
<

n+1 T1
2 / / / V?’f(a:tn) (Vf(xm) , UTQ) drydrs dry dr
tn tn Jtn Jtn

_l’_

tpt1  pr1 pr2 3
'yu/ / Vo f(@t,) (Vry, (r2 — tn)vy, ) drs dro dry
t tn Jtn

tn+1 1 T2
+ u? / / V2 F(24,) (V f (@), (T2 — tn)vr,, ) drs dra dry
tn tn

tn

n+1
— u/ / (V3f(xr3)(vr3 yUpy) — V?’f(:ctn)(v,n3 , vm)) drsdrgdry. (60c)
tn tn Jtn
Proof For any r € [ty,tn41], we can rewrite the SDE (2) into integral form:
T
Ty = T, +/ vy, dry,
tn

T '
Up = Vg, — 7/ Up dry —u Vf(xy)dr + oWy, r.
tn

tn
Assuming V f is sufficiently differentiable, by the fundamental theorem of calculus, we have
Vf(mm) = Vf(mtn) + VQf(:ET'iJrI) d$T¢+1
tn

= Vf(xtn) + v2f($ri+1)vri+1 dTiJrla
tn

VQf(xTi)UT = VQf(xtn>vT’ + v3f(x7’i+l)(v7” dwti+1)

ln

= VQf(xt'n>v7’ + v3f(x7’i+1)(v7’7 vTi+1) dri+17
ln

for t, <14 <rzg <re <71y <typyi. The theorem now follows by repeatedly substituting
the above identities into the integral form of the SDE and rearranging the resulting terms. B
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Theorem 33 (ULD Remainder Bounds) Let {(x¢,v:)}i>0 be the underdamped Langevin
diffusion (2) where we assume that (zg,vg) ~ m, the stationary distribution of the process.
Let 0 < hy,, < 1 be fized and consider the remainder terms given by (59a) and (60a), defined
over the interval [t,,tn+1]. Under assumptions (A.1) and (A.2), we can bound their Lo
norms and absolute means as

175V, < €5V vang, RSV, < €50 Vah, (61)

E[RM]||, < cWVdn2, E[R(M]||, < cMVdn2, (62)
M), < cOVan? (], < CVVan?

where C’,,gl), C'v(l) > 0 are constants depending on v, u, m and M.
Under the additional assumption (A.3), we can bound the terms (59b) and (60b) as
RO, < CP Vand, RO, < CPdn3, (63)
B[], < 5 Vany,  [[E[RP]], < C2 dhy, (64)

where 0552),0152) > 0 are constants which depend on v, u, m, My and M>. Finally, under
the additional assumption (A.4), the remainder terms (59¢) and (60c) can be bounded by

RO, < ) dny, RS, < P d*n, (65)

|E[RP]|, < C dny, |E[RP]||, < ¢ at5nt, (66)

I I

where Cg£3), 053) > 0 are constants depending on v, u, m, My, My and Ms.
Proof Suppose that 42 > 2uM;. Then for all z,v € RY,
(72 = 2uV2 f(@)ol|, < (0P = uV2f(@)ol, < (O —um)|of|w,.

We can derive the local error bounds (61), (63) and (65) for the position variable using this
inequality, Fubini’s theorem and the bounds (28), (31), (37) and (40) given in Appendix A.

tnt1 r1 tn+1 T1
HRQ(Cl)HLZSV/ / H%Hmrzdm+u/ / IV £, dradry
tn tn tn tn
< %hi(v@—l—ux/ M d)

= CyVdny,

tnt1 r1 T2
IR <2 [ [ [ e dradradr
tn+1 r1 tn+1
—i—’yu/t / / HVf(nU,,g)H]L2 drsz drs dry

tn+1
+ u/ / / HV2 f(@rg)vpg ||, drs dra dry
tn t" 'Vl
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< %hi (72\/ﬁ+ yuy/ My d + uMn/iE)

= C{Vdhy,

3 9 tn+1 1 2 3
IR s <5 = am) [ [ 7 [ ol dradradra
tn tn Jtn Jtn
9 tna1 1 T2 3
+ u(y —um)/ / / / HV]”(:UM)H]L2 drg drs drg drq
tn tn Jtn Jtn
tn+1 rL T2 T3 5
—i—’yu/ / / / HV f(xm)va]L2 dry drs drg dry
tn tn Jtn Jtn

tn+1 1 T2 T3 3
+u/ / / / HV f(acm)(vm,1),«3)HIL2 drydrs drg dr
tn tn Jtn Jtn

1
< —pd (7(72 — um)Vud + u(y? — um)y/Myd + yuMVud + \/§M2“d>

24"

1
<51 (7(72 — um)vu + u(y* —um)/ My + yuMy/u + \/§M2u>dhfl
=CcPdn? .

For the momentum variable, we can additionally use (42) and the bound

t
e — 1, Ly, < / oI, dr1,
n

to show that
1 9 1 pm1 th+1 71
1RO <2 [ [ oliadraan e [ s i

tnt1
b [ ) = )

1
< 3k <72\/ud + yuy/Myd + uMlx/ud>
= C{OVdhy,
9 5 tn41 1 T2
HR1() )H]Lg S ’y(’y — um)/t /t /t H'UT3 H]Lz d7“3 d’l"Q d?“l
9 tn+1 1 T2
+ u(y —um)/ / / HVf(mrg)H]L2 drs dry dry
tn tn Jt

n

tnt1 fT1 [T2
+ ’Yu/ / / V2 f (275 )0ry |1, drs drodry
tn tn tn
tn+1 1
i U/ / HVQf(x”)UT? - VQf("Etn)Urg HL2 drg drq
tn tn
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R (’y(’y — um)Vud + u(v* — um) /My d + yuMiVud + \[Mgud)

