Edinburgh Research Explorer

Contraction and Convergence Rates for Discretized Kinetic
Langevin Dynamics

Citation for published version:
Leimkuhler, B, Paulin, D & Whalley, PA 2023 'Contraction and Convergence Rates for Discretized Kinetic
Langevin Dynamics' ArXiv. <https://arxiv.org/abs/2302.10684>

Link:
Link to publication record in Edinburgh Research Explorer

Document Version: _
Early version, also known as pre-print

General rights

Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.

Take down policy

The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

OPEN (75 ACCESS

Download date: 26. Mar. 2023


https://arxiv.org/abs/2302.10684
https://www.research.ed.ac.uk/en/publications/ef8906b8-6d18-4067-8477-6a3ff4e1e792

arXiv:2302.10684v2 [math.NA] 28 Feb 2023

CONTRACTION AND CONVERGENCE RATES FOR DISCRETIZED
KINETIC LANGEVIN DYNAMICS

BENEDICT LEIMKUHLER*, DANIEL PAULIN*, AND PETER A. WHALLEY*

Abstract. We provide a framework to prove convergence rates for discretizations of kinetic
Langevin dynamics for M-VLipschitz m-log-concave densities. Our approach provides convergence
rates of O(m/M), with explicit stepsize restrictions, which are of the same order as the stability
threshold for Gaussian targets and are valid for a large interval of the friction parameter. We apply
this methodology to various integration methods which are popular in the molecular dynamics and
machine learning communities. Finally we introduce the property “y-limit convergent” (GLC) to
characterise underdamped Langevin schemes that converge to overdamped dynamics in the high
friction limit and which have stepsize restrictions that are independent of the friction parameter; we
show that this property is not generic by exhibiting methods from both the class and its complement.

Key words. Contractive numerical method, Wasserstein convergence, kinetic Langevin dynam-
ics, underdamped Langevin dynamics, MCMC sampling.
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1. Introduction. In this article, we study the following form of the Langevin
dynamics equations (“kinetic Langevin dynamics”) :

dX, = V,dt,

1.1
(1) AV, = —VU(X,)dt — AVidt + \/27dWs,

where U is the potential energy, v > 0 is a friction parameter, and W; is d-dimensional
standard Brownian motion. It can be shown under mild conditions that this process
has invariant measure with density proportional to exp(—U(X) —||V||?/2) [38]. Nor-
mally, Langevin dynamics is developed in the physical setting with additional param-
eters representing temperature and mass. However, our primary aim in using (1.1) is,
ultimately, the computation of statistical averages involving only the position X, and
in such situations both parameters can be neglected without any loss of generality,
or alternatively incorporated into our results through suitable rescalings of time and
potential energy. In this article we focus on the properties of (1.1) in relation to
numerical discretization and variation of the friction coefficient.

Taking the limit as v — oo in (1.1), and introducing a suitable time-rescaling
(t' = ~t) results in the overdamped Langevin dynamics given by (see [38][Sec 6.5])

(1.2) dX, = —VU(X,)dt + V2dW,.

This equation has, again, a unique invariant measure with density proportional to
exp(—U(z)). Under the assumption of a Poincaré inequality, convergence rate guar-
antees can be established for the continuous dynamics [2]. In the case of kinetic
dynamics a more delicate argument is needed to establish exponential convergence,
due to the hypoelliptic nature of the SDE (see [11, 45, 21, 20, 1, 3, 4]).

Langevin dynamics, in its kinetic and overdamped forms, is the basis of many
widely used sampling algorithms in machine learning and statistics [14, 48, 47]. In
sampling, Langevin dynamics is discretized and the individual timesteps generated
by integration are viewed as approximate draws from the target distribution, however
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there is an inherent bias due to the finite difference numerical approximation. This
bias is usually addressed by choosing a sufficiently small stepsize, or by adding bias
correction by use of methods like Metropolis-Hastings adjustment. The choice of the
discretization method has a significant effect on the quality of the samples and also on
the computational cost of producing accurate samples, through stability properties,
convergence rates and asymptotic bias.

Overdamped Langevin dynamics has been heavily studied both in the continuous
and the discretized settings, with popular integrators being the Euler-Maruyama and
the limit method of the BAOAB scheme [32]. The kinetic Langevin system has been
extensively studied in the continuous case, but there are still many open questions
around the design of the numerical integrator. A metric that is typically used to
quantify the performance of a sampling scheme is the number of steps required to
reach a certain level of accuracy in Wasserstein distance. Non-asymptotic bounds in
Wasserstein distance reflect computational complexity, convergence rate and accuracy.
Achieving such bounds relies on two steps: (1) determining explicit convergence rates
of the process to its invariant measure and (2) proving non-asymptotic bias estimates
for the invariant measure. The focus of the current article is the convergence of the
time-discrete system to its invariant measure.

The approach that we use to obtain convergence rates is based on proving contrac-
tion for a synchronous coupling, as in [36, 18]. Proving contraction of a coupling has
been a popular method for establishing convergence both in the continuous time set-
ting and for the discretization for Langevin dynamics and Hamiltonian Monte Carlo
(127, 8, 19, 7, 6, 40, 42]), since a consequence of such a contraction is convergence in
Wasserstein distance (viewed as the infimum over all possible couplings with respect
to some norm). Synchronous coupling has been a popular means of achieving explicit
convergence rates for discretizations [35, 37] due to its simplicity.

There has been other recent work aimed at providing convergence rates for kinetic
Langevin dynamics under explicit restrictions on the parameters ([14, 18, 36, 37]), but
these guarantees are valid only with sharp restrictions on stepsize. There has also been
the work of [41] which considers a slightly different version of the SDE (1.1), where
time is rescaled depending on M and m to optimize contraction rates and bias. We
have included their results in Table 1 after converting them into our framework using
[18][Lemma 1]. The results of [41] rely on a stepsize restriction of O(1/v), but their
analysis does not provide the stepsize threshold [41][Example 9], and the class of
schemes considered is different, with only the stochastic Euler scheme in common.
Other works on contraction of kinetic Langevin and its discretization include [29, 17].

In the current article, we apply direct convergence analysis to various popular
integration methods, and provide a general framework for establishing convergence
rates of kinetic Langevin dynamics with tight explicit stepsize restrictions of O (1/7)
or O(1/v/M) (depending on the scheme). As a consequence we improve the con-
traction rates significantly for many of the available algorithms (see Table 1). For
a specific class of schemes, we establish explicit bounds on the convergence rate for
stepsizes of O(1/v/M). In the limit of large friction, we distinguish two types of in-
tegrators — those that converge to overdamped dynamics (“y-limit-convergent”) and
those that do not. We demonstrate with examples that this property is not univer-
sal: some seemingly reasonable methods have the property that the convergence rate
falls to zero in the v — oo limit. This is verified numerically and analytically for an
anisotropic Gaussian target.

