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Hadamard-Langevin dynamics for sampling the ¢1-prior
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Abstract

Priors with non-smooth log-densities, such as the ¢i-prior, are widely used in
Bayesian inverse problems for their sparsity-inducing properties. Existing Langevin-
based sampling methods typically rely on proximal mappings or smooth approximations,
which alter the target distribution. We propose an alternative approach based on a
Hadamard product parameterization of the ¢;-norm, leading to a smooth but nonconvex
and non-globally Lipschitz potential whose marginal law exactly recovers the desired
posterior. The resulting Hadamard-Langevin dynamics (HLD) defines a diffusion
process that is analytically distinct from proximal or mirror-type Langevin schemes.
Our main contribution is a rigorous well-posedness theory for both the continuous and
discrete HLD. We establish existence and uniqueness of strong solutions, geometric
ergodicity of the continuous dynamics, and convergence of the discretized scheme as
the step size tends to zero. These results provide the first theoretical foundation for
sampling from nonconvex, nonsmooth posteriors through overparameterized Langevin
dynamics.

1 Introduction

Sampling from sparsity-promoting distributions is a central task in high-dimensional Bayesian
inference and inverse problems. A prototypical example is

o) = Zep(=5 (el +G@), v e R (1)
where 7 is a normalization constant, 5 > 0 is the inverse temperature, A is a regularization
parameter, and G': R? — R represents the data likelihood. Due to the non-smoothness of the
{1-term, existing Langevin-type methods typically rely on smoothing techniques such as the
Moreau—Yosida envelope or proximal mappings.

In this work, we propose and theoretically analyse the Hadamard—Langevin dynamics
(HLD) — a novel smooth overparameterized dynamics whose marginal stationary distribution
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exactly recovers p without smoothing and bias. The key idea is to exploit the Hadamard
representation of the ¢;-norm,
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which recasts the non-smooth prior as a smooth but nonconvex term. This representation,
which has recently garnered interest in optimization to study implicit regularization and to
develop efficient optimization solvers, has not yet been explored from a sampling perspective.
We demonstrate that applying Langevin dynamics in the lifted space (u,v) leads to a
well-defined diffusion process whose invariant measure projects exactly onto p.

1.1 The Hadamard-Langevin dynamics

Our starting point is the classical Gaussian-mixture identity underlying the hierarchical
Bayesian formulation of the Laplace prior ([39]),
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Introducing latent variables n; > 0 for each coordinate of z, one can rewrite the target
distribution (1) as the marginal of a joint law over (z,7) € R? x R%:

- 1 d 2 BNy,
7(x,m) x Wexp(—z (2—m+ 5 ) —ﬂG(m)). (4)
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Since sampling from 7 yields the correct marginal p(x), [32] proposed a Gibbs sampler
where one alternates between sampling  and 7. However, such works typically restrict to
the case where GG is quadratic, so sampling = corresponds to sampling a Gaussian, and this
in turn requires inverting a potentially high-dimensional matrix. In contrast, as we explain
next, we focus on a reparameterized formulation of the above, which will allow us to derive a
Langevin algorithm, under general assumptions on the data term G.

1.1.1 From hierachical models to Hadamard overparameterization

A key observation is that the Gaussian mixture representation can be viewed as the stochastic
analogue of the quadratic variational form for the /;-norm. By applying a change of variables

of
r=u®uv, n=u®u/(\5)

to (4), we obtain the Hadamard parametrized joint law

7, v) = Ziliu exp(—ﬁ (%)\H(U,U)HZ—I—G(UQU))) (5)



over (u,v) € X == R?% x R? for normalization constant Z, and ||(u,v)||* = |Jul|* + ||v]*. The
Hadamard product = u ® v follows the same distribution p defined in Eq. (1). This is
formalized in the following statement.

Theorem 1.1. If (u,v) ~ 7w as defined in Eq. (5), then x =u ® v ~ p as defined in Eq. (1).
In particular, for any smooth ¢ : R — R,

/ng(u ©v)m(u,v)dudv = g o(x) p(z) dx.

Furthermore, the normalization factors Z, and Z of m and p, respectively, satisfy % =

d
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Note that the log-density is smooth except for log(u;) terms, which we show can be

handled easily. It is therefore natural to derive Langevin dynamics (see (7)) to sample 7, and
recover samples of p by evaluating u ® v.

