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Abstract: The Metropolis-adjusted Langevin (MALA) algorithm is a sampling algorithm that incor-
porates the gradient of the logarithm of the target density in its proposal distribution. In an earlier joint
work [PST12], the author had extended the seminal work of [RR98] and showed that in stationarity,

MALA applied to an N—dimensional approximation of the target will take (’)(N%) steps to explore its
target measure. It was also shown in [RR98, PST12] that, as a consequence of the diffusion limit, the
MALA algorithm is optimized at an average acceptance probability of 0.574. In [Per16], Pereyra intro-
duced the proximal MALA algorithm where the gradient of the log target density is replaced by the
proximal function (mainly aimed at implementing MALA non-differentiable target densities). In this
paper, we show that for a wide class of twice differentiable target densities, the proximal MALA enjoys
the same optimal scaling as that of MALA in high dimensions and also has an average optimal accep-
tance probability of 0.574. The results of this paper thus give the following practically useful guideline:
for smooth target densities where it is expensive to compute the gradient while implementing MALA,
users may replace the gradient with the corresponding proximal function (that can be often computed
relatively cheaply via convex optimization) without losing any efficiency. We show this for two class
of examples. First, for the product of Gaussians, we identify the optimal scale for proximal MALA
and show that it is identical to MALA; our calculations further suggest that the same result should
hold for a wide class of twice differentiable, log-concave product measures. Next, following the exact
framework used in [PST12], we define a version of the proximal MALA algorithm in a Hilbert space.
We show that for a certain class of twice differentiable, infinite dimensional non-product measures
commonly used in applications, the proximal MALA applied to an N—dimensional approximation of
the target also will take (’)(N%) steps to explore the invariant measure, with an optimal acceptance
probability of 0.574. This confirms some of the empirical observations made in [Per16].

AMS 2000 subject classifications: Primary 60J20 ; secondary 65C05, Markov Chain Monte Carlo,
Metropolis Adjusted Langevin Algorithm, Scaling limit, Diffusion Approximation, Convex Optimiza-
tion, Proximal Operators, Moreau Envelope.

1. Introduction

The Langevin diffusion in R
dX; = Vegn™ (X;)dt + V2 dW; (1.1)

under practically realistic regularity assumptions on the measure 7%V has 7 its invariant measure. The
Langevin algorithm has been one of the workhorses for sampling probability measures; it is widely used in
bayesian statistics [RC04], data assimilation, inverse problems [Stul0] and machine learning e.g., [WT11,
Lam?21], among other areas of data science. The time discretization of X; with step-size § gives rise to the
(unadjusted) discrete Langevin proposal:

y=x+0Viogr™ (x)+ V202", ZN ~ N(0,Ty) . (1.2)

N

Consider a 7" —invariant Metropolis Hastings Markov chain {:zzk>N } x> Obtained by proposing y from the

current state z according to the kernel g(x,y) given by (1.2) and then accepted with probability
™ (y)aly, z)

@) =N TR awy)

(1.3)
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The proposal (1.2) coupled with the accept-reject mechanism above constitutes the Metropolis Adjusted
Langevin Algorithm (MALA) [RC04]. The proposal kernel for the simpler, Random Walk Metropolis (RWM)
algorithm is derived from the following random walk:

y=z+VozN,  ZN ~N(0,Iy). (1.4)

An important question regarding the computational complexity of these Markov chains is how should the
parameter § vary as a function of the dimension N. A well-known heuristic for choosing § is the following;:
smaller values of 0 lead to high acceptance rates but the chain moves very slowly, and therefore may not be
efficient. Larger values of § lead to larger moves, but are rejected more often because of smaller acceptance
probabilities. The “optimal scale” for the proposal variance thus strikes a balance between making large
moves and still having an O(1) acceptance probability as a function of the dimension N.

To make this heuristic precise, consider the continuous interpolant of the Markov chain X*:

2N(t) = (i - k:) N (k +1-— i) BN for kAL <t < (k4 1)At. (1.5)
At At
We choose the proposal variance to satisfy § = ¢At, with At = N~7 setting the scale in terms of dimension
and the parameter ¢ a “tuning” parameter which is indepedent of the dimension N. We now discuss how to
choose v and /.
Suppose that 7V is the product of N probability densities ,

N
™ () Hw(xi). (1.6)

For this product measure, the seminal papers [RGG97] and [RR98] respectively showed that, in stationarity,
the “optimal” choice for v that maximizes the expected jumping distance is v = 1 for the RWM algorithm
and v = % for the MALA. Moreover, the projection of zV into any single fixed coordinate direction x;
converges weakly in C([0,T];R) to z, the scalar diffusion process

dz aw

pri h(0)[logm(2)]" + 2h(£)ﬂ' (1.7)
Here h(¢) > 0 is a constant determined by the parameter ¢ from the proposal variance. The quantity h(¢)
has the interpretation as the “speed-measure” of the limiting diffusion [RR01]. Choosing ¢ to maximize h(¢),
thus maximizing the speed of the limiting diffusion, then yields an optimal average acceptance probability
of 0.234 for the Random Walk Metropolis Algorithm and 0.574 for MALA. A remarkable feature of these
results is that the optimal acceptance probabilities for these two algorithms are “universal” — they hold for
a wide range of .

The above analysis shows that the number of steps required to sample the target measure grows as
O(N) for RWM, but only as O(N %) for MALA. This quantifies the efficiency gained by use of MALA over
RWM, and in particular from employing local moves informed by the gradient of the logarithm of the target
density. These theoretical analyses have inspired much further research as they give useful guidelines for
implementation of MALA in high dimensions: in addition to employing an explicit scale in the proposal
variance as predicted by the theory, one should “tune” the proposal variance of the RWM and MALA
algorithms so as to have acceptance probabilities of 0.234 and 0.574 respectively.

1.1. Proximal MALA algorithm

The proximal MALA algorithm was introduced by Pereyra in [Per16]. For a convex function f : RY — R,
A > 0 and || - || denoting the Euclidean norm, define the proximity operator (also called the A-Moreau
envelope, [BC11]):

1
Al — - 2
Prox}(z) = azgeRmA}n (f(y) o ly — = )



The following two extreme limits are well known for proximal functions (see [BC11], Chapter 12):

. A - . A _
;13}) Prox}(z) =, )\hﬂn;o f(Prox;(z)) ylerﬁgfzv f ).

Let 7 be a probability density in RY and consider it’s A—Moreau approximation (see Equation (3) of
[Per16]):

1
¥ (z) o< sup 7(u)exp ( - 2—/\||u - £CH2)
u€eRN

If 7V (x) oc exp(—V(x)) for a convex function ¥, we have the identity:

1
N () o exp{ - \I/(Proxf‘l,(ac)) } exp{ - 2—/\||Prox$(x) - :CH2}
In addition, if ¥ is differentiable, we also have the identity ([BC11], Equation (12.28)):

%(m — Prox} (z)) = VU(Proxy,). (1.8)

Equation (1.8) can be thought of as an implicit gradient. Indeed, (1.8) yields that the deterministic, implicit
update equation

pRFLN kN )\V\I/(ka,N)
can be written as
* N = Proxy (zFV). (1.9)

Motivated by (1.8) and (1.9), in [Perl6], Pereyra introduced the following modification of the discrete
Langevin proposal ! (1.2):

y = (1— ;)x+§Prox$(x)+\/2—52N, ZN ~N(0,Iy) . (1.10)
The proximal MALA Markov chain then proceeds via the accept-reject mechanism (1.3) using the proposal
given in (1.10).