The remainder of this article is structured as follows. We first introduce over-
damped Langevin dynamics, the Euler-Maruyama (EM) and the high friction limit
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Algorithm stepsize restriction | optimal one-step contraction rate
EM o1/ O(m/M)
BAO, OBA, AOB O(1/vVM) O(m/M)
OAB, ABO, BOA O(1/7) O(m/M)
BAOAB O(1/vVM) O(m/M)
OBABO O(1/vVM) O(m/M)
SES O(1/7) O(m/M)
Algorithm | previous stepsize restriction | previous explicit best rate
OBABO O(m/~?) O(m?/M?) [36]
SES O(1/7) O(m/M) [41]

Table 1: The first table provides our stepsize restrictions and optimal contraction
rates of the discretized kinetic Langevin dynamics. The second provides previous
best results. Further there are no previous results regarding the EM scheme, the first
order splittings and BAOAB to the best of our knowledge.

of BAOAB (LM) and discuss their convergence guarantees. Next, we introduce ki-
netic Langevin and describe various popular discretizations, and give our results on
convergence guarantees with mild stepsize assumptions. These schemes include first
and second order splittings and the stochastic Euler scheme (SES). Further we com-
pare the results of overdamped Langevin and kinetic Langevin and show how schemes
like BAOAB and OBABO exhibit the positive qualities of both cases with the GLC
property, whereas schemes like EM and SES do not perform well for a large range of
5.
2. Assumptions and definitions.

2.1. Assumptions on U. We will make the following assumptions on the target
measure exp (—U) to obtain convergence rates. We assume that the potential is M-
smooth and m-convex:

Assumption 2.1 (M-VLipschitz). There exists a M > 0 such that for all X,Y €
Rd
VU (X)-VUY)| <M|X -Y].

Assumption 2.2 (m-convexity). There exists a m > 0 such that for all X,Y € R¢
(VUX)=VU(Y),X -Y)>m|X -Y]*.

The two assumptions are popular conditions used to obtain explicit convergence
rates, see [16, 18] for example. It is worth mentioning that these assumptions can also
produce explicit convergence rates for gradient descent [9].

2.2. Modified Euclidean Norms. For kinetic Langevin dynamics it is not
possible to prove convergence with respect to the standard Euclidean norm due to the
fact that the generator is hypoelliptic. We therefore work with a modified Euclidean
norm as in [36]. For z = (z,v) € R?*? we introduce the weighted Euclidean norm

2 2 2
zllap = [l2[|” + 20 (z, v) + alfo]]",
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for a,b > 0 which is equivalent norm as long as b?> < a. More precisely we have

3
2, < el

a0 < Izl

1
2l o

2.3. Wasserstein Distance. We define P, (R?*) to be the set of probabil-
ity measures which have finite p-th moment, then for p € [0,00) we define the p-
Wasserstein distance on this space. Let p and v be two probability measures. We
define the p-Wasserstein distance between p and v with respect to the norm || - ||4
(introduced in Sec. 2.2) to be

1/p
wmuum<im /Im@Mﬂﬂ%@O ,
) JR2d ’

EET (v,

where T' (i, v) is the set of measures with marginals u and v (the set of all couplings
between p and v).

It is well known that the existence of couplings with a contractive property implies
convergence in Wasserstein distance (which can be interpreted as the infimum over all
such couplings). The simplest such coupling is to consider simulations with common
noise, this is known as synchronous coupling, therefore if one can show contraction
of two simulations which share noise increments with a explicit contraction rate.
Then one has convergence in Wasserstein distance with the same rate. With all
the constants and conditions derived for all the schemes for contraction, we have
convergence in Wasserstein distance by the following proposition:

PROPOSITION 2.3. Assume a numerical scheme for kinetic Langevin dynamics
with a m-strongly convex M-V Lipschitz potential U and transition kernel Py. If any
two synchronously coupled chains (Xy,vy,) and (Zn,0y) of the numerical scheme have
the contraction property

(2.1) (@ = Zn, 00 = Ta)ll2p < CA = c ()" |I(x0 — Zo,v0 — To)]I7

a,bs

for v* > C,M and h < C), (’y, \/M) for some a,b > 0 such that b> > a. Then we

have that for all v* > C,M, h < C}, ('y, vM), 1 <p<ooand all p,v € Pp(R*),
and alln € N,

1 n
W2 (P, pPy) < 3C max {a, a} (L=c(h)" W2 (v, p).
Further to this, P, has a unique invariant measure which depends on the stepsize, my,
where 7, € Pp(R??) for all 1 < p < cc.

Proof. The proof is given in [36][Corollary 20], which relies on [46][Corollary 5.22,
Theorem 6.18].

The focus of this article is to prove contractions of the form (2.1), and hence to
achieve Wasserstein convergence rates by Prop. 2.3. With convergence to the invariant
measure of the discretizations of kinetic Langevin dynamics considered here it will be
possible to combine our results with estimates of the bias of each scheme as in [18],
[36], [41] and [14] to obtain non-asymptotic estimates.
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3. Overdamped Langevin discretizations and contraction. We first con-
sider two discretizations of the SDE (1.2), namely the Euler-Maruyama discretization
and the high friction limit of the popular kinetic Langevin dynamics scheme BAOAB
[32]. The simplest discretization of overdamped Langevin dynamics is using the Euler-
Maruyama (EM) method which is defined by the update rule

(3.1) Xpi1 = X — hVU (X)) + V2hénp1.

This scheme is combined with Metropolization in the popular MALA algorithm.
An alternative method is the BAOAB limit method of Leimkuhler and Matthews
(LM)([32], [34]) which is defined by the update rule

Xpi1 = Xo — hVU (X,) + V2h%.

The advantage of this method is that it gains a weak order of accuracy asymptotically.

3.1. Convergence guarantees. The convergence guarantees of overdamped
Langevin dynamics and its discretizations have been extensively studied under the
assumptions presented (see [16, 24, 13, 15, 25, 23, 26]). We use synchronous coupling
as a proof strategy to obtain convergence rates as in [16]. We first consider two chains
z, and y, with shared noise such that

Tn+1l = Yn — hVU(xn) +V2h&ni1, Yntl = Yn — hVU(yn) + V2h&nia.
Then we have that
[Tny1 — yn+1”2 = ||z —yn + (=VU(zy) — (_VU(yn))||2
= ||zy — yn||2 = 2h(VU(xpn) = VU (yn), Tn — Yn) + h2HVU<xn) - VU(yn)H2
= ||1'n - yn||2 - 2h<$n — Yn, Q(xn - yn)> + h2<xn - Yn, Qz(xn - yn)>7

where Q = j;lzo V2U (xp+t(yn—my))dt. Q has eigenvalues which are bounded between
m and M, so Q% < M@, and hence

h2<xn — Yn, QZ(xn - yn)> S h2M<-Tn — Yn, Q(mn - yn)>

Therefore

Hxn+1 - yn+1||2 < ||xn - yn||2 - h(2 - hM)@jn - ynaQ(zn - yn)>
< azn = ynl (1 = hm(2 — M),

assuming that h < % We have a contraction and
|20 = ynl| < (1= hm(2 = hM))™?| |z — yol|.

A consequence of this contraction result is that we have convergence in Wasserstein
distance to the invariant measure with rate hm (2 — hM), under the imposed assump-
tions on h (as discussed in Sec. 2.3)[36, 46].