1.2 Main contributions

By treating p using the Hadamard parameterization to obtain a differentiable log-density,
we demonstrate that we can apply Langevin sampling methods to good effect. We provide
a complete theoretical analysis of the Hadamard—Langevin dynamics by establishing well-
posedness and stability of the continuous and discretized dynamics.

1. We establish the well-posedness on X = R% x R? of the Langevin system associated
with 7 given in (5). This includes geometric convergence to the invariant measure
(Section 2). We present two approaches: The first approach removes the singularity
in the log(u)-term via a Cartesian change of coordinates, to transform our drift into
a locally bounded term. The second approach exploits connections of our Langevin
system to the well-studied Cox-Ingersoll-Ross and Ornstein-Uhlenbeck processes via
a Girsanov transformation. The Girsanov transformation also ensures that u; will be
positive almost surely.

2. We develop a numerical scheme to approximate the Langevin system and show the
convergence of the numerical scheme to 7 (Section 3). We establish strong convergence
of the method as well as discuss convergence of the stationary distribution of the
numerical method. One of the challenges in the analysis is that the negative log-density
is neither convex nor globally Lipschitz; despite this, we are able to prove geometric
ergodicity of the numerical scheme by relying on two tools, namely a coupling technique
for different realisations of the numerical method inside sufficiently large balls, and a
rapidly-decaying bound for the escape probability from such balls.

As mentioned, the Gaussian mixture formula Eq. (3) can be seen as the equivalent of the
quadratic variational form for sampling and our work can be seen as a first attempt to



deploy this trick for Langevin dynamics. Even though we restrict to sampling the ¢;-prior, as
discussed in the conclusion, we believe that our work offers a new perspective on sampling
sparse priors and future work would aim to generalize this to other structure-inducing priors.

1.3 Related background
Quadratic variational forms

It is well-known that many of the sparsity-inducing regularizers, and in particular, the /;-norm,
have quadratic variational forms [3, 1]. In particular, if the regulariser R(z) = ¢(x ® x) for
r € R? and a concave function ¢, one can rewrite using quadratic variational forms

R(z) = inf > 2 4 4(n), (6)
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for some function ¢. This includes the ¢, (semi)norms for ¢ € (0, 2] and various nonconvex

regularizers such as the Lorentzian function [3]; a similar formula also holds for functionals
on matrices, such as the nuclear norm [I]. In the case of R(x) = ||z||,, one can choose
b(n) =n/4.

This idea has been exploited to good effect in optimization, and the computer-vision
community found the new variable n can help increase the curvature of a ‘flat’ landscape
and has led to graduated non-convexity algorithms [3]. This lifting of the ¢;-norm to the z
and 7 variables is the basis of iteratively reweighted least-squares algorithms [7], where one
alternates between solving least squares problems on z and exact solves on 7.

The Hadamard product parameterization

More recently, there has been renewed interest in the Hadamard form of these quadratic
variational formulas (6), particularly in the context of convex structure-inducing regularizers.
For ¢ (n) = n/4, by making a change of variable with x = v ® v and /2 = u ® u, one can
equivalently write (6) as ||z||;, = irlfgczu@v{%||u||2 + %||v||2} where [|-|| is the Euclidean 2-norm.
While the formulation in (6) retained convexity in both variables x and 7, this Hadamard
product-like formula is no longer convex but is now smooth. Consequently, one can make
use of powerful smooth optimization solvers such as quasi-Newton methods. One of the first
works that replace the ¢;-norm with the Hadamard product is the work of [20]; see also
[35, 34] for further discussions on exploiting these forms for optimization. In the case of the
¢1-norm, one can show that this nonconvexity is in fact benign [31]. Furthermore, it can
be shown that gradient descent with the Hadamard parameterization is implicitly linked to
mirror descent with a hyperbolic entropy potential [35]. This points to a potential benefit
of such parameterizations for modern optimization when working on high-dimensional and
ill-conditioned problems, where [5] investigated the superior convergence behaviour of such
mirror decent algorithms in the context of sparse measures. Finally, over-parameterization
and its implications for implicit bias in gradient-descent training of neural networks have
also been of wide interest in the machine learning community. In particular, the Hadamard
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product parameterization, even without explicit regularization, causes gradient descent to
bias towards sparse solutions [35, 0].