Pereyra [Perl6] chooses 6 = A on grounds of the stability of the resulting algorithm. We also make this
choice. Thus our proximal MALA proposal is given by:

y = Proxy(z) + V26 ZN,  ZN ~N(0,1y) . (1.11)

However, it is far from clear how the scaling should change as a joint function of the parameters \ and 9,
especially when W is not differentiable.

One of the main reasons why the proximal MALA was introduced in [Per16] is that the proposal (1.11)
can be applied to targets even when WU is not differentiable: e.g., the Laplace density ¥(z) = |z|. Quoting
Pereyra [Perl6]: “finally, similarly to other MH algorithms based on local proposals, proximal-MALA may
be geometrically ergodic yet perform poorly if the proposal variance § is either too small or very large.
Theoretical and experimental studies of MALA show that for many high-dimensional target densities the
value of § should be set to achieve an acceptance rate of approximately 40% — 70% (Pillai et al. 2012).”

1For notational consistency, we have set 26 = ¢’ where & is the analogous parameter in Pereyra’s definition; see Equation
(9) of [Perl6]



1.2. Our Contributions

In this paper, we theoretically confirm the empirical observation above made by Pereyra [Per16] for a wide
class of target measures. Even if the target density is differentiable, in many practical applications it may
be very expensive to compute the gradient, whereas it is often cheap to compute the proximal function via
convex optimization. For example in many applied models encountered in data assimilation and Bayesian
inverse problems [Stul0], the target density is of the form:

N OIY) ox exp ( — 55 IY — GO) +h(6))

where G : RV = R is an expensive function to compute (such as the solution of a climate model obtained via
solving a partial differential equation), © is a high dimensional parameter we wish to do statistical inference
for, Y is the observed data and exp(h(©)) denotes the prior distribution for ©. In such examples, it is even
more expensive to compute the gradient of G with respect to © and is often numerically unstable. Thus
there is a natural need for developing derivative free sampling algorithms that enjoy the same optimality
properties of Langevin algorithms.

In light of the scaling results for MALA mentioned before, it is thus natural to ask whether the proximal
MALA algorithm enjoys similar scaling properties as that of MALA for differentiable target densities. We
prove that this is indeed the case: the proximal MALA enjoys the same optimal scaling as that of MALA
in high dimensions and also has an average optimal acceptance probability of 0.574. The results of our
paper thus give the following practically useful guideline: for smooth target densities where the gradient is
expensive to compute while implementing MALA, users may replace the gradient with the corresponding
proximal function without losing any efficiency; furthermore, users can set the proximal parameter § to N ~/3
and tune the algorithm to have an acceptance probability of 0.574 just as in MALA. Our paper takes the
first theoretical steps towards harnessing the powerful tools of convex optimization to bear fruit on optimal
scaling of MCMC algorithms. We study the optimal scaling of proximal MALA in two contexts:

1. When the target measure is a product of standard Gaussians, in Theorem 2.1 we show that the
optimal scale and optimal acceptance probability for the proximal MALA algorithm is identical to
that of MALA. While we do not study the case when the target is a general product measure of the
form (1.6), our calculations and heuristics suggest that the same result should hold for a wide class of
product measures (1.6) for which ¥ is convex and smooth.

2. For a class of infinite dimensional non-product measures studied in [PST12], we show that the optimal
scaling of N=1/3 for MALA as worked out in [RR98, PST12] is also optimal for the proximal MALA
algorithm when the log density is convex and differentiable; see Theorem 5.1 for the formal statement
of our main result.

Let us give a high-level explanation of why the proximal MALA enjoys the same scaling as that of MALA
when W is differentiable. When ¥ is smooth, it can be shown under reasonable assumptions on the second
derivative of ¥ that:

[Prox$, (z) — z| = O(9). (1.12)
Consequently, setting A = ¢ in the implicit Euler identity (1.8) and using (1.12) yields that
Prox$, (z) = = — §V¥(Prox (z))
=2 —6VVU(z) + R(x,9), R(x,6) = O(5%). (1.13)

The remainder term R(z,§) is O(62). Comparing this with (1.11), we see that the proximal MALA proposal
can be written as

y=x—8VU(x)+ R(x,0) +V262ZY,  ZN ~N(0,Iy) (1.14)

= zmaLa + R(z,6)
where xyara is the MALA proposal. In high dimensions, the drift term in the diffusion limit comes from
O(8) term; the O(6%) remainder term R(x,§) does not contribute to the diffusion limit and vanishes in the

large N limit. Our paper formalizes this observation for a class of infinite dimensional models studied in
[PST12]; refer to Equation (4.7), Lemma 7.8 and the related discussion in Section 4.1.

4



1.3. Infinite Dimensional Diffusions

Motivated by applications in data assimilation, inverse problems and Bayesian nonparametrics (see [Stul0]
and [HSV11]), the papers [MPS12] and [PST12] extended the results of product measures [RR98] to certain
infinite dimensional non-product target measures. In both of these papers, the target measure of interest, m,
is on an infinite dimensional real separable Hilbert space H and is absolutely continuous with respect to a
Gaussian measure mg on H with mean zero and covariance operator C. This framework for the analysis of
MCMC in high dimensions was first studied in the papers [BRSV08, BRS09, BS09]. The Radon-Nikodym
derivative defining the target measure is assumed to have the form

dm

y (x) = My exp(—T(x)) (1.15)
o

for a real-valued functional ¥ : H® +— R defined on a subspace H® C H that contains the support of the
reference measure 7y; here My is a normalizing constant.

It is proved in [DPZ92, HAVWO05, HSV07] that the measure 7 is invariant for H—valued SDEs (or
stochastic PDEs — SPDEs) with the form

% = —h(l)(z+CV¥(2)) + /2 h(() dd—If, 2(0) = 2° (1.16)
where W is a Brownian motion (see [DPZ92]) in H with covariance operator C and any constant h(¢) > 0.
In [PST12], the MALA algorithm was studied when applied to a sequence of finite dimensional approxi-
mations of 7 as in (1.15). The continuous time interpolant of the Markov chain 2%V given by (1.5) is shown to
converge weakly to z solving (1.16) in C([0, T]; H?). Furthermore, the scaling of the proposal variance which
achieves this scaling limit is inversely proportional to N'/3 (i.e., corresponds to the exponent v = —1/3)

and the speed of the limiting diffusion process is maximized at the same universal acceptance probability of
0.574 that was found for product measures [RR9S].

1.4. Notation

Throughout the paper we use the following notation in order to compare sequences and to denote conditional
expectations.

e Two sequences {«a,} and {3, } satisfy «,, < S, if there exists a constant K > 0 satisfying o, < K@,
for all n > 0. The notations «,, < (3, means that o, < £, and £, < ay,.

e Two sequences of real functions { f,} and {g,,} defined on the same set D satisfy f,, < g, if there exists
a constant K > 0 satisfying f,,(z) < Kg,(z) for all n > 0 and all « € D. The notations f,, < g, means
that f,, < gn and g, S fa.

e The notation E, [ [z, {)] denotes expectation with respect to & with the variable x fixed.

2. A Simple Example: Product of Gaussians

We start with a simple case, where the target measure is the product of standard Gaussians:
N
(@) o [ [ exp(—27/2). (2.1)
i=1

The MALA proposal for 7 given in (2.1) is:
y=x(1-08)+v252Z,  Z~N(0,Iy).