Note that this argument is exactly the same for the LM discretization of over-
damped Langevin dynamics as all the noise components are shared. The stepsize
assumption for convergence of overdamped Langevin dynamics in this setting is weak
and is the same assumption as is needed to guarantee convergence of gradient descent
in optimisation [9][Eq. (9.18)].



4. Kinetic Langevin Dynamics. We now consider many discretizations of
the SDE (1.1) using a framework established in Sec. 4.1, where we construct an
alternative Euclidean norm in which we can prove contraction (it is not possible
to prove contraction in the standard Euclidean norm). Essentially, we convert the
problem of proving contraction to the problem of showing that certain matrices are
positive definite.

4.1. Proof Strategy. We will consider a modified Euclidean norm as defined in
Sec. 2.2 for some choice of a and b. Our aim is to construct an equivalent Euclidean
norm such that contraction occurs for two Markov chains simulated by the same
discretization z, = (z,,v,) € R*? and %, = (Zn,7,) € R?? that are syncronously
coupled. That is, for some choice of a and b such that a,b > 0 and b? < a

(4.1) [12k+1 = 2rallay < (1= () 126 — 2l[2 0,

where a and b are chosen to provide reasonable explicit assumptions on the stepsize h
and friction parameter . Our initial choices of a and b for simple schemes are moti-
vated by [36], and are derived by considering contraction of the continuous dynamics.
Let z; = Z; — z; for j € N, then (4.1) is equivalent to showing that

(4.2) Zh (1—c(h))M —P"MP)z, >0, where M = G 2) :

and Zg41 = PZ (P depends on zj and Zg, but we omit this in the notation).

Example 4.1. As an example we have for the Euler-Maruyama scheme the update
rule for z;,

Th+1 = Tk + hUg, Uk41 = U — YhUg — hQTy,

where by mean value theorem we can define ) = ftlzo V2U(Zy + t(zg — Tx))dt, then
VU (%) — VU(xi) = Q. One can show that in the notation of equation (4.2) we
have

(4.3) P (_}ILQ ’ —hih) I) .

Proving contraction for a general scheme is equivalent to showing that the matrix
H:= (1 —c(h)) M — PTMP > 0 is positive definite. The matrix H is symmetric and
hence of the form

(4.4) "= (g g) :

we can show that H is positive definite by applying the following Prop. 4.2.

PROPOSITION 4.2. Let H be a symmetric matriz of the form (4.4), then H is
positive definite if and only if A = 0 and C — BA™'B = 0. Further if A, B and C
commute then H is positive definite if and only if A = 0 and AC — B? = 0.

Proof. The proof of the first result is given in [31]. To establish the second state-
ment, observe from [30] that if two matrices are positive definite and they commute
then the product is positive definite. Also if A = 0 then A~ = 0 (as A4 is symmetric
positive definite). Further A, B and C' commute and hence B, C' and A~! commute.
Therefore by applying the first result we have that A > 0 and

A" (AC-B*)=C-BA'B+-0,
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hence H is positive definite. If H is positive definite then A = 0 and C — BA™ !B = 0
by the first result. Thus as A, B and C' commute we have AC — B? >~ 0. O

Remark 4.3. An equivalent condition for a symmetric matrix H of the form (4.4)
to be positive definite is C = 0 and AC — B? = 0 when A, B and C commute. One
could equivalently prove that C' > 0 instead of A > 0 if it is more convenient.

Our general approach to prove contraction of some popular kinetic Langevin
dynamics schemes is to prove the conditions of Prop. 4.2 are satisfied to establish
contraction. We will use the notation laid out in this section in the proofs given in
the appendix.

4.2. Euler-Maruyama discretization. We define the EM chain with initial
condition (zg,v0) by (Zn,vn,&n) where the (§,)nen are independent N(0,1) draws
and (x,,v,) are updated according to:

(45) Try1 = T + hvk,
Vg1 = Vg — hVU(l’k) — h"ﬂ)k + v 2’)’hfk+1.

THEOREM 4.4. Assume U is a m-strongly conver and M-V Lipschitz potential.

When 7% > 4M and h < %, we have that, for all initial conditions (zo,vo) € R?*? and
(To,70) € R%?, and for any sequence of standard normal random variables (§n)nens the
corresponding EM chains (T, Un,&n),en and (Tn, Ony&n) ey with initial conditions

(wg,v0) € R%? and (Zg,70) € R*?, respectively, satisfy

- - k - .
(k= Ty vk = Ok)llap < (1= c(h))? [[(w0 — Zo,v0 — o)l la.b,
where a = ﬁ, b= % and
mh

c(h)z;.

Example 4.5. An example to illustrate the tightness of the restrictions on the step-
size h and the restriction on the friction parameter v. We consider the anisotropic
Gaussian distribution on R? with potential U : R? — R given by U(x,y) = %mwQ +
%M y?. This potential satisfies the assumptions 2.1 with constants M and m respec-
tively. By computing the eigenvalues of the transition matrix P (for contraction) we
can see for what values of h contraction occurs. For EM we have that

1 hI m 0
P= <—hQ (1_7h)1),whereQ— <O M)’
with eigenvalues
1
5 (2 — B+ hy /2 —4)\) ,

for A = m, M. For stability and contraction we require that

%(2-%—/1\/72—74@ >0, and %(2—7h+h\/72—4m) <l

The second condition is equivalent to v > /2 — 4m which trivially holds and the
first condition is equivalent to h < 2/(y + /7% —4m) = 1/7.



5. First order splittings. A common discretization strategy for kinetic
Langevin dynamics is based on splitting up the dynamics into parts which can be
integrated exactly, in the weak sense. An increasingly popular splitting choice used
in molecular dynamics modelling is to divide the SDE into deterministic parts corre-
sponding to linear positional drift and an impulse due to the force and a dissipative-
stochastic term corresponding to an Ornstein-Uhlenbeck equation [10]. These parts
are denoted by B, A and O with update rules given by

B:v—v—hVU(2),
(5.1) Az — z+ ho,

O:v—=nu++/1—n%,

where
n = exp (=7h).

The reasoning for such a splitting is based on the fact that the infinitesimal generator
of the SDE (1.1) can be split as £ = L4 + L5 + 7L, where

La=(v,Vy), Lp=—(VU(z),V,), Lo=—{(v,Vy)+ A,

The dynamics associated to £ 4 and Lz are the deteriministic dynamics corresponding
to A and B. The dynamics associated to vLp is the Ornstein-Uhlenbeck process,
which can be solved exactly, in the sense of distributions. This corresponds to the O
step. We use the convention that one applies the operators left to right.

The BAO method would first apply B then A and lastly O. For more details on
these splittings we refer the reader to [33].

We will now consider contraction for all first order splitting (permutations of the
A, B and O pieces), which are schemes with weak order 1. We first consider BAO,
where we define a BAO chain with initial condition (zg,v0) € R2? by (4, vy, En)nens
using the update BAO (5.1) and (&), oy are vectors of standard normal random
variables.