Unadjusted Langevin algorithms (ULA) and Moreau—Yosida envelopes

Langevin dynamics is a simple way to sample from the posterior distribution p(x) [30].
Unadjusted Langevin Algorithm (ULA), in the case where p(z) x exp(—pH(z)) for a
smooth potential H: R? — R, is the update rule 2"*! = 2" — VH (2") At + /2At/3 &7, for
independent samples £" ~ N (0,Id,) and time step At > 0. This can be interpreted as a
discretization ™ & x,a; of the overdamped Langevin stochastic differential equation (SDE):
dry = —V H(x;) dt + /2/8 dW;, where W, is a standard R%valued Wiener process.

In the case where H(z) = G(x) + R(z) and R is non-smooth (as in our case, see (1)),
a canonical approach is to replace R by a smooth approximation defined by the Moreau—
Yosida envelope R, [33]: R,(z) = min,cpa(R(z) + %Hx — 2||*). The function R, is then
1/4-smooth and converges pointwise to R as v — 0. One can then directly apply ULA to
H, = G+ R,, leading to the Moreau—Yosida regularized Unadjusted Langevin Algorithm
(MYULA). Convergence to the stationary distribution requires one to take v — 0 [11]. Under
suitable conditions, such as convexity of G and Lipschitz smoothness, convergence results like
geometric ergodicity of the stationary distribution p., o< exp(—8H,) have been established,
as well as the convergence of p, to p as v — 0. While early works replaces R by its Moreau
envelope, [10] removes this approximation bias by directly incorporating the proximal operator
of R. Another line of work that avoids the bias from the Moreau-envelope smoothing directly
samples from H via subgradient Langevin [13] in the case where H is strongly convex. In
general, smoothing by the Moreau envelope allows one to leverage all existing theory for
smooth Langevin dynamics, while more recent works derive cleaner algorithms and proofs by
heavily relying on techniques from convex analysis.

2 Continuous dynamics

We work with G' under the following assumptions.

Assumption 1 (data term G). Assume that (i) G is bounded below, that (ii) G: R? — R is
continuously differentiable, that (iii) 2" VG (z) is bounded below (so " VG(z) > — K for some
K), and that (iv) || VG(2) || is bounded uniformly for z € R? (so B := sup, [|[VG(2)||s < 00).

The data term G is bounded below so that p in (1) is a probability measure for some
normalization constant Z > 0. Note that (iii) holds if G is a convex function. Important
examples that satisfy (i), (ii) and (iii) include the quadratic loss G(x) = ||Az — y||* for an
m x d matrix A and y € R™; the logistic loss G(z) = Y7 log(1+exp(—y; A/ z)) for A; € RY;
and smooth approximations of the unit loss, such as G(z) = Y, o(y; A/ x) for o(x) = arctan(z)
or o(x) = 1/(1 + exp(z)). Note that G(z) = Y, o(y; A z) satisfies condition (iv) for any
function o with bounded derivatives, which includes the logistic loss and smooth versions
of the unit loss. The least-squares loss G(z) = || Az — y||* does not satisfy condition (iv) on



the boundedness of VG, and one might consider instead the Huber loss. However, in our
numerical computations, the method behaves well with the quadratic loss, so assumption (iv)
is likely a limitation of our theoretical analysis rather than the method itself.

2.1 Langevin sampling

We will use Langevin sampling to produce samples from 7. Write © o exp(—f§ H) for

H((u,v)) = 3 A | (w,v)||> + G(u ® v) — % > ;logu;. The gradient is VH((u,v)) = A (Z) +

(Z) O VG(uov) — (1/05u) , where we interpret 1/u € R? as the vector with entries 1/u;.

Therefore, the corresponding Langevin equations are

duy = —Auy dt — vy ® VG (1 © vy) dt * 5w o it V2/BdW}, ™
dvy = =X vy dt — uy © VG(up © vy) dt + \/2/ dW?,

for independent R%-valued Brownian motions W, and W2. It is well known that 7 given in
(5) is an invariant distribution of Eq. (7) and we explore ergodicity in Section 2.4. We will
show that Eq. (7) is well posed on X = R% x R%.
The variables (u,v) in Eq. (7) can be viewed as the cylindrical co-ordinates of an axially
symmetric distribution p(t, (u,v)) with axial co-ordinate v € R? and radial co-ordinate
€ [0,00)4. We reformulate the same equations in Cartesian coordinates (y, z,v) € R3¢,
where u = (y © y + 2z ® 2)'/2 (for the element-wise square root). For x = [y, z,v] € R3,
consider

dx = |- \x — VGs(x }dt+s/2/ AW (t) (8)

for G3(x) = G((y ®y + 2z ® 2)?2 ® v) and an R3%-valued Brownian motion W3(t). The
function G is locally bounded under Assumption 1, and solutions of Eq. (8) are well defined.
We use these as a tool to analyze Eq. (7).