The Metropolis-Hastings acceptance ratio a(z,y) given in (1.3) with

N
g(x,y) = [ exp ( - 4%(% — (1 - 5))2)
i=1
5



The usual calculation for finding the optimal scale proceeds as follows. Expanding the term L,, = log (%)
in § yields 2:

532 N 1L 552 N 53N
Ln:_ﬁ xiZi+§5QZ(w?—Zf)+WZ%‘Z¢_ZZ$§+O(57/2)' (2.2)
im1 i—1 i1

i=1

Since the chain is at stationarity, the first three summands in (2.2) have expectations zero:
E™ E,(2Z:) = B" E, (¢ — Z2) = B E,(2:Z;) = 0.

Moreover, the variance of the O(§/2) satisfies:

N

N
Var,, (Z x; Z;) = Z 3.
i=1

i—1
Thus if we set § = (N~Y/3, using the fact that Zf\il 2? — 1 almost surely, we obtain that

033
L, = Z; ~ N(_Z’ 5)

and the acceptance probability:
E(1 Aefn) — a(l) = B(1 A e?).

In particular, L, = O(1) for 6 = N~'/3, and thus the optimal scale that makes the size of acceptance
probability equal to O(1) corresponds to § = N —1/3_ The ongoing computation generalizes for quite a large
class of product measures 7V far beyond Gaussians, and forms the basis of the diffusion limit obtained in
[RR98]. Finally, to have the optimal acceptance probability of 0.574 that maximizes the speed of the limiting
diffusion, all one needs is that the limiting Gaussian random variable Z, satisfy:

—2E(Z;) = Var(Zy). (2.4)

Indeed, once we have the relation (2.4), the limiting diffusion has the speed measure:
2 z 2 K 3
h(€) = CE(1 A e®t) =20 @(—56 )

for some constant K that depends on the target measure and ® is the CDF of the standard Gaussian
distribution. As shown in Theorem 2 of [RR98], the value of ¢ that maximizes h(¢) is independent of K since
making the transformation u = §€3 yields that

max h(l) = 2°3 K~2/% max u®/3®(—u)
and the maximizer @ of the latter term is independent of K, see Theorem 2 of [RR98]. Thus the optimal
acceptance probability is also independent of K: it is just a = 2®(—u).
Next, we perform the same computation for the proximal MALA algorithm. The proximal MALA proposal
for 7 given in (2.1) is:

1

1+5)x+\/2—5Z, Z ~N(0,1y) (2.5)

Y

with the corresponding ¢(x,y):

N
1 X 2)
z,y)=|lexp| — —(vi — .
2We used MATHEMATICA for obtaining this expansion; also see [RR98].
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Theorem 2.1. For the prozimal MALA proposal given in (2.5), the choice of 6 = (N~/3 yields an ac-
ceptance probability of O(1). The limiting acceptance probability a(€) can be expressed as a(€) = E(1 A e?*)
where Zy is a Gaussian variable satisfying (2.4).

N ()ay.x)
N (z)q(z,y)

Proof. As before, expanding L,, = log ( ) in terms of 9 yields:

N

N
_ _i 3/2 7. § 2 2 _ 72
L,= \/5‘5 ;szl—i—Qé ;(x Z?)

7 - 14
+ 822N w2+ -2 (822 — 172?) + O (67/2). (2.6)
V2 ; 4 z; ( )

i=

Again, using the fact that the chain is at stationarity, we see that the summands of §%/2, 5% and §°/ 2~ in the
expansion (2.6) all have mean zero. Furthermore, for the choice of § = (N~1/3 we have L, = Z, with
—35 =2E(Z) = Var(Z,) satisfying (2.4), and the proof is finished. O

While we do not prove a diffusion limit, the arguments laid out in Section 1.2 can be used to prove a
diffusion limit for any single component of the piecewise interpolant of the proximal Markov chain described
above. Consequently, Theorem 2.1 yields that the optimal acceptance probability for proximal MALA algo-
rithm is also 0.574 in the case where the target measure is the product of Gaussians.

Remark 2.2. While Theorem 2.1 is only worked out for product of Gaussians, the result strongly suggests
that the same optimal scale and acceptance probability should hold for a large class of measures obtained as
products of log-concave target densities. The main reason for this is that the optimal scale and optimal accep-
tance probability results are “universal”; the specifics of target distributions should not matter. In particular,
the Gaussian distribution (as used in Theorem 2.1) plays no special role in optimality of MALA and nor
should play a role here. We focused on this case for clarity of exposition.

3. Infinite Dimensional Target Measure

We keep the framework in this paper very close to that of [PST12] so that the reader can easily compare our
results to that of the MALA algorithm obtained in that paper. Let H be a separable Hilbert space of real
valued functions with scalar product denoted by (-, -) and associated norm ||z||? = (z, z). Consider a Gaussian
probability measure mo on (H, | - ||) with covariance operator C. The general theory of Gaussian measures
[DPZ92] ensures that the operator C is positive and trace class. Let {¢;,A7};>1 be the eigenfunctions and
eigenvalues of the covariance operator C:

We assume a normalization under which the family {y;};>1 forms a complete orthonormal basis in the
Hilbert space H, which we refer to us as the Karhunen-Loeve basis. Any function x € H can be represented
in this basis via the expansion

x:Z:z:j ©js z; = (x, 05). (3.1)
j=1

Throughout this paper we will often identify the function x with its coordinates {z; };";1 € /% in this eigen-
basis, moving freely between the two representations. The Karhunen-Loeve expansion (see [DPZ92], section
White Noise expansions), refers to the fact that a realization = from the Gaussian measure my can be ex-
pressed by allowing the coordinates {z;};>1 in (3.1) to be independent random variables distributed as
xj ~ N(0, )\f) Thus, in the coordinates {z;};>1, the Gaussian reference measure my has a product structure.



For every © € H we have the representation (3.1). Using this expansion, we define Sobolev-like spaces
H",r € R, with the inner-products and norms defined by

oo oo
@y = 57 s, |7 = 5% . (3.2)
=1 =1

Notice that H° = H and H" C H C H ™" for any r > 0. The Hilbert-Schmidt norm || - ||¢ associated to the
covariance operator C is defined as

)2 = A72a3.
j

def

For z,y € H", the outer product operator in H" is the operator & @y : H" — H" defined by (x @y y)z =
(y,z)rx for every z € H". For r € R, let B, : H + H denote the operator which is diagonal in the basis

1

{p;};j>1 with diagonal entries j?". The operator B, satisfies B, ¢; = j%"p, so that B? ¢; = j"¢;. The

operator B, lets us alternate between the Hilbert space H and the Sobolev spaces H" via the identities
1 1 _ _

(x,y)r = (BFx, BEy). Since | By 21l = k|l = 1, we deduce that {B; 1/290k}k20 forms an orthonormal

basis for H". For a positive, self-adjoint operator D : H +— H, we define its trace in H" by

o0

Tryer (D) S (B 2 0;), D(By 2 5), (3.3)

Jj=1

Since Tryr (D) does not depend on the orthonormal basis, the operator D is said to be trace class in H" if

Try- (D) < oo for some, and hence any, orthonormal basis of H". Let us define the operator C, £ Brl/2 C B;/2.
Notice that Try-(C,) = Zj’;l A3 7%, In [PST12] it is shown that under the condition

Tryr (Cr) < 00, (3.4)

the support of my is included in H" in the sense that mp-almost every function x € H belongs to H'".
Furthermore, the induced distribution of my on H" is identical to that of a centered Gaussian measure on
H" with covariance operator C,.. For example, if & Y o, then IE[({, u)p (&, v}T} = (u,C,v), for any functions
u,v € H". Thus in what follows, we alternate between the Gaussian measures N(0,C) on H and N(0,C,) on
H", for those r for which (3.4) holds.