CM»—l cm.—\

~y (72 — um) \/u + u(y? — um)\/ My + yuMv/u + \/§M2u>dhi

<

(Q)dh3

v

Q

tn+1
HR(3)H]L §’y 7 —um) t /t /t /t |vr, ||, dra drs dra diry

tn+1
+ yu(y* — um) /t /t /t HVf(xm) HM dry drs drg dry

tn

9 tn+1 1 79 r3 )
U("Y - Um) / / / HV f(ZL'r4)’UT4H]L2 d?"4 d’l“g dr2 drl
tn tn
n+1
u/ / / / HV f :1:7“4 7)7“477)7*3 HIL dry drs dry drq
tn tn tn tn
tn+1
+Pyu/ / / / }v?: xtn)(vmavrz H]L dry drs drg dry
t tn Jtn Jin

3

n+1
u? / / / / HV3 F(@e,) (V f (), vry) HL dry drs dro dry
tn tn tn t
tn
e / / / vaf(xt”xvm’ (ra = tn)v,) H]LQ drs dry dry
tn tn tn

tn
u2/ / / ’Vg f(@e,) (Vf(@ry), (r2 — tn)vy, H]L drs dra dry
tn tn

tn+1
- u/ / / Hv3f(x7’3)(v7”3 ) vrz) - ng(xtn)(vrg, y UT2)HL2 d7’3 dry dry
tn tn Jitn

_|_

+

IN
=

>
S

(72(72 — um)Vud + yu(y? — um)y/Myd + u(y? — um)MiVud

+ 3v37u Mad + 2v/3u25 /My Mod + \/ﬁu1~5M3d1~5)

IN

(v2(% = wm)v/a + 3ut (9% = um) /M + u(y? = um) My

+ 3v3yut My + 2v/3u /M My + VIBu Mg ) d 01

24

=CPd " hy,.
In order to prove the bounds (62), (64) and (66) for the mean errors, we simply note that
1
B[R], < E[IR]:] <E[IRN2]> = [[R]|L,,

by Jensen’s inequality. |
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Theorem 34 (Taylor expansion of the QUICSORT method) Let {X,,, V) }n>0 denote
the QUICSORT method (3). Then for all n > 0, we have the following Taylor expansions:

ot (1)

Xpp1 =X, +h V4o Wi, dr1 + Ry, (67a)
tn
tn+1 1
=X, +h,V,+0c Wi, ry dry + 5hi[ — Vo —uV f(Xy)]
tn
tnt1  [T1 2)
— 'ya/ Wi, o dradry + Ry, (67b)
tn tn
tn+1 1
=X, +h,V,+0 Wi,y dry + 5hi[ — Vo —uV f(Xy)]

ln

tn+1  [fT1 1
— 70/ Wi, ro dra dry + ghf’l [72Vn +yuVf(X,) — uV2f(Xn)Vn]
tn

tn

1 1 1
+o (72— uVrf(X,)) [Mh,?;wn + S hH + 2h§LKn} +RY, (67¢)
et o)
Vo1 = Vo + oW, + Ay, [ — AV — qu(Xn)] — o t Wi, dr1 + Ry, (68a)
tn+1
=Vp+oW,+hy [ —YVn — 'LLVf(Xn)] -0 thﬂ”l dry

tn

- %hi [V?Vi + yuV £(Xn) — uV? f(X0) Vi)

T1

tn+1
+0(7* —uVif(Xy)) / Wi, ry dradry + R‘(/Q), (68Db)
tn tn
tn+1
=Vp+oW,+hy [ —YVn — 'LLVf(Xn)] -0 thﬂ”l dry

tn

4 LR BV 4 () — uVE (X

r

tn41 1 1
+o(v? —uVif(X,)) / Wi,y dro dry — éhi [V Vi + 7 uV f(X,,)]
tn t

n

+ U 2R f (X Ve — W2V F (X)) VF(X,) — uV3 () (Vi Vi)

6 n
2 2 L3 L3 L3
— o (v* = 2uV? f(Xn)) ﬂhan+6han+§hnKn

1 1 1 i (3)
— ouV3f(X,) (Vn, [8hiWn + ghiHn + thKn ) + Ry, (68¢)

where

R = (¢1(1) = hn) (Vi + 0(Hy + 6K,)) + Uqﬁz(l) - éhn o(Wn — 12K,)
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- %uhn (1(04) + A1 (M) VF(Xo)

— S [0 I + 6101 + 01T, (69)
RY = [cbl(l) - (hn - ;vhiﬂ (Vi + o(Hy + 6K,,))

1 1 1
+ [hn@(l) - <2hn - 67h§i>] c(W, —12K,,)

# [ = (o0 + ar00) - (- 512) [uvsee)
_ %uhn [¢1(A+)If‘) + o) + ¢1(A_)11} , (69b)

1 1
RY = [dn(l) — (hn — 5+ 672’1%)] (Voo + o(Hy, + 6K,,))

(1 1 P
+_hn¢2(1) <2hn 6’yhn+24’y hn>]a(Wn 12K,,)

1

#[ = g (000 01000) = (= g+ o) Juv s

| = o)) = (= gt ) [uv 6 Vit ot + 08|

+ :— %(¢1(A+)¢2()\—) +o1(A-)d2(A1)) — <_ 214h§l>]
x cuV2 f(X,) (W, — 12K,,)

— Suh[500L + 6 0OEY + a0, (69c)

R = (90(1) = (1= 7)) (Vi + o(Hy + 6K2)

# o = (1= Jom ) o, - 121)

B (60(0s) + 0(0)) = (o) 0¥ £ (X,)
uhn [ 601 + G0 + oA )T, (694)
R = [o0(1) = (1= 2o + 3282 (Vo + o + 6K,)