Let P,(Xo, B) = P(x; € B | xo = Xo). Recall that a process is irreducible if for any Borel
set B with positive Lebesgue measure and any X, there exists ¢ > 0 so that P,(X,, B) > 0,
and strong Feller if P,(X, B) is continuous in Xy for all Borel sets B. We say a function
u(y, z,v) is cylindrical on R3¢ if for some ji: R** — R we have u(y, z,v) = fi(u,v) for all

=((yoy + (o)

Theorem 2.1. Suppose that Assumption 1 holds. Subject to initial condition (u,v)y =
(Uo, Vo) € X =RL x RY, there is a unique solution (u,v); to Eq. (7) such that u; > 0 almost
surely and E [supy<,<||(u,v):||?] < oo, for any T >0, ¢ > 2. Further, (u,v); is strong Feller
and irreducible on X .

The probability density function p(t,-) of x; (see Eq. (8)) is well-defined. If the initial
distribution is cylindrical, the marginal distribution of ((z? + y2)'/%,v,) equals the law of the
solution (ug,vy) of Eq. (7).



Proof. [37, Corollary 10.1.4] gives that x; is strong Feller and has a well-defined probability
density function. To apply this result, note that [37, Equation (1.7) of Theorem 10.1.3]
holds as the regularised drift and diffusion (defined by multiplying by a compactly supported
mollifying function) are globally Lipschitz in our case. Due to the non-degenerate and additive
noise, x; is irreducible by standard arguments [2, Section 6.

The generator for Eq. (7) has singular coefficients on a half space and regularity of the
density does not follow directly from standard theories; we show that the u-equation in Eq. (7)
arises from the solution x; of Eq. (8) and that the process (u,v); inherits properties from x;.
Assuming that u; # 0, we may apply the Ito formula to u = (y ® y + 2z ® 2)/? and obtain

1 1
duy = —0 (Y © (= Ay) + 2 © (=X z)) dt — u—(yt O (Ye/we) + 2 © (2/w)) © vy © VG(uy © vy) dt
t t

21 n AW\ 12 (-1 2
+\&ut®(zt) (thg,z +2ﬁ u3®(yt®yt+zt®zt)+Ut dt
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where the Révalued process W (t) := u;' ® (1, %) - (dW?Y,dW>?) is again a Brownian
motion due to the identity u? = y? + 22 [23, Theorem 3.3.16]. To deal with the case u; = 0,
we refer the reader to [23, Proposition 3.21] (i.e., the square root function in the mapping
(y,2) — u is approximated by well-behaved functions and the limit is verified). This is the
u-equation in Eq. (7) as required. By the uniqueness of the solutions, we see that Eq. (8)
and Eq. (7) agree as long as the initial distributions agree.

The process (u,v); inherits several properties from x;: namely, (u,v); is well-posed in X
and is strong Feller and irreducible, and the distribution p(t,-) of (u,v); is given by p(t,-) if
the initial distribution of x is cylindrical.

To derive the moment bounds, computing the It6 formula for ||(u,v)||? for Eq. (7) gives

4d 2
d||ug||* = {—m lwe]|? = 2(u © v,) T VG (up © vy) + 7} dt + \/%2uIth1, (9)
2 2 T 2d 2 1 0
d||ve]|* = [ =2 X ||ve]|” — 2(ur © vy) VG(u@v)%—? dt + 521),; dW¢. (10)

Under Assumption 1, 2" VG(z) is bounded below and standard arguments ([27, Chapter 2,
Theorem 4.4] applied to the case G = 0, together with the comparison argument in [22]) lead
to uniform-in-time bounds E[sup;co 7y [|(u, v)|[*] < C(X, 8,d). This shows that the second
moment is finite and (u, v); does not blow-up on [0, 7] almost surely. Similar arguments
apply to the g-moments by applying Ito’s formula to (|| (u, v)t||2)q/2. O]

Let L?() denote the set of integrable functions ¢: X — R such that [|¢(z)|'n(z) dz < oo,
where 7 is the invariant measure Eq. (5). In the following, we show how to control expectations
of ¢((u,v);), which extends the moment bounds in Theorem 2.1 to ¢ € L?(r), and includes
some ¢ that are singular near u; = 0.