3.1. Change of Measure

Our goal is to sample from a measure 7 defined through the change of probability formula (1.15). As described
above, the condition Try-(C,) < oo implies that the measure my has full support on H", i.e., mo(H") =1
Consequently, if Try(C,) < oo, the functional ¥(-) needs only to be defined on H" in order for the change of
probability formula (1.15) to be valid. In this section we give assumptions on the decay of the eigenvalues of
the covariance operator C of 7wy that ensure the existence of a real number s > 0 such that 7y has full support
on H*®. The functional ¥(-) is assumed to be defined on H?® and we impose regularity assumptions on W(-)
that ensure that the probability distribution 7 is not too different from my, when projected into directions
associated with ¢; for j large. For each x € H?® the derivative V¥(z) is an element of the dual (H*)* of
H* comprising linear functionals on H*. However, we may identify (H*®)* with H~*° and view V¥ (z) as an
element of H~° for each x € H*. With this identification, the following identity holds

V(@) 2ee ) = [VE(2)]| s

and the second derivative 9?¥(x) can be identified as an element of £(H*, H™*). To avoid technicalities
we assume that U(-) is quadratically bounded, with first derivative linearly bounded and second derivative
globally bounded. Weaker assumptions could be dealt with by use of stopping time arguments.
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Assumptions 3.1. The covariance operator C and functional ¥ satisfy the following:

1. Decay of Eigenvalues )\? of C: there is an exponent k > % such that
Aj=xgor (3.5)

2. Assumptions on V: The function V is convex. There exist constants M; € R,i < 4 and s € [0,k—1/2)
such that for all x € H® the functional ¥ : H® — R satisfies

My < W(2) < My (1+ |22 (3.6)
Ve @) < My (1+je]l,) (3.7)
10°W ()| £ (340 3¢y < M. (3.8)

Remark 3.2. The convezity of ¥ is not assumed in [PST12]. It is not required for the MALA algorithm.
In this paper we assume the convexity of W so as to get a unique value for the proximal operator. This
assumption is not strictly necessary for our methods to go through. However, since our key aim is to formalize
the observation made in (1.14), we avoid additional complications.

Remark 3.3. The condition k > % ensures that the covariance operator C is trace class in H. In fact,

Equation (3.4) shows that C, is trace-class in H" for any r < k — % It follows that my has full measure in
H" for any r € [0,k — 1/2). In particular o has full support on H*.

Remark 3.4. The functional V(z) = }||z||? satisfies Assumptions 3.1. It is convez, defined on H* and

its derivative at x € H* is given by V¥ (x) = > .5, J¥ x5 € H™° with |[VU(z)||—s = ||z|s. The second
derivative 9*V(z) € L(H®,H™*) is the linear operator that maps u € H* to 250 72 (u, )0 € HE: its
norm satisfies [|0*Y ()| gzgs 3-+) = 1 for any x € H*.

3.2. Finite Dimensional Approxrimation

We are interested in finite dimensional approximations of the probability distribution 7. To this end, we
introduce the vector space spanned by the first N eigenfunctions of the covariance operator,

XN (i:efspan{wl,gpg,...,gp]v}.

Notice that XV C H" for any r € [0;+o0). In particular, X" is a subspace of H?. Next, we define N-
dimensional approximations of the functional ¥(-) and of the reference measure 7. To this end, we introduce
the orthogonal projection on X~ denoted by PV : H* — X~ C H?*. The functional ¥(-) is approximated
by the functional UV : XV — R defined by

N = go PN, (3.9)

The approximation 7)) of the reference measure 7y is the Gaussian measure on X given by the law of the
random variable

N
R S Ngw = €Nz ey
j=1

where ¢; are i.i.d standard Gaussian random variables, ¢V = Ejvzl & and CN = PNoCo PN, Consequently

we have 7}’ = N(0,C¥). Finally, one can define the approximation 7 of 7 by the change of probability
formula
I @) = My exp (— 9V (2)) (3.10)
—(z) = xp ( — x .
dﬂ'év wnN €XpP
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N

where My~ is a normalization constant. Notice that the probability distribution 7V is supported on X%

and has Lebesgue density® on X equal to
1
() o« exp ( — 5llzlizy - \IJN(:E)). (3.11)

In formula (3.11), the Hilbert-Schmidt norm || - ||o~ on X% is given by the scalar product (u,v)en =
(u, (CN)~1v) for all u,v € XN. The operator C is invertible on X* because the eigenvalues of C are
assumed to be strictly positive. The quantity CVV log 7% (z) is repeatedly used in the text and in particular
appears in the function pV(x) given by

W) = — (PN:Z: + CNV\I/N(a:)) (3.12)

which, upto an additive constants, is CNV1og 7™ (x). This function is the drift of an ergodic Langevin
diffusion that leaves 7% invariants. Similarly, one defines the function p : H® — H* given by

() = — (:17 + cv\p(a:)) (3.13)

which can informally be seen as CV logm(x), upto an additive constant. In Lemmas 4.1 and 4.3 of [PST12],
it is shown that for mo-almost every function z € H, we have limy o0 ¥ (z) = p(x); see Section 7.1 below.
This quantifies the manner in which pV(-) is an approximation of ju(-).

The next lemma gathers various regularity estimates on the functional ¥(-) and W™ (-) that are repeatedly
used in the sequel. These are simple consequences of Assumptions 3.1 and proofs can be found in [MPS12]
and [PST12].

Lemma 3.5. (Properties of ¥) Let the functional V() satisfy Assumptions 3.1 and consider the functional
UN(.) defined by Equation (3.9). The following estimates hold.

1. The functionals &N : H* — R satisfy the same conditions imposed on ¥ given by Equations (3.6),
(3.7) and (3.8) with constants that can be chosen independent of N.
2. The function CVV : H® — H? is globally Lipschitz on H?®: there exists a constant Ms > 0 such that

[CVE(z) — CVE(Y)|ls < Ms ||z —ys Va,y € He.

Moreover, the functions CNVUN : H® — H* also satisfy this estimate with a constant that can be
chosen independent of N.

3. The functional U(-) : H* — R satisfies a second order Taylor formula*. There exists a constant Mg > 0
such that

U(y) - (‘I’(w) +(V¥(z),y - :v>) < Mgllz—yli  Va,yeH. (3.14)
Moreover, the functionals W™ (-) also satisfy the above estimates with a constant that can be chosen
independent of N.

Remark 3.6. The reqularity Lemma 3.5 shows in particular that the function p: H® — H?® defined by (3.13)
is globally Lipschitz on H*. Similarly, it follows that CNVWUN : HS — H* and p : H® — H* given by (3.12)
are globally Lipschitz with Lipschitz constants that can be chosen uniformly in N .