+ [hlngbl(l) — (1 — %fyhn + é’y2hi>] o(W, — 12K,,)

- [ ~ 5hn(900) + 6o (A1) - ( —fn ;th)]WﬂXn)
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# [ = ()60 + w0 Ia ) - (- gnd )|
x uV2f(X,)(Vy + o(Hy, + 6K,))
# = 5 (0000 + s 0000) - (- 422
i 6
x ouV2f(Xn) (W, — 12K,,)

- %Uhn [(bO()‘-i-)IQ(_) + oAy + <Z50()\—)171}7

[qbo(l) - (1 — Yhy + %thi — év3hi>] (Vi + o(Hy + 6K,))

i _ _1 } 272 _i 313 _
+ _hn¢1(1) (1 SV + 27 hn = Sy ) | o (Wa = 12K,)

# | = ghn(ouh) + an0)) = (= ot g? = g% ) luv ()

2
n :— %hn (o(A+)p1(A=) + do(A=)d1(Ay)) — <—;hi + ;%i) }
x uV2 (X)) (Vo + o(Hy, + 6K,))

+ _ - %(¢0(A+)¢2()\_) + ¢o(A=)pa(Ay)) — < - éhi + 1127”2)]
x ouV2f(X,) (W, — 12K,,)

+ :;h%¢O(A—)¢1 <;) - éhi} u? V2 f (X)) V f(Xn)
+|- ihn(gbo()ur)(ﬁ%(/\—) +do(A-)9T(A+)) — (‘ éhiﬂ

x uV3 f(X,,) (V2 + 20V, ® (H, + 6K,))

+|- (G0 B0 + ¢0<A>¢%<A+>)} o*uV? f(X) (Hn + 6K,)

(69e)

[ = 3000 008200) + nr ) OO = (- 4 )]
x ouV? f(X,) (Vi Wy, — 12K,,)
+ |- ;(¢0(A+)¢1(/\—)¢2(>\—) + ¢0()\—)¢1(>\+)¢2()\+)>}
o c?uV f(X,) (Hp + 6K, Wy, — 12K,,)
# |~ 1 i DO + a0 IBO) [T FO) 7, — 125,

- %uhn (000D + 0O + d0(A )T + %(A)E]
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+ w0000 )b (;) V2F(X,) I, (69)

for Ax = 3i6\/§, along with the functions ¢o, ¢1 and ¢ defined in (35), and

1
12 i [ 9200 L) L
— [Vf(Xn + L) - Vf(Xn)} ,
@ ._ [ 3 £)) (L)) 52
5 ;:/O (1= V3 f (X, + L&) (LE) a
1
- / |92 (X0 + (D) = V2 (X)L,
0
(£) ! 3 + 3 +))®2
I ::/O (1= 0)[ 3 (X + L) = VP F(Xa) | (2F) et

. 1
L ::/ V2f(Xp + LS +tP,) Pyt
0

_ [Vf(Xn + LY+ P,) = V(X + Lﬁ“)} :
_ 1
L = / (L= )V f (X + LS + tPy) (Po)*2dt
0

1
= / [v2 F(Xp + LD +tP,) — V2 f (X, + L,g+>)] P,dt,
0

. 1
I3 ::/ V3 f (X, + tLED) (LD, Py )t
0
= [V (X0 + L) = V21| P,

where

L = 1002) (Ve + 0 (Hy + 6K,,)) + ¢2(As)Cr,
P, == —uhné: (;) V(XD = —uhyy (;) (Vf(Xn) + Il(_)>.

Proof We can rewrite the QUICSORT method (3) as
Xp1=Xn + 01(1) (Ve 4+ o(Hp + 6Ky)) + ¢2(1)Cy,
- %Uhn (%(M)W(Xé”) + ¢1(A,)Vf(X,§2>)) ,
Vi1 = ¢o(1) (Vi + o(Hy, + 6K,,)) — o(Hy, — 6K,,) + ¢1(1)Cy
— Suha (90O )T (XD) + 0 )V (X)),
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where
xW=x,+1), X® =x,+L +P,.
Using Taylor expansions with an integral remainder, we can derive the identities in (70),
VHXD) = VX)) + 1)
= V(X)) + V(X)L + 157
= V(Xn) + V2F(Xn) LS + %vfﬂ FX) (L, L) + 157,

VHXP) =VIX) + LY+ 4
= V(X)) + VAL + 15D 4+ Iy

= VI (X0) + V2 F(X) L) + V2 F(X0) P L V() (LED, L)

+ 1)

+L+15.
The result now follows by substituting the expansions for V f (X7(11)) and V f (XSLQ)) into the
QUICSORT method, and Taylor expanding the ¢ functions (35) up to the desired order. B

Theorem 35 (Remainder bounds for the QUICSORT method) Let {(X,, V,,)}n>0
denote the QUICSORT method (3) and let {(x¢,vi)}+>0 denote the underdamped Langevin
diffusion (2) where we assume that (xo,vo) ~ m, the stationary distribution of the process.
Suppose that at time t,, we have (X,,Vy) = (x4, ,vs,). Let 0 < h, < 1 be fized, and
consider the remainder terms (69a) and (69d) defined over the time interval [t,,t,i1].
Under assumptions (A.1) and (A.2) we can bound their Ly norms and absolute means as

[R5, < €% Van;, IRO|,, < cvanz, -
a0, < VAR, (R, < oV, )

where C)((l), C‘(,l) > 0 are constants depending on v, u, m and M.
Under the additional assumption (A.3), we can bound (69b) and (69e) as

IR, < cPvand, IR, < CPdnd, (73)
B[R], < O Va3, B[R], < 0 dnd, (74)

where C’)(?),C’( ) > 0 are constants depending on v, w, m, My and My. Finally, under the
additional assumption (A.4), then the remainder terms (69c) and (69f) can be bounded by

IR, < CcPdnd, 1B, < CPdons, (75)
B[R], < O dnt, B[R], < P dvnl, (76)

where C)((S), C‘(,‘g) > 0 are constants depending on v, w, m, My, My and Ms.
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Proof We can bound the integrals given in (70) using the Cauchy-Schwarz and Minkowski
inequalities along with assumptions (A.1), (A.2), (A.3) and (A.4).