THEOREM 5.1 (BAO). Assume U is a m-strongly convex and M-V Lipschitz po-

tential. When h < \ZT"W we have that for all initial conditions (zq,vo) € R?*? and
the

(Zo,00) € R??, and for any sequence of standard normal random variables (&,),,cn
BAO chains (Tn,Vn,&n)pen and (T, Uy €n) ey with initial conditions (o, vo) € R2d
and (Tg,00) € R??, respectively, satisfy

k - -
|(@r = 2k, vk = O)lfap < (1= ¢ (h))? [|(z0 = Zo,v0 = To)llap,

h
where a = ﬁ and b = = and
h%m
4(1—n)

Remark 5.2. The modified Euclidean norm has now been chosen to be stepsize
dependent and is needed to eliminate the corresponding dependency of the stepsize
on the strong convexity constant m. We note that that simply choosing b = 1/~ does
not result in a norm which guarantees a stepsize restriction which is independent
of m, as is clear from the motivation of the construction of our choice of b. When
b # h/(1—n) one can always choose m small enough such that AC — B? is not positive

c(h) =
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definite. We also point out that the stepsize restriction implicitly implies that 42 is
larger than some constant factor multiplied by M. Further, for large ~ (for example
v > 5v/M) we have convergence for stepsizes independent of the size of vy (for example
h < 1/8/M), which improves on the results of [41].

Example 5.3. An example to illustrate the tightness of the restrictions on the step-
size h and the restriction on the friction parameter v. We consider the anisotropic
Gaussian distribution on R? with potential U : R? — R given by U(x,y) = %mac2 +
%M y%. By computing the eigenvalues of the transition matrix P (for contraction) we
can see for what values of h contraction occurs. For BAO we have that

(T-h*Q hI _(m 0
P—(_th nI)’WhereQ_(O M)’

with eigenvalues

1
2<1+77—h2)\i\/—477+(—1—77+h2)\)2),

for A = m, M. For stability and contraction it is necessary and sufficient that

1
(1+n—h*M) >0, and 2<1+n—h2>\+\/—4n+(—1—77+h2/\)2) <L

The first condition requires h < /522, where ﬁ < ML < \/% The second

condition holds when

1—n+h2>\>\/—4n+(—1777+h2>\)2,

which is equivalent to 4h?X\ > 0, which trivially holds. Due to these stability conditions
the best contraction rate possible is O (%)7 which coincides with our results. Further
we have that the contraction rate is precisely 1 — \,,,q, Which simplifies to

CN:1717+h2m—\/(1—77+h2m)274h2m.

Moreover, it can be shown that 4c(h) > ¢y for h < 1/4/22m and v > 4y/m. It is
shown in [35][Proposition 4] that for the continuous dynamics this condition on 7 is
necessary.

THEOREM 5.4 (OAB). Assume U is a m-strongly convex and M-V Lipschitz po-
tential. When h < min{%7 \l/gTZ}’ we have that for all initial conditions (zg,vo) €

R24 and (o, 00) € R??, and for any sequence of standard normal random variables
n e chains (Tn, v, En and (Ty,On,&n with initial conditions
nen the OAB chai nen and (T, 0 nen With initial diti

(w0,v0) € R%? and (Zo,T) € R4, respectively, satisfy

k - ~
(@ = Tk, 06 = Tk) |ap < (1= c(R))? || (xo — To,v0 — Do) [|abs

2
where a = 47, b= (1’7_}17) and ¢ (h) = 472}{_72),

Considering other splittings one could use the same techniques as above or we
can use the contractions results of BAO and OAB to achieve a contraction result for
the remaining permutations by writing

(ABO)" = AB(OAB)" 0, (BOA)" = B(OAB)" '0OA
(OBA)™ = O(BAO)"'BA, (AOB)" = AO(BAO)"'B
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However by applying direct arguments as done for OAB and BAO one would achieve
better preconstants. Let (%o, %) € R?? and (zg,v0) € R?*? be two initial conditions
for a synchronous coupling of sample paths of the ABO splitting and 7y := &g — o,
Tg := ¥g — vo. In the following argument we let @ be such that VU (&g + hiy) —
VU (zo + hvg) = Q (To + hvy) by the mean value theorem. Using the notation

WUapo to denote the one step map of the ABO discretization we have that for h <
. 1—
min (4 S

1WaBo (@) — Uaso (2x) 12 = || (¥ano)® (#0) = (¥aso)* (z0) |12,
=[|To 0 (Toap)* " 0 Wap (Z0) — Vo o (Youn)* " o Uag (x0) |2,
<3(1—c(h)* | Wap (F0,50) — Yas (z0,v0) |12,

<91 —c(h) 1 ((1+2h2M2a) |[Zo|* + (K% + a + 20 M?2a) |[vo|?)
<27(1—c(h)" || (@0, w0) |-

where we have used the norm equivalence introduced in Sec. 2.2. The same method
of argument can be used for the other first order splittings.

6. Higher order splittings. We now consider higher order schemes which are
obtained by the splittings introduced in Sec. 5. These schemes are weak order two
and they are symmetric in the order of the operators, with repeated operators corre-
sponding to multiple steps with half the stepsize. We will focus our attention to two
popular splittings which are BAOAB and ABOBA (or OBABO) as in [32]. Due to the
fact that the modified Euclidean norms developed in the previous section are differ-
ent for different first order splittings we aren’t able to simply compose the results of
say OBA and ABO to obtain contraction of OBABO. First we consider the BAOAB
discretization, where we denote a BAOAB chain with initial condition (zg,vo) € R??
by (Zpn,Un,&n),en, Which are defined by the update BAOAB (5.1) and (§,),,cy are
independent Gaussian random variables.

THEOREM 6.1 (BAOAB). Assume U is a m-strongly convex and M-V Lipschitz

potential. When h < 21\;%, we have that for all initial conditions (zg,v) € R?¢ and
the

(Zo,00) € R?, and for any sequence of standard normal random variables (&,),,cn
BAOAB chains (Tn,Vn,&n)pen and (Tn, Ons&n)pen with initial conditions (xo,vo) €
R24 and (Zg,0o) € R24, respectively, satisfy

k=1 - -
| (k= Zh, vk = 0k) llap <7 (1=c(h)) 2 [[ (zo = To,v0 — Do) [[ap,

where a = ﬁ and b = (1ﬁn) and
1 [ nh®>m 9 ) h*m
c(h)=~ +h'm)=———.
w=3 (3% i)

Next we consider the OBABO discretization which has been studied in the re-
cent work [36]. In [37] they analyse Hamiltonian Monte Carlo as O (AB.A)" O for
L leapfrog steps. In [37] a similar norm is used to study Hamiltonian Monte Carlo,
however they obtain stepsize restrictions of at least O (m/ L3/ 2). We note that the
OABAO scheme can also be analysed in our framework. We denote a OBABO chain
with initial condition (zg,v9) € R?? by (T, Vn, En)pens Which are defined by the
update OBABO (5.1) and (§,),,cy are independent Gaussian random variables.
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THEOREM 6.2 (OBABO). Assume U is a m-strongly convex and M-V Lipschitz

potential. When h < \1/%, we have that for all initial conditions (xg,vy) € R?? and

(Zo,70) € R??, and for any sequence of standard normal random variables (§n)nen the
OBABO chains (Tn,Vn,&n)peny A (T, On,y &n),ey With indtial conditions (xo,vo) €
R24 and (Zo, Do) € R??, respectively, satisfy

Ao ) _
[ (x — Tk, vk — k) l[ap S T(1—=c(h)) = |[(xo — To,v0 — Vo) [|a,bs

b= L~ and

where a = =

1

M’
hm

4(1—n)

Remark 6.3. In [18] it is shown that the continuous dynamics converges with a
rate of O(m/~). There is a major difference in terms of contraction rate for large ~y
between the rates achieved by BAOAB and OBABO and the continuous dynamics.
As v — oo for BAOAB and OBABO you have convergence rates of O(h%m), whereas
the contraction rate of the continuous dynamics converges to zero.

c(h) =

Remark 6.4. In Theorem 6.1 and Theorem 6.2 we have a prefactor of 7 due to
the fact that we have converted the problem of contraction into proving a simpler
problem with one gradient evaluation. More specifically for BAOAB using the re-
lation (BAOAB)™ = BAO (ABAO)" "' AB and proving contraction for ABAO and
similarly for OBABO. The prefactor comes from the remaining terms BAQO and AB.