4. The proximal MALA in Hilbert space

In this section, we construct a version of the proximal MALA algorithm of Pereyra [Perl6] in the Hilbert
space H°. The proximal operators are well defined in an infinite dimensional Hilbert space. The reader is

3For ease of notation we do not distinguish between a measure and its density, nor do we distinguish between the represen-
tation of the measure in X~ or in coordinates in RV
4We extend (-,-) from an inner-product on H to the dual pairing between H =% and H?.
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referred to [BC11] for a book length treatment. For the function ¥ : H® — (—o00,00] and A > 0, define the
proximal function

. 1
Proxy (z) = argmin (\I!(y) + —|x— y||§) (4.1)
yeHs 2

Since ¥ is convex, Proposition 12.15 of [BC11] yields that Prox;‘»(:zr) is convex and differentiable. Moreover
the minimizer in (4.1) is unique due to the convexity of ¥. We also have the identity ([BC11], Corollary
17.6):

1
X(x — Proxy (z)) = V¥ (Proxy,). (4.2)
The proximal functions Proxé ~ are defined analogously.

4.1. The Proximal-MALA Algorithm

Recall from (3.11) that our target measure is

(@) o exp (= 3lellEs — V().

Our algorithm is motivated by the fact that the probability measure 7V defined by Equation (3.10) is
invariant with respect to the Langevin diffusion process

d dWN
d—”z = NV log () + V2 —— (4.3)
dwN

where W is a Brownian motion in #* with covariance operator CV and p” is as defined in (3.12). A natural
analogue to Pereyra’s proximal proposal given in (1.11) is:

Y = TProx—MALA
Tprox—MALA = (1 — 6 — CN)a + CVProxd,n () + V25 (CN)3¢N  where  §=(N"3.  (4.4)

The intuition behind the proposal defined in (4.4) is the following. Applying (4.2) with ¥ = ¥¥ and X\ = ¢,
we obtain that

Proxf},N () =a — 5V\IJN(P1“OX‘EI,N (x))
~x — VIV (z) + O(5?).

Consequently, on X%,

(1—0—CN)x+CNProxin (z) ~ . — §(PNz 4+ CVNVIN (2))
=x + op (). (4.5)

Let
TMALA =x+6uN(x)+\/%(CN)%§N where §=(N"3 (4.6)

denote the usual MALA proposal obtained from the Euler discretization of the infinite dimensional diffusion

(4.3). Notice that (CN)zeN R N(0,C"). The calculation done in (4.5) shows that our proximal MALA
proposal (4.4) closely tags the MALA proposal:

TProx—MALA = ZmaLA + R (7,0) (4.7)
11



where the term
RN(x,6) =sCN (Prox‘fl,N(x) - :C) (4.8)

can be thought of as the added “error” induced by the proximal MALA proposal as compared to MALA. As
shown in Lemma 7.2, we have | RN (x,6)|len < 02(1 + ||z]|s) = O(5?). As in the product measure case, for
optimal scaling only terms of (9((53/ 2) and lower order contribute; thus the contribution from this remainder
term to the scaling drops out in the large N limit. Consequently, the optimal scaling and the diffusion limits
for the proximal MALA algorithm follows from the corresponding results for the MALA algorithm.

For streamlining further calculations, we will write the zpyox—mara proposal from (4.4) as

y=a+6u"N(x) + RN (z,8) + V26 (CN)z¢N where §=(N"5. (4.9)

4.2. Time evolution of the proximal MALA chain

We introduce a related parameter )
At:=("'6=N"3

which will be the natural time-step for the limiting diffusion process derived from the proposal above, after
inclusion of an accept-reject mechanism. The scaling of At, and hence ¢, with N will ensure that the average
acceptance probability is O(1) as N grows.

Following [PST12], we will study the Markov chain % = {2%"};5, resulting from Metropolizing the
proximal proposal (4.9) when it is started at stationarity: the initial position %% is distributed as 7%V and
thus lies in X*. Therefore, the Markov chain evolves in X7V; as a consequence, only the first N components
of an expansion in the eigenbasis of C are nonzero and the algorithm can be implemented in RY. However
the analysis is cleaner when written in X~ C H*. The acceptance probability only depends on the first N
coordinates of x and y and has the form

N Ny _ ™ (y)T™ (y, z) _ QN (z,eN)

where the proposal y is given by Equation (4.9). The function T (-, -) is the density of the Langevin proposals
(4.9) and is given by

1
T (2,y) ocexp { = 2zlly = = — 6™ () = BV (. 6) 2w }.

The local mean acceptance probability o (z) is defined by

oM (z) = E[a (z,&N)]. (4.11)
It is the expected acceptance probability when the algorithm stands at z € H. The Markov chain 2V =
{2%N} 50 can also be expressed as

kN — kN 4 5N (2R NY £ RN (25N §) 4+ /26 (CN)E ¢k N
ghH LN = AR NyeN (] RN gk N .

where ¢V are ii.d samples distributed as ¢V and 4N = 4N (2FN ¢V creates a Bernoulli random
sequence with k" success probability a® (2%, ¢%N). We may view the Bernoulli random variable as
RN = Liuk <an (o4 ¢k.N)) Where Uk R Uniform(0, 1) is independent from z* and &%,

In summary, the Markov chain that we have described in H* is, when projected onto XV, equivalent to a
proximal MALA algorithm on RY for the Lebesgue density (3.11). Recall that the target measure 7 in (1.15)
is the invariant measure of the SPDE (1.16). Our goal is to obtain an invariance principle for the continuous
interpolant (1.5) of the Markov chain #%V = {z%"},> started in stationarity, i.e, to show weak convergence
in C([0,T]; H*) of 2N (¢) to the solution z(t) of the SPDE (1.16), as the dimension N — oo.

12



5. Main Result

In this section, we present the main result of this paper. Consider the constant «(¢) = E[l A eZ’f} where

Z, R N(—%7 %) and define the speed function

h(€) = La(l). (5.1)
The quantity «(¢) represents the limiting expected acceptance probability of the MALA algorithm while
h(£) is the asymptotic speed function of the limiting diffusion.

Theorem 5.1. Let the initial condition %N of the prozimal MALA algorithm be such that %N ~ 7V
and let 2N (t) be a piecewise linear, continuous interpolant of the prozimal MALA algorithm (4.12) with
At = N3, Then, for any T > 0, zn(t) converges weakly in C([0,T],H?) to the diffusion process z(t) given
by

% = —h(0)(z +CVU(2)) + /2 () dd—‘f, 2(0)=2"~m (5.2)

with the constant h(£) as given in (5.1). Choosing £ so as to mazimize the speed function h(f) leads to the
acceptance probability of 0.574 for the prozimal MALA algorithm.

Remark 5.2. The fact that choosing £ so as to mazimize the speed function h(€) leads to the optimal
universal acceptance probability of 0.574 is known since [RR98], and is also shown in [PST12]. Thus to
prove Theorem 5.1, we need only establish the diffusion limit.