Proposition 2.2. Let (u,v); denote the solution of Eq. (7) with initial distribution py. Let
p > 1. Assume that (p,q) are conjugate and that hg = po/m belongs to LP(w). If ¢ € Li(w),

then B[0((u,0)0)] < 161l s(s) oll sy Jor ¢ > 0.
Proof. Let p(t,-) denote the density of (u,v);. Denote h = p/m and hy = po/m. It is well
known (e.g., [28]) that h satisfies the PDE
oh
ot

ont>0and z € (0,00)% x R% For any twice-differentiable convex function 1, it follows [23,
Eq. 9] that

= Ah+ Vlogm - Vh, h(0,2z) = ho(2),

%/d}(h(t,x)) 7(z)de = — /w”(h(t,:c)) |Vh(t,z)|* 7(x) dx < 0.

Choosing 1(h) = h? implies that ||A(t,)| rr(x) is a non-increasing function of time. Thus,
writing

/¢ (@) dz <@ Loy 1A Loy < DM oy [P0l 1oy

completes the proof. O
As a corollary, we prove the following moment bounds on 1/uj, for r < 2. The density of

the invariant measure 7 behaves like u; near u; = 0, and we expect E[l / u%t] to be infinite.

Corollary 2.3. Let the assumption of Theorem 2.1 hold and the initial distribution po((u,v))
be such that po/m is uniformly bounded. Then, fori=1,...,d,

1
1. supE{

r
t>0 Uiﬂg

} < oo for 0 <r <2 (here u;; denotes the ith component of uy).

q
2. For each T > 0 and € > 0, we haveE{(foT#ds) ] < oo foralll <gq<2.

Proof. Let ¢(u,v) = uy" for example. Since r < 2, we can choose conjugate exponents (p, q)
such that ¢r < 2. Due to the boundedness assumption on py/7m and 7 being a probability
measure, po/m € LP(m). Further, ¢ € Li(7) as

1 1 1
/¢QW:Z_W/FUQ...UCI exp(—ﬁ (5)\”(u,v)H2+G(u®v)))dudv

is finite for ¢ r—1 < 1 as the exponential term decays rapidly at infinity due to the assumptions
on G. Consequently, we may apply Theorem 2.2 to deduce E[¢((u,v):)] < 0o as required.
2. By Ito’s formula applied to (u,v) — uf for € > 0,

1 T
—62/ ultZdt—ulT uio—i-/\e/ uf , dt
0 0

2
+e/ 01 [VG(uy @ )]y ui,' dt — \/%e/ uSyt AW,
0

(11)



By Young’s inequality with conjugate exponents ((2 —€)/(1 —€), (2 — €)), we have for any
a > 0 that

1 1—
01 [VG(u®v)]us™| < 5. =€

(2—¢)/(1=¢)
5 6Oz u§?

o~y [VG(u©v)]; P79 +
We may set € a?~9/0=9(1 — ¢) /(2 — €) = ¢2/28 by choice of a. Hence, for a constant c(e),

€

T T
/ U1 [VG(u © vy)]y ui‘tl dt‘ <c(e) / |01+ [VG(us © vp) 1 ] =9 qt —i— — e / ug tz dt.
0 0

Substituting into Eq. (11), we obtain
1 2 —2 € g €
- 6 ul t dt < ul T U/LO + )\ 6 ul:t dt
B Jo 0

T 5 T
+ c(e) / |01+ [VG(us © vt)]1|(2’e) dt + \/%e / ug tl dT/V1 1
0 0

On the right-hand side, gth moments are finite, which we now demonstrate for the last
two terms. By the Burkholder-Gundy—Davis inequality [23, Theorem 3.28] and Jensen’s
inequality for 1 < ¢ < 2, for a constant c,

E{ /OTUE‘ldwl(t) {/OTufﬁ—thrm] <ec [E[/OTuildth/g

with r = 2 — 2e. The integrand on the right-hand side is bounded for € > 0 by part 1 with
r =2 — 2¢ < 2. Under the assumption on G, we have that v;[VG(u ® v)]; is polynomially
growing and has bounded gth moments by Theorem 2.1. Hence, qgth moments of the integral
term c(e) [ --- dt are finite.

We conclude that ¢g-moments of fOT uS~2dt are finite for any e > 0. [

q
]SCE

We will also require the following time-regularity bounds.