155, < M [|2$),
< My|or(A)[[|VallL, + oMy |1 (AL)[[Hi + 6Ky |1,
1
oM |5 620 W — 12K s
15|, < Ma|[LED)2,

< Mo AL) P VallZ, + 0® Mz o1 (As) P | Ho + 6502,
1 2

—0a(As)| W — 12K, 1,

+ 20 My ¢y (i) [ Vil | Ho + 6 K,

1
01 )02 (00 [Valla W — 12K .,

+ 02 My

+2UM2

1
+ 207 My | 1= 61\ ) o) | H 4 6, [ W = 12K
(1) +)113
1157, < Ma ]| LEPIIL,
< M |or ()" [VallE, + 0°Ms o () P | o + 6K,
1 3
—0a(As)| W — 12,1,

+ 30 M3 |1 (AL) P IVallZ g | Hn + 6K g
+ 302M3Wl(/\i)‘gnvn”LeHHn + GKHHH%G

1
— )92 (0s)| Va2, W — 12K,

+ 0'3M3

+ 30 M3

1

+ 303M3 hf‘lﬁ@‘ﬁ:)‘m()‘i) HHn + GKnHJ%GHWn - 12KnHH-46
1

+30%Ms h72¢1()‘i)¢%()‘i) IVallLo W — 12K0|I7,

1
+30° M3 h7¢1(Ai)¢§(Ai) | H + 6 Kl Wi — 12K,

1
+ 607 Ms h*dﬁ()\i)@()\i) IVallLe 1 Hn + 6 KnlLg [Wa — 12K, ||,

11|y, < My Palle,

< uMihy o1(3)6100|IVal,

61(3) 010 1o + 6K

61 (3) IV F K, + wdd by

+ ouM}h,

1
o oudd? |61 () 02 (0)| W = 12K
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12llL, < Mal|PalI2,

< u?Myh?

G IV,
1€ ) s

()|Ivrx

+ 2u? My Myh?

+ 20u® M, Myh?

)|Ivrx

+ w2 M7 My 12|63 )¢%< IVal?,

AW

+ 02U M2 My %(

+ 20u® M3E My h?

+ 20u* M3 Ms by,

+ 20%u® M? My h,,

s, < Me | LG 1 Pale,
1
(5)e100|[V(

)60V A

I,

< ubMshy,

-+ O'uMghn

+ ocuMy ‘¢1 (%)@(M)‘va(

Xl W

n) sl VallL,
)Ll Hr 4 6Kl

n)La[IWn — 12K0||r,

— 12K,|f,
2O 1Vallea | Ho + 6K,
A IVl I W = 12K

NI + 6l [ W = 12K,

XH)HL4||VHHL4

Xn)HMHHn + 6KnH]L4

— 12K, ||,

Fudty Moo (3) 6100061 O 1WA,

1
+ 0%ubMy Maha |1 (5) 6100 )61 ) || Ho + 6K 2,

+ oPuMy My h1n¢1<:13)¢>2(>\+ Pa(A ‘HW 12K, I,
+ 20uMy Moo 61 (5) 6100001 O Va1 + 6,
+UUM1M2<1¢1( )or0)6200)| + [on (5) anc )cbz(m\)

X [HVHHMHWH - 12Kn||JL4 + UHHn + 6KHHJL4||WTL - 12Kn||1L4] .

We can derive the remainder bounds (71), (73) and (75) for the position variable using

the above inequalities along with equations (28), (31) and (34).

In addition, we will use

Theorem 23 and Taylor expand the ¢; functions using the Lagrange form of the remainder.
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1RY g, < 3782 0Valls + 570h2l Ho + 6Kl + 590k Wi — 12K,
4w VA, + guhn (10D, + 1 OOIIT]),)
+ a6 O[T,
< [;7\/&4— %u\/ﬁﬁ Wvo\/ﬂJr Lt My
15 10?:23*9‘/5%1\41}155 \f WML
i 2_7\/3U2~5M12hi ;5= 5V3+ 21*/5 — 11ﬁ0u2thi‘5] Vdh?
36 2160
< [7\/6 790 4+ uy/My + My + oubdy + u M+ u?IME + ou? M| Va3,
IR, < 57 LB [V, + 67 20h3 | Hy, + 6Kl + i’y oh3||Wp, — 12K, |1,
+ et |95, + b (100 O, + o101, )
+ ual 6 O[T,
< [évQ\/ﬂ + éw\/ﬁl + 1u”Ml s mﬁ EVD 2 i
+15+5\1/8§O+6\f by 4 V3 W2ML5h,,
2= VB sy 1525V 15 ”\/ﬁaﬁwhﬂ Vi
36 2160
< [V + 220+ quy/My + My + guddy + M+ uPME + out ME| VR,
IR, < ﬁff"h‘*uv I+ g7 oo+ 6Kl + oo bWy — 12K,
b P [V £y, + 25 bV XVl
+ %’yauh‘l V2 f(X0) (Hy + 6|,
+ nguh“ V2 F(X0) (W — 12K,) ||,
+ g (101D, + 10O ) + guhalér O[T,
[ 3¢%+—ﬁuvﬁ7+ vﬁaM—%géﬁb
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30 + 25v/3 + 21 7+6v3+5
++\[+f3f +\f+\fMlm