5.1. Proof Strategy

The acceptance probability of the proposal (4.9) is equal to oV (z,&N) = 1 A e@" @) and the quantity
aN(x) = Eg[a? (z,&N)] given by (4.11) represents the mean acceptance probability when the Markov chain
2V stands at z. Recall the quantity QV in Equation (4.10). This quantity may be expressed as

QV(.6%) = 1 (Il — lal3) — (¥¥ () — ¥ (@)
- %{le —y =N (y) — RN (y,0)|12x — |y — & — 6p™ (z) — RN (a, 5)|\§N}. (5.3)

The main observation (also used in [PST12]) is that Q¥ (z,&V) can be approximated by a Gaussian
random variable

QN(z,&N) =~ Z (5.4)

where Z; S N(—%, %) These approximations are made rigorous in Lemma 7.5 and Lemma 7.6. Therefore,

the Bernoulli random variable vV (x, £V) with success probability 1 A Q" (@) can be approximated by a
Bernoulli random variable, independent of x, with success probability equal to
a(l) =E[1Ae”]. (5.5)

Thus, the limiting acceptance probability of the MALA algorithm is as given in Equation (5.5).
Recall that At = N~3. With this notation we introduce the drift function dV : H* — H* given by

dN(z) = (h(E)At)ilE[:zrl’N — 20N 20N = x (5.6)
and the martingale difference array {I'*" : k > 0} defined by T*% = 'V (2% ¢~V with
TN = (2h(0)A1)F (Y — N — p(o)At d¥ (@MY)). (5.7)
13



The normalization constant h(¢) defined in Equation (5.1) ensures that the drift function d” and the mar-
tingale difference array {I'**N} are asymptotically independent from the parameter £. The drift-martingale
decomposition of the Markov chain {z*"}, then reads

TN BN = p(0)AtdN (28N + \/2R(0) AL TR (5.8)

Lemma 7.8 and Lemma 7.9 exploit the Gaussian behaviour of Q™ (x,¢V) described in Equation (5.4) in
order to give quantitative versions of the following approximations,

d¥(z) ~ p(z) and N ~ N(0,0) (5.9)

where u(z) = — (:v + CV\IJ(x)). From Equation (5.8) it follows that for large N the evolution of the Markov

chain ressembles the Euler discretization of the limiting diffusion (1.16). The next step consists of proving an
invariance principle for a rescaled version of the martingale difference array {T*V}. The continuous process
WHN € C([0;T), H?) is defined as

k
W) = VAt Y TN 4 EZRAL ety A <t < (k+1)At. (5.10)
prt VAL

The sequence of processes {W™} converges weakly in C([0;T],H?) to a Brownian motion W in H* with
covariance operator equal to Cy. Indeed, Proposition 7.10 proves the stronger result

(xO’N, WN) - (zo, W)

where = denotes weak convergence in H* x C([0; T'], H*) and z° X 7 is independent of the limiting Brownian
motion W. Once we have the invariance principle and the converge of the drift and diffusion terms, the
“Master Theorem” in [PST12] (see Proposition 3.1 of [PST12]) gives the required diffusion limit.

6. Proof of the Main Result

In this section, we give the proof of the Theorem 5.1. To this end, we use Proposition 3.1 of [PST12].
According to Proposition 3.1 of [PST12], to show the diffusion limit, we must show the following three
conditions.

1. Convergence of initial conditions: 7'V converges in distribution to the probability measure 7 where

7 has a finite first moment, that is E™[||z||s] < oc.

2. Invariance principle: the sequence (2%, W) defined by Equation (5.10) converges weakly in H* x
C([0,T],H?) to (2, W) where 2° R 7 and W is a Brownian motion in #°, independent from z°, with
covariance operator Cs.

3. Convergence of the drift: there exists a globaly Lipschitz function u : H® — H® that satisfies

lim E™ [[|dN (2) — p(x)[|] = 0.

N —o0

Ttem (1.) above follows from Lemma 4.3 of [PST12]); also see Section 7.1 below. Item (2.) is proved in
Proposition 7.10. Ttem (3.) is proved in Lemma 7.8. Thus we have established all three conditions required
by Proposition 3.1 of [PST12] and thus the proof of our main result is finished. O

7. Key Estimates

In this section, we prove some key estimates for the proximal operator, and and also collect some key
approximation properties of y¥ and 7V from [PST12]. These properties will be repeatedly used throughout.

14



7.1. Approxzimation properties of uN and v

e For mp-almost every function x € H?®, the approximation uV(x) ~ p(x) holds as N goes to infinity.
Indeed, under Assumption 3.1, the sequences of functions u : H® — H* satisfies (see Lemma 4.1 of
[PST12]),

WO({;E en s lim [uN(@) - p@)l. =0 }) ~1. (7.1)

e Under the Assumptions 3.1 the normalization constants My~ are uniformly bounded so that for any
measurable functional f : H — R, we have from Lemma 4.3 of [PST12] that

E™ [|f(2)]] SE™[f(x)]).

N N

Moreover, the sequence of probability measure 7" satisfies m —> 7 where = denotes weak

convergence in H°. .
e Fernique’s theorem [DPZ92] states that for any exponent p > 0 we have E™ [||z[[2] < co. We also have
that for any p > 0

sup E™" [Hx“’ﬂ < oo.
NeN

7.2. Estimates involving proximal functions and the remainder term

Recall the constant Mg from (3.14).
Lemma 7.1. For any x € H® and N € N and for all 6 < ﬁ,
[Proxyn () = zlls < 6(1+ [|z]s)-

Proof. Set x* = Prox3,~ (z). Since z* minimizes the map:
N L 2
v (¥N0) + 55lly - =I2),
from our assumptions in (3.14) and (3.7), it follows that
1
ggllr” = alls < N (@) - w(a") = [N (") — vV ()]

< (VN (@), 2" — )| + M|l — I3
< Ms(1+ [lzlls)|2* = zlls + Mella™ — a3

Dividing by the term ||z* — z||s throughout and simplifying yields

M
* < o0——"—(1 s) So(1 s
o ~ ol < 6oz (14 lelle) 5 8(1+ el
and the proof is done. |
Lemma 7.2. Recall the remainder term RN (x,6) from (4.8). For any x € H*, N € N and for all § < %M(w
IRY (z,0)llev < 82+ llalle), RN (2,0)]ls S 8*(1 + [llls)-

Proof. Set * = Prox3,~ (). Then RN (z,6) = 6CN(z* — z). Thus

HRN(:C, 5)”gN = <RN(‘T= 6)7 (CN)_IRN(‘Tv 6)>
— (e (" — ), (o — 1))
15



< Ol = all2 < 0+ [ll?)

where the last inequality follows from Lemma 7.1 showing the first inequality. The second inequality follows
similarly:

RN (z,0)||3 = 8*[ICY (2" — )1 S 0%[la* — 2|2 S 6% (1 + ||=]12)
and the proof is done. O
Next lemma shows that the size of the jump y — z is of order v/ At.
Lemma 7.3. Consider y given by (4.9). Under Assumptions 3.1, for any p > 1 we have
N p
EZ [lly—2lf] < (At)2 - (1 +||2[7).