Proposition 2.4. Let (u,v); denote the solution of Eq. (7) with initial distribution py.
Suppose that the assumptions of Theorem 2.3 hold. For 1 < q<2,T >0, and € € (0,1/2),
there exists ¢ > 0 such that, for 0 < s,t < T,

1. E[H(u,v)t — (u, ’U)qu] <clt — 5|2
2. E[‘“” ““'} <cl|t— s, i=1,...,d.

Uj,s Uit

Proof. 1. We treat the u; component only (v is handled similarly). From Eq. (7),

1 [t 1 2 [
= U+ — dr+ - - = aw!,
e +ﬁ/s U T +\/;/s "




where we omit several integrals that are straightforward to estimate under the moment bound
in Theorem 2.1.

By Holder’s inequality with conjugate exponents (2 — ¢, (2 —€)/(1 —€)),

tq t 1 1/(2—¢)
/ dr < |t — s\(lfe)/@*e) / 5 dr )
S ul,'r S |u1,7‘|

Now evaluate the gth moments and use moment bounds on Gaussian increments to find, for
a constant ¢, > 0, that

¢ a/(2-)\ /1
(Bluyy — uy )7 < ¢ — sj0-ore-o L (g [ L4 PRI R PRREE
1,t 1,s = B |U1T|2_E B q .

q
By Theorem 2.3, the ]E[(f: M%dr) } is finite for € > 0 and 1 < ¢ < 2. Hence, we have
1/2—¢

shown, for some constant ¢ depending on € and ¢, that (E|ju, — u||?)/? < c|t — 5|

2. Let R = {min{u;(t),u;(s)} < A}. Then, P(R) < P(u;(t) < A) + P(u;(s) < A). By
Chebyshev’s inequality, P(u;(t) < A) < A* ¢ E[u;(¢)*?] for € > 0. Hence, using Theorem 2.3,
for a constant ¢, P(R) < ¢ A*7¢. Now, split the expectation with respect to R as

We estimate each term separately.
For conjugate exponents (p,p’), Holder’s inequality applied to the first term provides
1 1

e =) <(ela - al )) ey

Choose p' = 2 + e¢. Then its conjugate exponent p is less than 2, so that E[ui—p} < o0

as a result of Corollary 2.3. As P(R) < cA?™¢ for some c, the first term is bounded by
¢ A@=9/(2+9 = o AL-2¢/(2+¢),

(1—1r)|.

For the second term, write

ui(t) —wils)] o ua(t) = was)]T 7 ui(t) — wi(s)]°
w@u® T S w@P @ wor
For (p,p’) conjugate (different to the ones above),

[

Jui(t) — Ui(3)|(1_e)pD1/p E |:|Ui(t) — w(s)|” " 172)])1/]0/

Jui(s) wi (£)] =7 (8) wi(t)]

(® <
< (E[’“"@ _ “i(3>|(l_e)p} ) VA (B Jus(t) - Ui(3)|€pl}>1/p/.

(1—1g).
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In the last line, we exploit u;(s), u;(t) > A outside R. The third factor is O(|t — s|*/?) by
part 1 if 1 < ep’ < 2. Choose p/ =3/2¢. Thenp=1/(1—-1/p") =1/(1—(2/3)¢).
Focus now on the first factor: for (r,r’) conjugate,

Clmmrr))
< (Bt -wior =) (B )

This is a product of two terms. The first term is O(|t —s|!=97/2) by part 1 with ¢ = (1—¢) pr’.
The second term is finite if (1 —¢)pr < 1 (by Theorem 2.3 and 2ab < a® + b*). We can
achieve (1 —¢)pr < 1 for any € > 0, by choosing 1 <r < 1/(1 —¢€)p=(1—(2/3)¢)/(1 —¢).
The resulting estimate is

B ‘Ul(t)—uz<8)‘(1_1R) §C|t |(1 6/2 _6|t—8|6/2:C|t—8|1/2A_6.
ui(s) ui(t)

We have shown that

U

O =] e ae
5| ] S oA el s A

)

The right-hand side behaves like A2/ 4 ¢ — s|'?A=2¢ Taking A = |t — s|* and
equating powers of [¢ — s| leads to (1 — 2¢/(2 + ¢€)) = 1 — 2ce. This implies an upper bound

of c|t — s|%_§ provided that e < 1. O

2.2 Links to the OU process and CIR process

We highlight a link to some well-known SDEs, namely, the Coz—Ingersoll-Ross (CIR) process
and Orstein—Uhlenbeck process [12]. Girsanov’s theorem allows us to transfer properties
of these SDEs to our dynamics and therefore provides an alternative way of establishing
well-posedness and strong Feller properties. This link will also serve as inspiration for the
development of numerical schemes in Section 3.