3600 432
3+2f+f M+ 20 +21v3 +10V5 + 7V15 , s
72 1440
3—-V3 2-3
+ =35 WM 4 25 W Mihn
15—5\f+21\/5—11f 22 it
5160 u? MZhL? | dhd

VVu+ 0 +yPuy/ My + yul P My 4 yubly + u M + ou' P M,

+ o2uMy + w2 ML W25 ME + auQM%] dh? .
Similarly for the momentum variable,

1 1 1 1
IRl < §v2hiuvn\m2+fv%h2|rﬂ  6Kllg + 222 0hE W — 126,

2 6
1
+ f’yuthVf HLQ + Uh <\¢0 At) ‘HI )HM + [¢o(A H|I HJLQ)

+ suhal6oOI| T,

1 24+vV3+ V5
< [272\/ﬂ + ifyu\/Ml + §u1‘5M1 + M*ﬂaﬁhn

2 3 3

+ +\/1;+‘[ uMy /B, +72M115h T 36\[251\4@2
5+5 -2

& DOV VIS s Vg

< [’y2\/ﬂ + ’y20 + 'yu\/ﬁl +u' My + cublly + u2M11'5 + u2‘5M12 + au2M12 \/&hi,

1
1B, < 57 3h3|\V e + 2 GV O+ 6Kl + 5y ok W — 12K,
+ 67 ubl ||V £ (X)), + gwhiHWf(Xn)VnHM

+ 1wuhiHV?f(Xn><Hn + 6K ||, + + Louns V2 f(X0n) (Wy — 12K,,)

3 12 I,

1
+ gt (10O, + 100N, ) + guhaléoh )|

2 HL2

1 1 1 1
< [673\/6 + 57 UV My gyut My + \quMQ + gt My

15+ 10v/3 + 9v5 15 4+ 10v/3 + 9v5
+ ?:g \[v?’a\/ h, + ;g f’youMlx/hn

2 1 1 —
+ 0+ 5\23"’ 7ﬁ0u1'5M2m+3 36\/§u2.5

M?h,,
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. 454 97v/3 + 211/5 + 33v/15

2
Msh,,
360 7
— 241
n 5—|—5\/3;0 \/>50u2M12h}L.5:|dhi

< [73\/17 + 730 + y2un/ My + yutd My + youMy + u My + oul® My
o+ o2uMy + u? ML+ uPME + out M |dn,
1B, < 5 4h4uv I+ g ohbll i + 6Kl + o bWy — 12K,
+ —y Suhy ||V £ (X0) ||, + é’yzuhﬁ\|v2f(Xn)VnHL2

T 2euhd ||V (X) (Hy + 6K,

8
7 4|2 _
+ 5gg 7 o[V F (X)W — 12K0,) |,
4—+/3
+ o V)V, + b [ SV
o[V 8 Vi 68
47 411573 ¢
+m70uh HV n)(VmWn_lZK”)HL?

¥ 2 0Puh ||V F(X0) (o + 6K,) ]|,

L oPubd [V (X)) (W — 12E,)°7,

288
b S0 ub [ (X0 (H 4 6Ky, Wiy — 12K,
1 1
+§u2h,21 (A_)¢1<*))HV2JC( Il( )H]LQ
1
+guhn [|¢0 A5~ H]LQJF‘(ZS |HI3+)HL2}
1
+ 5uhaldo) | Bl + 5 Suhaloo) | T,
[2474f+ —3uy/M; + 72u15M +‘f u? My
45 + 463 + 215 + 16v15 , —V3 25 L3
+ 20 uMs +Tu MlJr%U My My
24 3600
7+6\£;8+5\/5 2 Ml\/h—+360+232\1/6’0+ 119\@7%1.5%\/@
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—2V1 1 !
+ 5+5v3 \/>50u2M1\/H+ 6\/3_'_9\/5—}_7\/»50'112]\43\/%
360 144
1 1 -
L B0FIVEL6VELSVIS Ly ey e A= V3
360 50
1
+ \/i6u3'5M11'5M2hn + \]./SUSMl Mth

160 + 125+/3 + 70v/5 + 7115
+ 720

+5¢§—6¢5+5vw
1080

2V3 -3 2572

T WM

+—5+m@—1h@+7ww
2160

1125 4 835v/3 + 549/5 + 37115
+ 25920

+430+m¢§fm£+5¢ﬁ
12960

< YW+ o 4+ YPun/ My 4+ 2ut P My + yPouMy 4 u?O My + ou My
+ ’yuQMQ + ”yaul‘5M2 + o?uMy + u2'5M3 + 0u2M3 + 02u1'5M3 + J3uM3
+ ’yuQMll'E’ + u2'5\/ﬁ1M2 + ou? \/EMQ + ud My My + ou?® My M,
+ 02u2M1M2 + u3'5M11'5M2 + 0u3M11'5M2 + u2M12M2 + Uu1'5M12M2
4—02ugﬂlfﬂ4é}dl5hi.

7u2M11'5 hy,

a2ulS Msh,,

10 4+ 5v/3 + 315
Ju3M11‘5M2h711‘5+ + \?{%0—1_ o

30 + 14v/3 + 9v/5 + 415
2160

’LL2'5M1 M2 h*}L5

Mghi + 02u2M1M2hi

ould M? My h%5

o3uMsh?®

o?ud M2 Moh3 | dMoh

Similar to the ULD remainder bounds (Theorem 33), we can prove (72), (74) and (76) using

D=

=R, < E[IR]2] < E[IRIZ)> = ||y,

by Jensen’s inequality. |

We are now in a position to obtain local error bounds for QUICSORT (Theorem 10).