7. Stochastic exponential Euler scheme. See [22] for an introduction to the
Stochastic exponential Euler scheme and a derivation, based on keeping the gradient
constant and analytically integrating the OU process with this constant gradient
by combining the B and the O steps in the previous splitting. This scheme is the
one considered in [14, 18] and has gained a lot of attention in the machine learning
community and we can apply our methods to this scheme. Similar schemes have also
been considered in [12, 28, 44] and it has been analysed in [22, 43]. The scheme in
the notation we have used is given by the update rule

h+n—1
- ’Y;] VU (Xk) + Gt

1_
X1 = X + ’ynd_

(7.1)
L—n
Virr =0V — TVU (X&) + Wit 1,
where
h . h 1 _ o=v(h=s)
Ck+1 = \/2’}// 6_7( _S)dWh,ers, Wk+1 = \/2’)’/ #dW}ers.
0 0

(Cks Wk) e are Gaussian random vectors with covariances matrices which are stated
in [22]. Now we can couple two trajectories which have common noise (Cx,wr)yen
then we can obtain contraction rates by the previously introduced methods. For
the SES discretization where we denote a SES chain with initial condition (z¢,vg) €
R4 by (2, vn,&n) ey, Which are defined by the update SES (7.1) and (§,),,oy are
independent Gaussian random variables.

THEOREM 7.1 (Stochastic Euler Scheme). Assume U is a m-strongly convex

and M-V Lipschitz potential. When v > 5V M and h < %, we have that for all

initial conditions (zo,v0) € R?? and (Zo,70) € R??, and for any sequence of standard
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normal random variables (§,),,cy the SES chains (Tn,Vn,&n)pen and (T, Un, €n)pen
with initial conditions (xg,ve) € R?? and (Zg,70) € R??, respectively, satisfy

~ - k ~ ~
@k = Ty e = Ok) [ap < (1= c(R))? || (x0 — To, vo — Do) [|a.b,
where a = ﬁ, b= % and

mh

h)=—.

JORE
8. Overdamped Limit. We will now compare and analyze how the different
schemes behave in the high friction limit. Starting with the first order schemes. It is
a desirable property that the high friction limit is a discretization of the overdamped
dynamics, therefore if a user of such a scheme sets a friction parameter v too large,
they will not suffer from the O(1/7) scaling of the convergence rate. We will call

schemes with this desirable property 7-limit convergent (GLC), out of the schemes
we have analysed it is only BAOAB and OBABO which are GLC.

8.1. BAO. If we consider the update rule of the BAO scheme

Tpt1 = xp + h(vp — hVU (2g)), vkt1 = o — VU (zr) + /1 — n2€ks1,
and take the limit as v — oo we obtain
w1 = xp — VU () + hép,

which is simply the Euler-Maruyama scheme with stepsize h? for potential U:=4U,

which imposes stepsize restrictions h? < ﬁ and hence consistent with our analysis.
Further if we take the limit of the contraction rate and the modified Euclidean norm

we have

h?m

lim ¢(h) = —,

1
Jim 1 2] + 2b(w, v) + al[vl[* = [[2]* + 2h(z, v} + ][I,

lim
’Y*)OO
which is again consistent with the convergence rates achieved in Sec. 3.1 and the
norm is essentially the Euclidean norm when considered on the overdamped process

as ¥ = 0. Due to the fact that the potential is rescaled in the limit, this is not a
discretization of the overdamped dynamics.

8.2. OAB. If we consider the update rule of the OAB scheme

Try1 = T+ hnog + h/1 — 028k,

Vg1 = N/ 1 — 02811 — VU (z + ok + hy/1 — 9%k11),
and take the limit as v — oo we obtain the update rule xy1 = x) + hék+1, therefore
the overdamped limit is not inherited by the scheme and further we do not expect

contraction. This is consistent with our analysis of OAB and our contraction rate
which tends towards 0 in the high friction limit.

8.3. BAOAB. If we consider the update rule of the BAOAB scheme
2

h h h
Tpt1 = Tp + 5 (14n)vx — T (1+n) VU (zx) + 5\/1 — 10%&py1,

h h
Vg1 = 1) (Uk - 2VU(331<:)) + V1 =02kt — §VU(9%+1),
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and take the limit as v — oo we obtain

h? h
Thp1 = Ty — 7VU(5L’k) +3 (€ + Erv1)

which is simply the LM scheme with stepsize h?/2 (as originally noted in [32]), which

imposes stepsize restrictions h? < 2/M and hence consistent with our analysis. Fur-

ther if we take the limit of the contraction rate and the modified Euclidean norm we
have

h2m

lim c¢(h) = ,

Y=o 4

. 1

lim [Jz||* + 2b(z, v) + al[v]|* = []2]|* + 2h{z,v) + —Jv[]%,
y—00 M

which is again consistent with the convergence rates achieved in Sec. 3.1 and the
modified Euclidean norm is essentially the Euclidean norm when considered on the
overdamped process as v = 0.

8.4. OBABO. If we consider the update rule of the OBABO scheme
h2
Tpt1 = T + hnvk + hy/1— nzfl,kﬂ — ?VU(SC]C),
h h
Vg1 =1) (771) + VI = PEp = 5 VU (2x) = 2VU(~’Ek+1)) + V1 =108 k41,

where (7 = exp (—yh/2)) and for ease of notation in the above scheme and we have
labelled the two noises of one step & and & . Now we take the limit as v — oo we
obtain

h2
Th4+1 = Tk — ?VU((Ek) + hf[ﬁ,l,

which is the Euler-Maruyama scheme for overdamped Langevin with stepsize h?/2,
which has convergence rate O (h2m). Hence consistent with our analysis of OBABO
and our contraction rate which tends towards h?m/4 in the high friction limit.

8.5. SES. If we consider the limit as vy — oo of the scheme (7.1) we obtain the
update rule zy 1 = z; and therefore the overdamped limit is not inherited by the
scheme and further we do not expect contraction. Hence consistent with our analysis
of the stochastic Euler scheme as the contraction rate tends to 0 in the high friction
limit.