When the data term G = 0, our Langevin dynamics decouples into some well-known
SDEs for modeling interest rates. In particular, the Coz—Ingersoll-Ross (CIR) process is

dyr = k (p — ye) dt + 04/y; AW, (12)

This is known to have unique solutions with P(y, > 0,Vt > 0) = 1 if and only if the Feller
test holds, which occurs for 2ku > 62. In this case, by defining 4, = V¢ (this is the so-called
Lamperti transformation), It6’s formula implies that

4 _ N2
Urn=97)/8 gat dt + g AW, (13)

dﬂt -
Ut
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This is precisely our u process when G = 0, with § = 2./2/5, kK = 2X and u = 2/(S\). Note
that this corresponds to the edge case of the Feller test as 2ku = 6% [12, 15].

The Ornstein— Uhlenbeck process is given by dv; = —A 0, dt + \/% dW2. This is precisely

our v process with G = 0.

Given the connections mentioned above, the general idea for establishing well-posedness of
our SDE is to interpret (7) as ‘perturbed’ CIR and OU processes. Girsanov transformations
will allow us to absorb the data term into the Brownian motion and hence inherit the required
properties from CIR and OU processes. The results shown here can also be derived using the
(simpler) arguments involving the cylindrical transformation Eq. (8); however, as a bonus,
the arguments here additionally show that u(t) is positive almost surely.

In the following, let 2, :== (4, v), satisfy

% = [—Azt + (1/(5@0)} dt + \/%th, (14)

with given initial data Z;. The first component u; of z; is a CIR process. The CIR process
is positive almost surely as, following [9], each component has the form dia; = ((4k\ —
62)/(8)) dt — tkiy, dt + (0/2) dW, for 62 = 8/ and 2k\ = 62, which satisfies the Feller
positivity condition 2k\ > 62

In order to apply Girsanov transformations, we first establish the Novikov condition.

Lemma 2.5 (Novikov condition). Let Assumption 1 hold and b((u,v)) = —(”GVG(“QU)). For

uOVG(udv)
allT >0 and v > 0, we have
T
E{exp(v/ ||b(25)||2d8):| < 00.
0

There ezists a weak solution (ug,vi) of Eq. (7) that is unique in law. Furthermore, u; > 0
almost surely.

Proof. By [23, Corollary 5.14], it is enough to find an ¢ > 0 such that, for all ¢ € [0,T],
E [exp(ﬂt+€7||b(és)||2>ds] < 00. Since B = ||VG||, < oo, we obtain

E [exp(fy/tt+6||b(,§s)||2ds)] <E [exp(fsz/tHEHéSHst)} |

By Jensen’s inequality;,

t+e 1 t+e
E {exp(/ v B? H735||2ds)] < E/ E[exp(esz Hés||2)] ds. (15)
¢ t

We now apply Ité’s lemma to bound E[exp(eyB2||25||2)]. Given a > 0 and g; =

exp (%H(ﬁt,ﬁt)nz), we get
2 3ad 5
dijy = <—)\a n %) 121 2ys dt + (%) §, di + \/%ag)t (] AW} + v dW?).

12



Taking expectation,

d 2 3ad
ot 5[ )t (5]

Provided that a < 8, we have £E[g,;] < <3%1)E[Qt} and therefore E[y,] < o exp((%)ﬁ ;

where o = exp(al|20]|?/2) < oo. Letting a = 2eyB?, the condition on « is satisfied if
€ < BA/(2yB?). Substituting for o, E[;] < yoexp (26732<%>t). Returning to (15), for all

t <T — e, we see
t+e 9 3d
E {exp (/ vB?|| 2| )ds} < o exp (26’)/32 (E)T)
t

Thus, Novikov’s condition is satisfied.
We can therefore apply Girsanov’s theorem. Then, a solution of Eq. (7) exists and
the solution is unique in law [23]. Further, for all T" > 0, with the martingale defined by

My = exp([f) b(2)-dW,—1 [T b(2)%dt), wesee P(3t € [0,T), uy = 0) = E [1{%[0@ ﬁtzo}MT].
Since the CIR process 4, is strictly positive almost surely, P(3t € [0, 7], u; = 0) = 0. By the

Borel-Cantelli lemma, there are only finitely many 7" for which the event {3t € [0, 7], u; = 0}
occurs so P(u; > 0,t > 0) = 1. O

Proposition 2.6. Let Assumption 1 hold. Then, (u,v); is strong Feller.