Theorem 36 (Local error bounds for the QUICSORT method) Let {(X,, V,)}n>0
denote the QUICSORT method (3) and {(x¢,v¢) }+>0 be the underdamped Langevin diffusion
(2) with the same underlying Brownian motion. Suppose the assumptions (A.1) and (A.2)
hold and assume further that (xg,vg) ~ m, the unique stationary measure of the process.
Suppose that at time t,,, we have (X,,,V,) = (z,,vs,) and let 0 < h,, <1 be fized. Then,
for any n > 0, the local strong error for the QUICSORT method at time t, 1 has the bound

X~y < CONARE, Vs i, < CEWaRE, ()
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and the local weak error is bounded by
IE[Xni1 = ze,0]lly < CELVARL, [B[Vas —ve, ][l < CEL VARG, (78)

where C§71%,C§,13,CQS,{)QC, ngjl)v > 0 are constants depending on v, u, m and M.

Under the additional assumption (A.3), the local strong error at time t,4+1 has the bound

[ s = wrally, < CEVARL Vi — vy, < CEand. (19

and the local weak error is bounded by

[EL i — )y < OOV, BV — v ], < CRans, (80)

where CS(?},CS%,CE,L, Cl(u%)v > 0 are constants depending on vy, u, m, My and Ms. Finally,
under the additional assumption (A.4), the local strong error at time t,4+1 has the bound

Xn_|_1 — Ttyaq < Cs xdhn s Vn+1 — Uty < C d h (81)
il (’3) 3.5 il () 1.5 35

and the local weak error is bounded by

B[ =]l < Ot [E Vi — o], < CRL5HE,  (82)
where Cs(?g);,Cs(i),,Céf)m, C’EL > 0 are constants depending on v, u, m, My, My and Ms.

Proof We first note that the Taylor expansions of ULD and QUICSORT are identical for
all terms that are O(h3) or larger. Then, under the assumptions (A.1) and (A.2), we have

B X = 2]l = X =z, < B, + 1RDI,

< [c{+ e Vang,

[EWVas = v lly = Vass = v, < 1B, + 1RO,

< e+ e Vang,
and, if we further assume (A.3), then

B[ X1 = 2o lly = 1 Xner = el < BN, + 1RO,

< c( )+ @] | Vani,

[EWVas1 = vy = [Vass = vy, < IR, + IRP,

< [o® +c®|an.
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In the case where we additionally assume (A.4), we note that the triple time integral of the
Brownian motion is centred, and we can write it in terms of W,,, H,,, K,, M, using (33).
Moreover, the other stochastic integrals are centred and we can bound the following terms,

tny1 pr1o T2
ou / / V3 f(21,) (Vrys Wiy, rg) drs dra dry
tn tn Jtn

Lo

tnt1 r1 9
< oubMy / / / ey (Lol W s |y dr3 dira diry
tn tn tn

lny1 pr1 pr2
< \/§UU1'5M2d/ / / (7'3 — tn)% dTg dTQ d?“l
tn tn tn
< 8—\/§au1'5M2dhfﬁL‘5,
105

and

tnt1 T1
O'U/ V?’f(mtn) (v, (rg — tn)We, ry) dradry
t

n tn

Lo

tn+1 1
< UUM2/ / (r2 = t) [0t Ly [[We s ||, dra din
tn t

n

tn+1 r1
< \/§0u1'5Mgd/ / (ro — tn)% dre dry
tn tn

4
< —\/gaul'5M2dhf’L'5,
35
by Fubini’s theorem along with the bounds (31), (34) and (40). We can show (81) and (82)
for the position variable as follows

+ 1R st 1R,

HXn—&-l - xtn+1 HLQ S
Lo

1
0(,}/2 _ uVQf(xtn)) (60}1%[{” — hiMn> ‘

< [WUW —um) + C P \/hy, +CP \/hn} dh3s
< oty —um) + € + ] ani?,

[EXns1 = 2]l < 1B, + (RS

I, N,

< [C)(?) + Cx(?’)}dhﬁ,

and for the momentum variable,

[N

1
o(v* = 2uV?f(xy,)) (mhiffn - h%Mn>

Lo

+

tn+1 1 T2
au/ / V?’f(xtn)(vm, Wi, rs) drs dra dry
tn th Jtn

Lo
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tnt1l  fT1
+ O"LL/ V3f(:ctn)(vtn, (rg — tn) W, rp) dradry
t

n tn

+IRP I, + 1B,
[7\/§+3\ﬁ
<|———0

Lo

12/3
(v* — um) + ;!UUMMQ

2520
+ OV + O \/hn} d' R3S
< [0(72 —um) + oul My + C‘(/?’) + 053)}d1'5h3‘5,

|E[Vass — v

wallo < IBP N, +IRP|l, < |68 + 0P |d i,

where we have used Minkowski’s inequality and the bounds on the remainder terms. |

Corollary 37 Under the same settings as used in Theorem 36, assuming (A.1) and (A.2),
we have the additional bounds

B — 2y | 7l < CEMVARZ,  [EVair — i,y | Falll, < CEOVAR, (83)

where Cé})x,cﬂ, > 0 are constants depending on v, u, m and M.
Under the additional assumption (A.3), we have the bounds

E[Xs — s | Bl < C2LaRL (B Vass — iy | B, < C2and, (89

where 015,2)55,0122)@ > 0 are constants depending on v, u, m, My and M.
Finally, under the additional assumption (A.4), we have the bounds
[E[ X1 = 2ty | Fulllp, < CEA2HG, E[Vigs = vrpy | Fal |y, < CELd 20y, (85)

where C&%,C’&%L > 0 are constants depending on v, w, m, My, My and Ms.