Proof. Under Assumption 3.1 the function p? is globally Lipschitz on #*, with Lipschitz constant that can
be chosen independent from N. Thus using Lemma 7.2 we obtain that

1
ly = zlls S AL+ [lls) + RN (z,0)l|s + VAL[CZEN s

S AL+ lls) + (A8 (L + Jalls) + VAE[CEEN|s

< At(L+ [jz]s) + VAE[CEEN ..
We have E™ [Hc%fNHg} < E™ [||C||’S’} < 00, where ¢ 2 N(0,C). Consequently, E™ [HC%§N||’S’} is uniformly
bounded as a function of N, proving the lemma. O

Consider y given by (4.9) and recall from (4.7) that
y = xvaLa + RY (,0).
Lemma 7.4. We have
™ (z,0) = |lyllgy — lamaralgn
E”NaN(:C, 5) <62

Proof. From (4.7) we have

lyllE~ = lomaralgy = a® (x,0)
™ (x,8) = 2(zmara, BN (2))ew + || R (2,8)[2- (7.2)

From (4.8), we obtain
[{enara, BY (2,8))en | = [(zaaca, (CV) 7 RY (2,0))]
< llomavalls | B (2, 6)llex -

From Lemma 7.3 we deduce that

lemaalls < (1+8)(1+ [lzlls) + VallC€™ ]l
Combining this with Lemma 7.2 yields that

[(aiara, BN (2,0))en | S 8%(1+ [l 2) (1 + V3[lceN ).
Thus
E™ ({amara. BY (z,0))en]) S SPE™ (1+ 21+ VBlCHeN|),) < 6% (7.3)

Thus from (7.2), (7.3) and Lemma 7.2 we deduce that

N

E™ (™ (x,6) < 62

and the proof is finished. |
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7.3. Gaussian approximation of QY

Recall the quantity @V defined in Equation (5.3). This section proves that Q" has a Gaussian behavior in
the sense that

QN (x, &) = ZN (2, ") + iN(z,&N) + eV (x,&N) (7.4)

where the quantities ZV and iV are equal to

ZN (2, &N) = o éNf% iA-_lﬁjIj (7.5)
N -
1 1
i (2, 6V) = 5 (eat2 (Jlally — 1) N2 ) (7.6)

with 7V and e” small. Thus the principal contributions to Q" comes from the random variable Z™ (x, V).
Notice that, for each fixed x € H?, the random variable ZV (x, ¢V) is Gaussian. Furthermore, the Karhunen-
Loeve expansion of my shows that for mg-almost every choice of function = € H the sequence {Z Nz, eN )} No1

11732
eN(z,&N) and N (z,€N): we show that iV is an error term of order O(N~5) and eV (z,¢) is an error term
of order O(N~%). In Lemma 7.6 we then quantify the convergence of ZN (z,N) to Z,.

converges in law to the distribution of Z, R N( ). The next lemma rigorously bounds the error terms

Lemma 7.5. (Gaussian Approximation) Let p > 1 be an integer. Under Assumptions 3.1, QN (z, &)
has the expansion given in (7.4) and the error terms i’ and €V in the Gaussian approximation (7.4) satisfy

o=
S0

(IE”N[HN(:U,{“N)PD%:O(N_ ) and (BT[N (@ eM)P]) " = o). (7.7)

Proof. As in Lemma 4.4 of [PST12], without loss of generality, we suppose p = 2¢. The quantity Q¥ is
defined in Equation (5.3) and expanding terms leads to

QN Ny =1L + L + I3+ Ly

where the quantities I, Is, Is and I, are given by

1 1
1= =5 (I3 = llol3x) = g (e = 91 = €A02x = ly = 2(1 — AD)2)
1
I = = (0¥ (y) = 0¥ (@) = 5 (0 = y(1 - €20,V (y))er — (y — 2(1 - LA, CVTEN (@))cx )
1
Iy =~ {I10ALCN VU () + B (5, 0)]13 — |ALCYTEN () + R (w,6) |2 }

1

L= =578

{<x —y(1 — €A), RN (y,0))en — (y — (1 — EAL), RN (z,6))en }

The term I; arises purely from the Gaussian part of the target measure 7V and from the Gaussian part
of the proposal. The other terms come from the change of probability involving the functional ¥*. By the
calculation identical to page 2343 of [PST12], we can simplify the the term I; to be:

LAt

=== (Il = ol ). (7.8)

The term I; is shown to be O(1) and constitutes the main contribution to Q% . Before analyzing I; in more
detail, we show that I, I3 and I, are O(N_%):
N i N 24 N 24 1
(B 31) ™ + (B (13) " + (B [13) ™ = o(v—1). (7.9)
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e By a calculation nearly identical to the one in Lemma 4.4 of [PST12] (the only change being the use
of our Lemma 7.3 instead of their Lemma 4.2) we obtain that

1

(E”N [13‘1]) M O(NT), (7.10)
e Using the definition of RY (x,d) from (4.8), we obtain that
B [139] S AT ET |[(VUN (@), YUY @) + (VI (y), VTR (y)]1
+ A ET [ RN (2,6) |2 + 1R (v, )24 ]

Lemma 3.5 states CNVWY : H® — H* is globally Lipschitz, with a Lipschitz constant that can be
chosen uniformly in N. Therefore,

ICYVEN (2)]s S 1+ 1|25 (7.11)
Since [[CNVIN(2)|25 = (VN (2),CN VI (2)), the bound (3.7) gives
B [129] < A E[(V\I/N(a:), CNVIN ()7 + (VTN (y), chN(y»q]
S ALTE [(1+ l2]l0)2 + (14 lyll)]
< APTE L 2+ 2] < A = (81) (7.12)
Similarly, from Lemma 7.2 and 7.3,
A2 B [ RY (2, 0) 1% + IR (5, 0)[24 | S ASTET [1+ ||a]21 + y)20] S At
< (N*%)6q < (N*%)%. (7.13)
Thus from (7.12) and (7.13), we conclude that
(E”N[ng])ﬁ < (N*%)%. (7.14)
e Finally, we tackle the term Iy:
B [127] £ A2 E [l — y(1 - eA0) 27 (€)Y (3,0) 2
+ly — (1 — A3 (™) RN (2, 0) 137

From Lemma 7.3, we obtain that E™ (||ly — 2(1 — A8)][%) < (A2 - (1 + ||z]|*) and E™ ||z —
y(1 — LA)]|29) < (A)24 - (1 + ||z]|%). Similarly, from Lemma 7.2 we gather that E™ || RN (z, O <
§89(1 + ||=||49). Putting these two together and using the Cauchy-Schwartz inequality gives,

1

B [131) < APTET [ 20+ 2] < (V) (715)

Equations (7.10), (7.14) and (7.15) imply the requisite estimate in (7.9).
Next, we tackle the term ;. Recall from from (7.8) that

J7AN
1= == (Iwligs = llzl3s).
From Lemma 7.4 we obtain that
lyl2x = llemacalliy +a¥ (2, 0A8),  ET oV (z,AL) S (AL)2. (7.16)
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Consequently,

LAL (AL
1 === (lemarallzy = lelz ) - —=a (@, ea¢).
From Lemma 4.4 of [PST12], we deduce that
AL .
_T(”‘TMALAHgN - Hx||2N) = ZN(xugN) + zN(x7§N) + bN(xugN)

with ZV (2, ¢N) and iV (z,£N) given by Equation (7.5) and (7.6) and

(Eﬂ'N [bN(x, §N)2q])
Lemma 4.4 of [PST12] also shows that

m‘)_‘

"= O(NTH).

1
(]ETFN [ZN($,§N)2q]) 2q _ O(N_%)
The proof of the lemma now follows from (7.9), (7.16) and (7.17).
We recall Lemma 4.5 of [PST12]:

(7.17)

(7.18)

Lemma 7.6. [PST12, Lemma 4.5] (Asymptotic independence) Let p > 1 be a positive integer and

f:R =R be a 1-Lipschitz function. Consider error terms el (x,€) satisfying

lim E”N[eiv(x,§N)p] =0.
N—00

Define the functions f¥ : R — R and the constant f € R by

V@) =B [ (2 (@) + €Y (2.6V))] and T =Elf(Z0)]

Then the function fN is highly concentrated around its mean in the sense that

lim E™ [| (@) - f|P] —0.

N —o00

Corollary 7.7. Let p > 1 be a positive. The local mean acceptance probability o™ (z) defined in Equation

(4.11) satisfies
]\}iinm E™ [|aN(:r) —a(0)P] = 0.