Y = 10000.0

10° 10°
— EM — Em
102 — ons 10 — oaB

— BAO — BAO
— sks — SES

=<
il
IS

Y =001

100 10! 102 107 104 100 10! 102 102 104 100 10! 102 10 10¢
number of iterations number of iterations number of iterations

(a) Low friction (b) (c) High friction

Fig. 1: Contraction of two kinetic Langevin trajectories x; and zo with initial
conditions [—1,—1] and [1,1] for a 2-dimensional standard Gaussian with stepsize
h=0.25=1/4vM.
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9. Discussion. We tested our observations numerically in Fig. 1 with a 2-
dimensional standard Gaussian. Fig. 1 is consistent with our analysis that all schemes
are stable when v ~ 4v/M and in the high friction regime EM, OAB and SES behave
poorly compared to BAOAB and BAO. In the low friction regime again EM and SES
perform poorly compared to the other schemes.

In [18] it is shown that the optimal convergence rate for the continuous time
dynamics is O(m/7), therefore our contraction rates are consistent up to a con-
stant for the discretizations, however for some of the schemes considered for ex-
ample BAOAB and OBABO we have that the scheme inherits convergence to the
overdamped Langevin dynamics (without time rescaling) and this is reflected in our
convergence rate estimates. Therefore for MCMC applications it does not suffer from
the scaling of 1/~ on the convergence rate, if the user picks a friction parameter which
is too high. This robustness with respect to the friction parameter is shown in Fig.
1.

The constants in our arguments can be improved by sharper bounds and a more
careful analysis, but the restriction on -y is consistent with other works on synchronous
coupling for the continuous time Langevin diffusions [5, 14, 18, 19, 49]. Further it
is shown in [35][Proposition 4] that the continuous time process yields Wasserstein
contraction of synchronous coupling for all M-V Lipschitz and m-strongly convex po-
tentials U if and only if M — m < v(v/M + /m) for the norms that we considered.
This condition when M is much larger than m is O(v/M). It may be possible to
achieve convergence rates for small -, by using a more sophisticated argument like
that of [27]. Using a different Lyapunov function or techniques may lead to being able
to extend these results to all v > 0 [22, 39], following results for the continuous case
[27], but this is beyond the scope of this paper.

The restrictions on the stepsize h are tight for the optimal contraction rate for EM
and BAO and hence result in stability conditions of O (1/v) for EM and SES. Also we
have shown BAO, OBA, AOB, BAOAB and OBABO have convergence guarantees
for stepsizes O(1/v/M) and BAOAB and OBABO have the desirable GLC property
which is not common amongst the schemes we studied. For the choice of parameters
which achieve optimal contraction rate we derive O(m/M) rates of contraction, which
are sharp up to a constant and we achieve this for every scheme that we studied.
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Appendix A. Proofs.

Proof of Theorem 4.4. We will denote two synchronous realisations of EM as

(xj,v;) and (Z;,7;) for j € N. Now we will denote T = (Z; — x;), ¥ = (0; — vj)
and Z = (Z,7), where z; = (Z;,7;) for j = k,k+ 1 for k € N. We have the following
update rule for Z

Tpt1 = Tk + hUg, Uky1 = U — YhOp — hQTy,

where by mean value theorem we define Q = ftlzo V2U (%), + t(xy — Tx))dt, then
VU (Z) — VU(zx) = Q. One can show that in the notation of equation (4.2) we

have

(A1)

P= (iQ (1 fhih) I)’

and therefore for Euler-Maruyama (using the notation of equation (4.4))

A= —c(h)+2bhQ — h*aQ?, B=—c(h)b+h((by—1)+ (a+h(b—ay))Q),
C = —c(h)a+h(2ay—2b—h(1—2by +ay?)).

We now invoke Prop. 4.2 as A, B and C' commute as they are all polynomials in
Q. A is positive definite if and only if all it’s eigenvalues are positive. We note that
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the eigenvalues of A are precisely Pa(A) := —c(h) + h (2bA — ha)?), where X are
the eigenvalues of @), where m < A < M. We wish to show that P4(\) > 0 for all
A € [m, M]. This is equivalent to

2
Pa(\) _ m 2\ h) >A(1+2h>>0’
2y vy

h 2y v M —

which are both satisfied when h < 1/. Hence we have that A > 0. Now it remains
to prove that AC — B? = 0, where AC — B? is a polynomial of (), which we denote
Pyc_p2(Q). Hence has eigenvalues dictated by the eigenvalues A of ). That is the
eigenvalues of AC' — B? are Py¢_p2(A) for A an eigenvalue of Q. Considering Pyc_ g2
we have

—Aac=567 \7Y) i_i+m72_m72+m m )\+2 A i
h2\ M 42 42MA AyAN T A2\ M M2

2y
Yt =+ — — —h— O
<’y yM 27)\—'—73 +2’yM2 2MN M - M >0,

2 m m m mA m 2y 1
M

where we have used the fact that v > 2v/M and h < % and hence AC — B? = 0.

Proof of Theorem 5.1. We will denote two synchronous realisations of BAO as
(xj,vj) and (&;,0;) for j € N. Now we will denote Z := (Z; — z;), v = (0, — v;) and
zZ = (Z,7), where z; = (%;,7;) for j = k,k + 1 for k € N. We have the following
update rule for zZj,

Tpt1 =T + h (U — hQTy), Tpy1 = n(Uk — hQTy),

where by mean value theorem we define @ = ft1=0 V2U(Zy + t(xr — Zx))dt, then
VU (z1) — VU (x,) = QTk. In the notation of (4.4) we have that

A= —c(h)+2(bn+h) hQ — (an® + 2bnh + h*) B*Q?,
B=1b(1-mn)—h—bc(h)+ (an® + 2bnh + h*) hQ,
C=a(l—n*) —2bph—h*>—ac(h),

where n = exp {—vh}. For our choice of a and b, B simplifies to
B = —bc(h) + (an® + 2bnh + h*) hQ.

This simplification motivates our choice of b as we would like to factor out m from B
in proving AC — B? = 0 in a later calculation and this factorisation is necessary to
remove the dependence on m in our stepsize estimates.

We will now apply Prop. 4.2. First considering A, we have that the eigenvalues
for our choice of a, b and ¢ (h) are precisely

9 N b b h

Pa(X) = —c(h) 4 2bAh — (an® 4 2bnh + h?) K*X* > hX 7 \htgrg)) >0
where A are the eigenvalues of @ and we have used that h < 1/(v4M) and b > h.