Proof Notice that the Taylor expansion for the ULD and the QUICSORT method are
identical up to order h%, and the only mismatch are the stochastic integrals of order h3?.
However, these integrals have a conditional mean of zero, and thus do not contribute to the
above errors. Moreover, for both the position and momentum variables’ remainder terms,
under any of the smoothness assumptions,

I,

1

Iefr 1 71, = (E[12R1 72 ]) < (B[ENRE1 7] ]) = 11,

by Jensen’s inequality and the tower property of conditional expectations. The result now
follows by applying the same logic as used in the proof of Theorem 36 to establish the local
weak error bounds. |

Remark 38 The bounds for the s norm of the absolute conditional mean are identical to
the bounds for the local weak error. This will allow us to use them interchangeably when
proving the global error result (Theorem 7).
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Appendix D. Global error bounds

In this section, we prove the global error bounds for the QUICSORT method (Theorem 7).
To do so, we use the methodology outlined in Section 3. We will also use the following
theorem.

Theorem 39 Consider two approzimations @ = (X,V) and @ = (Y, U) under the mapping
Qn — Qnt1 and Qn — Qn+1 defined in equation (3), driven by the same Brownian motion
but evolved from the initial conditions Qn, = (X,,Vs) and @n = (Y,,,U,) respectively.
Suppose assumption (A.2) holds and let 0 < h,, < 1. Then for alln >0

H(Qn—i—l - Qn) - (Qn—H - Qn)HLQ < CqHQn - Q"HLQ hn; (86)
where Cq > 0 is a constant depending on vy, u, and M;.
Proof We first rewrite the QUICSORT method (3) as

Xn1=Xn + ¢1(1) (Vo + 0(Hp + 6Ky)) + ¢2(1)Cy
— i (G ADVFXD) + a0V (XP)),
Vi1 = do(1 )(Vn + o(Hy + 6K,)) + o (Hy — 65K,) + ¢1(1)Chy
— S (D0O)VIXD) + 30 (A IV F(XP)),
where
XV = X, + ¢1(A2) (Vo + 0(Hy, + 6K,,)) + da(A=)Ch,

X = X + ¢1(A1) (Vi + 0 (Hn + 6K2)) + $2(As)C — ”¢1< >Wf( g

Since the approximations ) and @ use the same Brownian motion, we can show that

H(XnJrl - Xn) - (Yn+1 - Yn)HLQ

IN

B1 DIV, = Unlls + 5uhal A9 (X0) = VA (50,

+ uhal 61 OO[VF(X2) = T7 ()],

| /\

2uM1hn(|¢1<A+>r+|¢1<A_>r+uM1hn)¢1( Jor0| ) 1% = Yall,

(3)e00]) I - G,

+ (\ﬁbl( )+ uy hy |1 (Mg )1 (A-)] + u2M1 h?

IN

(1 +uby +w®M?P)||Q — @nHLth,
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and, similarly for the momentum variable, we have

H(Vn—H - Vn) - (Un+1 - Un)H]L2

Fhal0 V() = 97 ()],

+uh!¢o IVFEP) = Vi),
o (3)] 1 - Yl
¥ <|¢0(1) 1]+ guMihn ([60(A )61 (A )] + [do(h)én(A)])

+ L2

2 i (3) 0] ) Vi - Tl

< (v + 2uMy + > M7)||Qn — Q]| n

< loo(1) = U[[Va = Unlly,, +

N

WM b, [|¢0<A+>r T 160(A)| + ubyhy

The result follows by summing the bounds for the position and momentum variables. B

Finally, we will show the main result of our paper (global error bounds for QUICSORT).

Theorem 40 (Global error bounds for the QUICSORT method) Let {(X,, Vy)}n>0
denote the QUICSORT method (3) and let {(x¢,v¢)}+>0 be the underdamped Langevin dif-
fusion (2) driven by the same underlying Brownian motion. Suppose assumptions (A.1)
and (A.2) hold. Further suppose that (xg,vo) ~ 7, the unique stationary measure of the
diffusion process and that the approximation and the SDE solution have the same initial
velocity Vo = vg ~ N(0,uly). Let 0 < h <1 be fized and v > 2\/uMy. Then for all n > 0,
the global error at time t,, has the bound

1Xn — I, < ce™™|Xo — 2oL, + C1Vdh,

where ¢, B,C1 > 0 are constants depending on v, u, m and M .

Under the additional assumption (A.3), the global error at time t,, satisfies the bound
X0 = @1, I, < e Xo — wollL, + Codh?,

where Cy > 0 is a constant depending on v, u, m, My and Ms.

Finally, under the additional assumption (A.4), the global error at time t, has the bound
10 = @i, < ce™2" | Xo — o, + Cad" b,
where C3 > 0 is a constant depending on v, u, m, My, Ms and M.

Proof The approach for this proof will follow the strategy that was outlined in Section 3.
We will write Q,, = (X, V)", @, = (z4,,v;,) " and define the coordinate transformation

L wId Id
A= <ZId Id> ’
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where w € [0, %’y), z = y—w. We will define the errors with and without this transformation,

€En = HQn - qth]L27
en = [|AQn = @)l

Let omax = ||A||2 and opin denote the smallest and largest singular values of A respectively.
Since A is invertible, the singular value oy, is non-zero and will satisfy o, = |45 "
Let k = =2 denote the condition number of A. We can use €, to bound the error e, as

min

Omin€n < €n < Omax€n-

We now consider a third process @ = ()? , ‘7)T where (Xn+1 , Vnﬂ) is obtained by applying
the QUICSORT method (3) to the ULD diffusion at time ¢, with the same underlying
Brownian motion as both ) and ¢. This allows us to estimate the local error between
the coordinate-changed approximation AQ,1 and diffusion process Ag;,,, at time 1 in
terms of the same error at time ¢,,. By Theorem 10, we can bound the local strong error as

1@n = au, |, < Cad?hP,
and the local weak error as
IE[Qn — ar.] ||, < Cuwd?hPe,

where Cs, Cy, q, s, pw > 0 are the following constants (which do not depend on d and h).