Proof. The function f(z) =1 A e* is 1-Lipschitz and «(¢) = E[f(Z;)]. Also,

oM () = By [F(QY (2.6"))] = Eu[£(2V (2, 6Y) + e (,6Y)

with el (2, &N) = iV (2,&N) + e (2, £N). Lemma 7.5 shows that limpy_ oo E™" [ (z,£)P] = 0 and therefore

Lemma 7.6 gives the conclusion.

7.4. Drift approximation

O

This section proves that the approximate drift function dV : H* — H?® defined in Equation (5.6) converges

to the drift function p : H* — H® of the limiting diffusion (5.2).

Lemma 7.8. (Drift Approximation) Let Assumptions 3.1 hold. The drift function d~ : H® — H*

converges to i in the sense that

. TrN
R [HdN(:v)—u(:v)H? =0.
—00
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Proof. Now that we have established the relevant estimates, the proof of this lemma is nearly identical to
that of Lemma 4.7 of [PST12], but also needs to account for the extra error term induced by the proximal
operator. The approximate drift dV is given by Equation (5.6). The definition of the local mean acceptance
probability oV (z) given by Equation (4.11) shows that d"¥ can also be expressed as

a¥(2) = (¥ (@)a(0) 1) i (@) + R, AL + V2ER(0) (A1) E eV () (7.19)
where p(z) = — (PNx + CNV\IJN(:U)); the term £V (z) is defined by
1 NipeN 1
eN(@) = Be[yV(2,6V)C2¢N] = Eo[(1ne? 7)) C2eN]
and the term RY (z, At) is the error term induced by the proximal approxiation:

N n
R (1, AL) = & () R™(z,tA)

h()) At
To prove Lemma 7.8 it suffices to verify that
. N _ 2
Jim BT [[[ (0¥ (@)a() 1)uN(I) @)’ =0 (7.20)
lim E™ [ RY o (@, A2 = (7.21)
N —o00
Jim (An~HE [HEN(;E)HQ —0. (7.22)
—00

e Equation (7.20) follows directly from Lemma 4.7 of [PST12].
e Next, using the fact that |o” (z)| < 1 and Lemma 7.2,

[ RAox (2, AL)]2 5( ) H (z, mt

S (A*(1+ Hxlls)

and thus we have
lim E™ R (2, A2 = lim N72PE™ (1 + |l2]|?) =
N —=o00 N —o0

establishing (7.21).

e Let us prove Equation (7.22). If the Bernoulli random variable 7 (x, V) were independent from the
noise term (CV)z¢&V | it would follow that eV (z) = 0. In general vV (2,£V) is not independent from
cN )%ﬁN so that eV (z) is not equal to zero. Nevertheless, as quantified by Lemma 7.6, the Bernoulli
random variable 7" (z, V) is asymptotically independent from the current position = and from the
noise term (CV)2&N. Consequently, we can prove in Equation (7.24) that the quantity eV (z) is small.
To this end, we establish that each component (g(x), p;)? satisfies

E™ [(eN(@).¢03] < NTET @)+ NTEGON) (7.23)

~

Summation of Equation (7.23) over j = 1,..., N leads to

~ I

EY lV@)2] s NTET el + N i Toec) 5 N7 (7.24)

which gives the proof of Equation (7.22). To prove Equation (7.23) for a fixed index j € N, the quantity
QN (z,€) is decomposed as a sum of a term independent from ¢; and another remaining term of small
magnitude. To this end we introduce

QN (z,&N) —QN( £N)+Q o (z,€N)
QN (z, V) = ézN*i)\ L6 — LEN=3X2¢2 4 oM (x, €M),
20
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The definitions of ZN (x,¢N) and i (x,&") in Equation (7.5) and (7.6) readily show that QY (z,&V)

is independent from &;. The noise term satisfies czeN = Z;V:l(js/\j)gj%. Since Q%_(a:,{N) and §;
are independent and z — 1 A e is 1-Lipschitz, it follows that

(e (@), ¢1)2 = (5°X)? (]Em [(1 @7 @ED) gj})z
= (7°\)* (Em [[(1A Q7 @ED) — (1 7R @EM)) ngQ

S GN) B [|QY (2, €Y)) — QYL (2, €M) ]
(js)‘j)QEm [Q;V(xv §N) } :

By Lemma 7.5 E™" [ (z,eV)?] < N~%. Therefore,
GoAPE™ [ (2,6%)%) S (o) { V1A 2B [a2
SNTVET [(52)%€3] + (PA)A(NTE + N
SNTVET [(z,6)%] +
SNTTET |

N

which finishes the proof of Equation (7.23).
Thus we have established (7.20), (7.21) and (7.22) and the proof is finished. O
7.5. Noise approximation

Recall the definition (5.7) of the martingale difference I'*". In this section we estimate the error in the
approximation T'®" ~ N(0,C,). To this end we introduce the covariance operator

DN(.’I]) = EI |:Fk’N ®'Hs Fk’N |£L'k’N = LL':| .
For any z,u,v € H* the operator DV (x) satisfies
E[(I‘k’N,ms(I‘k’N,ws PN = :E] = (u, DN (z)v),.

The next lemma gives a quantitative version of the approximation DV (x) =~ C,.

Lemma 7.9. Let Assumptions 3.1 hold. For any pair of indices i,§ > 0 the operator DV (z) : H® — H*
satisfies

. 71—N ~ ~ ~ ~
Jim BT [(1, DY (2)¢5)s — (@i Capy)s| = 0 (7.26)
and, furthermore,
Jim E™ [ Trye (DN (2)) — Trye (Cs)| = 0. (7.27)
—00

Proof. This lemma follows directly from Lemma 4.8 of [PST12], since the only estimate needed for the proof
of Lemma 4.8 of [PST12] is the Gaussian approximation and the estimate for e” (z, £IV) established in Lemma
7.5. Thus the proof is finished. O

7.6. Martingale Invariance Principle

This section proves that the process W defined in Equation (5.10) converges to a Brownian motion.
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Proposition 7.10. Let Assumptions 3.1 hold. Let z° ~ 7 and W™ (t) the process defined in equation (5.10)

and 29N B 7N the starting position of the Markov chain ™. Then
(2N, W) = (20, W), (7.28)

where = denotes weak convergence in H* x C([0,T); H?®), and W is a H®-valued Brownian motion with
covariance operator Cs. Furthermore the limiting Brownian motion W is independent of the initial condition

29,

Proof. This proof involves verifying three conditions of Proposition 5.1 of [Ber86] and is identical to that of
Proposition 4.10 of [PST12]. The only change required is to use our Lemma 7.9 instead of their Lemma 4.8.
Therefore we omit the details of the rest of the proof. |

8. Closing Comments

There are a number of issues that could be followed up in future work that are of great practical interest:

e A straightforward, but tedious extension will be to extend Theorem 2.1 to a general class of product
measures.

e As mentioned in the introduction, we only study the case when the log-target is differentiable. Of
course, the most interesting case is when the log-target is not differentible. In this context, it would
be very worthwhile to understand how the scaling differs from the usual MALA for non-smooth target
distributions.

e We also set A = §; it is not clear to us if this is necessary. Are there regimes when A and ¢ scaled
differently as a function of the dimension N that are better than A\ = §7

e A similar result should be of interest when proximal functions are used for implementing the Hybrid
Monte Carlo algorithm.
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