Hence we have that A = 0. Now it remains to prove that AC —B? = 0, where AC — B2
is a polynomial of @, which we denote Pyc_p2(Q) and hence has eigenvalues dictated
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by the eigenvalues A of ). We have that

PO (P =1)c(h) T (2 (1=n2)  c(n)? n2>\>

hA  hMA 1-—nM =~ hMx M2

h 1 2 L )
+C()h2(+ (ern )+n>

h X (1—7) M M2
s Am 2 c(h)? A 2nA
th ( T-n? (-w (_miex M (1—n)M)
c(h) 4 4n 2 A 2\
Tt ((1—77)2+(1—77)+M <1—n>M>

Th(1+n) n*h h2> 3( 1 ( 1) 4 >
S (n) mh PP (R (I D
( 40T M Ve AT a—n
701 2 1 12
_ _ 1 _ _
>h(4M 60 3M< +384) 61 BM) >0,

where we have used the fact that h < \1/6%\’1[. This holds for any A € [m, M] and hence

AC — B? = 0 and our contraction results hold. 0

Proof of Theorem 5.4. We will denote two synchronous realisations of OAB as
(xj,v;) and (Z;,0;) for j € N. Now we will denote Z := (Z; — z;), v = (v, — v;) and
zZ = (Z,7), where z; = (T;,7;) for j = k,k + 1 for k € N. We have the following
update rule for Z

Tpt1 = Tk + "0k, OUgpg1 = N0k — QT4 1,

where by mean value theorem we define Q = ftlzo V2U (%41 +t(Tps1 —Tpy1))dt, then
VU (Zr4+1) — VU (2g4+1) = QTg11. In the notation of (4.4) we have that

A= —c(h) 4 2bhQ — ah®Q?,
B =0b(1—n)—nh—bc(h)+ (anh + 2nh*)Q — anh®Q?,
C=a(l—n%) —2m°h —n*h* — ac (k) + (2an®h® + 2b°h*)Q — an®h*Q?,

where 1 = exp {—vh}. For our choice of a and b, B simplifies to
B = —be (h) + (anh + 20nh*)Q — anh’Q?.

We will now apply Prop. 4.2, first considering A we have that the eigenvalues are
precisely

_c
hA

PA()\):h)\< +2b—ah)\)>h)\(1b—h> >0,

Hence we have that A > 0 and we note that this condition enforces a dependency of
h on 7 to ensure convergence. Now it remains to prove that AC — B2 >~ 0, now we
have that AC — B? is a polynomial of @, which we denote P,c_p2(Q) and hence has
eigenvalues dictated by the eigenvalues \ of Q.

Using the fact that hy > 1—n > h% and hence n > % for h < %. Also using that
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h< 1g—’7 we have that

Pac—pz(N) _ (1*—=1)c(h) Th (277 (17" " c(h)? A )

X hMA A—npM " 2Mx M2

h 2 umP P 2 g A
+h20()(— L - T T e )

g

h (1-m)M M  (Q-nM (1—mX M2
4 3 2 2 2 3
LY . 2 776(2) L 2n°A
(1—-n)? 1-=n @Q—=n)’m2Xx M (A-nM
wc(h) [ 4np® 27 P 2%\
R R G S V A . S Y
(1-n* (—=n) (1—mn)

> ﬁ 4 ( h) + R3 4 ! 2 E >0

=AM 6M 1—n)? 96(1—n)* (1—n)) 1277
Hence AC — B? = 0 and our contraction results hold. a0
Proof of Theorem 6.1. We first note that (BAOAB)" = BAO (ABAO)" ' AB.

We will now focus our attention on proving contraction of ABAQ, by doing this we
only have to deal with a single evaluation of the Hessian at each step. We will denote
two synchronous realisations of ABAO as (z;,v;) and (Z;,9;) for j € N. Now we will
denote T := (&; — z;), v = (0; — v;) and Z = (T, 7), where Z; = (T;,7;) for j =k, k+1
for £ € N. We have the following update rule for Zj,

_ _ _ h?_[(_ h_ _ _ _h_

Tkt1 = Tk + oy, — ?Q (x + 21}) , Uk+1 = nug — hn@Q (x + 21)) ,
where by mean value theorem we define Q = ftlzo V23U (Z + %f)k +t(zr — T + %(vk —
)))dt, then VU (& + 40;) — VU (21 + 2vp) = Q (Z + £7). In the notation of (4.4)
we have that for this scheme

1
A=—c(h)+ (2bmh + h*) Q + (—an2h2 —byph?® — 4h4) Q?,
2 2 3 3
B=b(1-—n)—h—>bc(h)+ (an h + 2bnh +Zh )Q

Looyz 1, 2a 15\ o
+< Qanh 2bnh 8h Q°,

s 1
C=a(l-n?) —2bnph —h*> —ac(h) + <a172h2 + %bnhd + 2h4> Q

1 24_1 5_i6 2
—|—< 4a77h 4bnh 16h Q*,

where n = exp {—vh}. For our choice of a and b, B simplifies to

1 1 1
B = —bc(h)+ (anzh + 2bmh? + ihg) Q+ (—2a772h3 - 5b77h4 - 8h5> Q?,

Now it is sufficient to prove that A = 0 and that C — BA~!B > 0, noting that A, B
and C' commute as they are all polynomials in Q); it is sufficient to prove that A > 0



20

and AC — B? = 0. First considering A we have that A is symmetric and hence it
is positive definite if and only if all it’s eigenvalues are positive. We note that the
eigenvalues of A are precisely

Pi(\)=h (C(h) + (2bn + R)A + (—an®h — bph* — ih?’))?)

h
h3M
4

by 3h
zh/\<ln+34n2hbnh2M

5om  3h  3n*h  h bn 3h h
> Ly ) > Ly
h)\< 16 hA >0,

where A are the eigenvalues of ), where m < A < M and we have used the fact
that h < \1/4% and b > h. Hence we have that A = 0. Now it remains to prove
that AC — B? > 0, now we have that AC — B? is a polynomial of @, which we
denote Pyc_p2(Q) and hence has eigenvalues dictated by the eigenvalues A of Q.
Now considering

Pac—p:(N) _ (1> —1)c(h) I el 2n (1 —n?) N c(h)?
hA hMA M M2 (1—-n)M " R2MA

e <_<1+n>2+ Lt n2>\>

h M (1—mXx M2
TN B (0T SN Ut S A k)
(1-n)? h2(1-n)’x AM ~ AM  (1-n)M
h) 4n AL+n%) A 3 "
pe (4 ey AN
+ h ( +(1_n)2+ 4M +M + 16+(1_77)2
h) [ 3A nA (1+n)h 1+42n
pocth) (37 > TR,
+ h ( 16 (1,7)2> - 4M + M
.{ 5 4n 1 h3
+R3 -2 = - —n(l+n) ] -=>0,
( 10— o M m) 32

where we have used the fact that h < \}%. Hence AC — B? = 0 and our contraction
results hold. All computations can be checked using Mathematica. We can bound

AB operator on || - ||q,6 by

| @B (Zk, Ok) — Pan (zx, 1) |25 <

ah?M? h?  ah*M?
3 (14 255 ) Il + (a2 22 ) Il ) < il

where we have used the norm equivalence in Sec. 2.2. We can also bound

|®BAO (T, D) — PBAO (Ths Vi) |2y

ah?M?  hAM? h?
<3 ((1+ 255+ 0 Y m + (% + o) Imul?) < Tl

Combining these results we have the required result. 0
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Proof of Theorem 6.2. We first note that (OBABO)" = OB (ABOB)" ™' ABO.
We will now focus our attention on proving contraction of ABOB. Note we are
only have to deal with a single evaluation of the Hessian at each step as the position
variable is not updated between gradient evaluations. We will denote two synchronous
realisations of ABOB as (z;,v;) and (Z;,0;) for j € N. Now we will denote T :=
(fj — Jij), v = (17] — ’Uj) and Z = (f,@), where Zj = (fj,@j) for j=k,k+1for k € N.
We have the following update rule for z

h
Tht1 = T + W0k, Upq1 = N0k — 5(77 +1)Q (T + hv),

where by mean value theorem we define Q) = ftlzo V2U (%, + hiy, + t(zg — T5 + h(vp —
Ox)))dt, then VU (Zy, + hty) — VU (vx + hvg) = Q (T + ko). In the notation of (4.4)
we have that for this scheme

A:—c(h)—f—bh(l—H])Q—(1—#77)261}%16227
B=b(l—n)—h—0be(h)+ <;an+bh> (774—1)hQ—(77—|—1)2a7h36,227

€= a (1 7%) b — 1 —ac () + (an +bh) (n + ) I°Q —atn-+17 02

where 7 = exp {—7h}. This form motivates the choice b = 1% and a = ﬁ inspired

by the continuous dynamics. For our choice of a and b, B simplifies to

9 ah?