Assumptions Cs Cu q Ps Dw

(A1), (A.2) cW e o vel) o5 2 2

5 )

)
(A1), (A2), (A3) c@+c? P+ 1 3 3
®)

)

(A1), (A.2), (A.3), (A4) ¢ +c® e +cl) 15 35 4

In the above table, we also note that ps + % > pw. We now define the following variables

Yn = A(Qn - Qtn) = <(an *Va) - (wm, & Utn)) )

(2 X0 + Vi) — (224, +vy,)

o A ) —(
Un = A(Qn = Qn) ( (2Xn + Vi) = (2 X5 + Vi)

(WX, +V, w)?n + ‘A/n)>

~

Un = A(Qn — qtn) = <(w)?" T ‘7") — (wzy, + Utn)) ’

(z)?n + ‘A/n) — (zaxy, +vy,)

and note that vy, = ¥, +¥n. Thus, the coordinate-transformed error €, can be estimated as

ent1 = [[yn+1llL, = H37n+1 +?7n+1H]L2 < H27n+1HL2 + H%HHLQ'
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We bound the first term using the contractivity of the QUICSORT method (Theorem 29),
[l < VI—2ahz,,
and the second term can be bounded using the local strong error,
[l < e it
Therefore, we obtain the following estimate of the coordinate-transformed error,
i1 < V1 —2ah e, + Omax CsdIhPs. (87)

By setting w = 0 and using Remark 30, we have a > 0 provided h is sufficiently small.
Similarly, by assuming h is sufficiently small so that ah < %, we obtain the below inequality.

V1= 2ah < V1 —2ah+a2h?=1— ah.

Therefore, using this inequality and by applying the inequality (87) n times to €, , we obtain

en < (V1 —2ah)"& + Z VT =201 ) 0oy Cs dOhPs

n—1

< (1—ah)"e+ > (1 ah) omuxCodih?s
k=0
= (1—ah)"& + (M)omaxcsdths

n~ ].
< (1 — Oéh) ep + (]_—(]_—ah))amaxc&dths

~ 1 _
< e "E 4 Zoax CodIhPs L
Q

Since e, < ﬁ'e} and ey < omax€o, it follows that the error e, can be bounded as
—nah 1 -1
en < K€ eo + KA <C’s>dths , (88)
o
for n > 0. Using eg = || Xo —zo||1, and || Xy, — x4, ||L, < en, the inequality (88) gives the first
two bounds (under the assumptions ((A.1), (A.2)) and ((A.1), (A.2), (A.3)) respectively).

However, the estimate would only be O(h?%) in the third case. Thus, we now expand €, as

Cp1 = |[Gnsr + ﬂnﬂHHQ_Q
= [gnslls, + 1Fnsll, +2E[Fnsr, )]

We bound the first term using the contractivity of the QUICSORT method (Theorem 29),

[, < (@~ 20m)22
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and the second term can be bounded using the local strong error,
~ 2 2 2 1297 2ps
Hyn+1HL2 < Jmaxcsd ThPs.

Let F,, be the filtration underlying the processes at time ¢,,. Then, by the tower property of
conditional expectation and the Cauchy-Schwarz inequality, we can bound the third term

E[(Fn+1, Unt1)] = E[(Un, Un+1)] + E[(Tn+1 — Yn, Unt1)]
= E[<yn7E[@\n+l|Fn] >] +E[<gn+l - ynv@\nJrl)]
< [yl [E[GntalFal I, + [[Tnr1 = vnll [ Gnsaly,

< GnllAll2||E[@nit — a1 7] i,

+ HAH%H (Qn+1 - Qn+1) - (Qn - Qt")H]Lg HQn+1 - Qtn_H H]Lg'
Using the local strong error bounds for QUICSORT, Theorem 39 and Corollary 37, we have
E[(ﬂn-ﬁ-la g//\n+l>] < O'maxgncwdthw + 0'2 qunh : Csdths

< Omax€n (Cw + KACqu)dthw7

where we also used the assumption that h < 1. Putting everything together and applying
the inequality (43) in Theorem 25 with ¢ = -, we obtain

eri1 < (1—2ah)e} + 02, C2d*h* + 20maxen (Coy + £4Cy Cs ) dIhP®

max

max

_ 1
< (1= 2aR) &2 + 02, C2dPIh?s + ahe? + =02, (Co + £aCyCy) 2d?1h e
(6%

- 1
< (1—ah)él+ohy (03 + = (Cw + ,QACqCS)2)d2qh2pw—1.
o
Applying the above inequality n times to €, gives

n—1
~ n~ 1 _ 7
63 < (1 — ah) 602 + O'rznaX (Cg + a(Cw + /iACqCS)2>d2qh2pw 1 Z_g (1 . ah)
~ 1 1 (1—-(1—ah)"

- 1 1
< e—naheg + U?nax <ac§ + pe) (Cw + IiACqC'S)Q) d2ap2Pw—2

Like earlier, we set w = 0 and used Remark 30 so that 0 < ah < 1 if h is sufficiently small.
Taking a square root on both sides of the inequality and using va? + b2 < a+b for a,b > 0,

1 1
—Cs+ —(Cy + 5) |d?hPet,
\FC' (C HJACqC' ))

Using e, < %% and €y < omax€o, We obtain
min

~ _1 ~
en < e Qnaheo + Umax<

1 1
en < rae” 2" e 4 g <CS + E(C“’ + nACqu)>thpw1,

Ja

for all n > 0. The third result now follows since eg = || X¢ —z¢||L, and || X, — 24, ||, < €. W
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