B:fmmyuém+wmn+nmwwn+n 4@?

We will now apply Prop. 4.2, first considering A we have that the eigenvalues are
precisely

h2)\2 3b h 3b
Pa(\) = —c(h) +bh(1+m)A — (1 +1)22 ”) >0,

S P (P A L )
1 < <4+"

where \ are the eigenvalues of @), where m < A < M and we have used the fact that
b > h. Hence we have that A = 0. Now it remains to prove that AC' — B2 = 0, now
we have that AC — B2 is a polynomial of ), which we denote P4c_p2(Q) and hence
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has eigenvalues dictated by the eigenvalues A of (). Now considering

M h2MA 4M?

Pac_p2(\) _ (n*=1)c(h) 1+m)°  c(h)? (1+n)°A
5 WM +h< +

ch) [ A+n)° 1 2 A1 +41n)?
e ( M AT O e )
Y C+n)® e’ A+n)® | A(+n)?
(1-n)°  (1-n)*h2\ AM 2(1—n) M
seh) (@40 A1+ A(1+n)°
L (1_,7)2+ 4M _2M(1—n)>

h(1+mn) 3(1+n)? 3(1+41n)?
AM +h< 4M >_h< 64M )

where we have used the fact that h < \1/4_71\72. Hence AC — B? - 0 and our contraction
results hold. All computations can be checked using Mathematica. We can bound
ABQO operator on || - ||q.5 by

1®aBO (Zk, Tk) — PaBo (@, vk) |2,
h2 M2 hiM?
<3 (14 55 )l + (ot 02+ 20 )

< 8[|Zk, k|2 s

where we have used the norm equivalence in Sec. 2.2. We can also bound

2 4

< 6|[Zk, Tell] -

o 1 ah?M? . .
[P (e ) — Pon (arve) |2, < 3 (( n ) [Zl? +a||vk|2)

Combining these results we have the required result. ]

Proof of Theorem 7.1. We remark that synchronously coupling between two reali-
sations of the stochastic Euler scheme results in a synchronous coupling of ((x, wi) -
Now we will denote 7 := (&; — z;), T = (9; — v;) and Z = (Z,7), where Z; = (Z;,7;)
for j = k,k+ 1 for k € N. We have the following update rule for zj

_ _1—n_ h+n—-1__  _ . 1-n,__
Tht1 = T + ank—’y 7727 QTk, 'Uk+1:77Uk_Tanka

where by mean value theorem we define @ = ftlzo V2U (%), + t(xy — Tx))dt, then
VU (Zr) — VU (z) = Q (T + hv). In the notation of (4.4) we have that for this
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scheme

A:—c(h)+2<b(1_”)+77_12+7h>Q
5 y

_ (a(ln)2 L2001 =n) (=14 +9h) (1+n+vh)2>Qz

+
3 4

+<an<1—n>+b(1—2n>2+bn<—1+2n+vh>+<1—n><—13+n+vh>>@
v v v v

P ey 2= (=)’

C = a1l =) —ac(h) - = e

where n = exp {—vh}. This form motivates the choice b = % and a = 4 inspired by
the continuous dynamics. For our choice of ¢ and b, B simplifies to B = —bc (h) +
O (Q). We will now apply Prop. 4.2, first considering A we wish to show that all it’s
eigenvalues are positive which are precisely

Pa()) = _c(h)+2<b(1_”) +”_1+7h>x

gl 7
a(l-—n)® 20 —n)(Ltntyh) (1+n+’yh)2> \2

73 ,y4

2 3
i (- (ne ) ) s
4y ol 4

where )\ are the eigenvalues of QQ, where m < A < M and using the fact that, y2 > 4M,

1-n<hy, hy+n—1< % and h < % Hence we have that A = 0. Now it remains

to prove that AC — B? = 0, now we have that AC — B? is a polynomial of @, which
we denote Pac_p2(Q) and hence has eigenvalues dictated by the eigenvalues \ of Q.
Due to the fact that the terms are more complicated than the previous discretizations
we choose a convenient way of expanding the expression which can obtain positive
definiteness. That is to expand the expression in terms of a. By using for example
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Mathematica one can show that Pyc_p2()\) = ¢ + cra + cpa?, where

b(1— —14n+~h
( n)+ ZW))\

et eza= (i =1)e(h) +c(h) +2 (1 —7°) (

v v
+2b(1—77)770(h))\_2(b(1—17)+—1+772+7h>c(h))\+(1_71)4)\2

v ot v gl

2 (1—n)*(1+n+7h) A2 2b(1—n) (=1+n+7h) N2
- A - 3
_(17772)(71+n+’yh)2)\2+2b(1—n)(—1+n+7h)c(h)/\2
vt 73
L +17+74h)2c(h) X (_(1 —772)2)\2 La —77)22c(h) )\2>
v v v

S (1—727)2A+(1—71)220(11)A

v ot

21\, 9 2h7 1—n

z (r=1)e+ {1 n)(v (1+77)72) "

2 2 3 3 3 2 3
>A<h_h_M_M_M>ZA<71h6_h4W>,

where h <
have that

2 3
- . 2 (1—n)° A
o = (1 n)2 c(h)  2b(1—m)ne(h) _ b (h)? ( 377)
v v ¥
21 =0 (=1+n+~vh) X 421 —n)*X  4bnp(1—n) (=1 +n+~h) A
_ = _ vQ _
VPX2(n+h —1)2 20%2(1 —n)2e(h) X 2b%nc(h) A(n+~vh — 1)
- 4 + 2 + 2
¥ v v
20°n(1 =)’ 2(n+~h—1) (1 —n)*X?*  2b(1 —n)c () A(n+~yh—1)
+ - - - +
v ¥
- (_2 (h)* () 4 20)° ()N () A)

%,7228M28m, %gl—ngh’yandh’ernflS@. Further we

A4 A4 4~6 ~6

4h3  4h? h?
>A(——2—2h4>>>\(—72>,
v v v

4 4

now we can combine this with the previous estimate and we have

Th* B3y Th? 507
_ e ) > A== ) >
Pac—p(A) > X <16M AM A2 ) ~ (16M 72> 20,

which is true when v > 5v/M. Hence AC — B2 = 0 and our contraction results hold.
All computations can be checked using Mathematica. ]
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