Proof. 1f b(xs) = 0, then the processes (u,v); decouple component-wise into CIR and OU
processes. Sufficient conditions are provided by [29, Theorem 2.1] to guarantee that Girsanov
transformed processes are strong Feller. We check the conditions of their theorem: (i) is
satisfied since each of these components is strong Feller with known densities. Condition (ii)
is due to the Novikov condition proven above. Condition (iii) holds due to [29, Remark 2.3]
along with Lemma 2.5. O

2.3 Link to Riemannian Langevin diffusion

When sampling distributions on non-Euclidean spaces, Riemannian Langevin dynamics [14]
are typically more efficient than standard Langevin dynamics since they scale the gradient to
account for the geometry of the manifold. In general, if sampling from 7(z) o exp(—H (z))
on some manifold M with metric g, the Riemannian Langevin dynamics are [1()]

dz, = —g(z) "'V H(z,) dt + T(z;) dt + V2g(z,) " 2dW,, (16)

where I'j(z) = Y, 9[(9(z)7!);x]. The last two terms correspond to Brownian motion on
the manifold (M, g) with the correction drift term taking into account the curvature of the
manifold. The special setting where the metric is the Hessian of some convex Legendre-type
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function is called ‘Mirror-Langevin’. For example, in the case of sampling probability densities
restricted to the positive real plane R% or the simplex, a natural choice is g(z) = V?H(z)
where H is the Boltzmann-Shannon entropy H(z) = ), z;log(z;) — 2 [11].

Recall from (4) for 8 = 1 that p(x) is the marginal distribution to the following distribution
onz=(nz)€X=RLxR: j(n z)oxexp(—H(n,z)) where

H(n,z) )+ A Z 10g(m)~

In the following proposition, we see that our Langevin dynamics (7) on (u,v) corresponds to
Riemannian Langevin dynamics on z with metric g(z) :== M(z)~!, with M(z) as given in the
proposition below. The proof is a direct consequence of Ito’s formula and given in Appendix
B.

Proposition 2.7. Let (u,v); follow the SDE (7) with = 1. Then, letting z; = (n, x); with
n=3u? and x = u® v, we have that z, follows (16) with inverse metric

1 _ [ diag(n) diag(z)/2
8(z)” = M(z) = (diag(x)/Z diag(z?/(4n)) + 4diag(n)) '

The distribution p(t,-) of z(t) solves the Fokker—Planck equation

% = dlv(M(z)V(H(Z) + 10%(P))P)' (17)

Remark. By direct computations, one can check that for ¢(z) = % ZZ 1 |IT; + 2n; +
A4S H(n), where H(n) = (nlog(n) — n), the corresponding metric is

1 1
ata) = M) = (3100 Qo) v (31 ).

Odxd Odxd

2.4 Ergodicity

The £ denotes the infinitesimal generator of Eq. (7) and let p(¢,-) denote the distribution
of (u,v);. Then (e“'¢)(X) = E[¢((u,v);) | (u,v)o = X] for measurable functions ¢: X — R.
We seek to show that e“!¢ converges to m(¢) = [ ¢(x) dr(x) or, alternatively, p, converges
to .

If the data term G is uniformly bounded, then one could invoke standard theories (Bakry-
Emery criterion) to deduce ergodicity; see Appendix A. This is, however, a strong assumption.
In the following, we prove a different ergodicity result that assumes x'VG(x) is bounded
below and which holds for many unbounded examples, including G(z) = ||Az — y||*>. The
proof depends on the theory of Lyapunov—Foster drift conditions [31, 20].

For the Lyapunov function V ((u,v)) = 1+ ||(u, v)||*, let L$? denote the Banach space of
measurable functions ¢: X — R such that the norm ||¢[}; = sup,|¢(z)/V (x)| < oo.

14



Theorem 2.8. Under Assumption 1, the solution (u,v); of Eq. (T) converges to the invariant
m geometrically. In particular, for V((u,v)) = 14 ||(u,v)|* and some C,p > 0,

le€'¢ — (D)7 < Cexp(—pt)llé —m(@)lly7,  t>0, € L.

Proof. In discrete time, this follows [26, Theorem 2.25] if a Lyapunov condition holds for V'
and a minorization condition holds for the transition density. The extension to continuous
time [20, Equation 2.77] is achieved by writing ¢ = kAt + s to create a Markov chain on
discrete time k and correction factor depending on s € (0, At).

The process (u, v); is strong Feller and irreducible by Theorem 2.1. Hence, the minorization
conditions hold for any compact set [30, Lemma 2.3].

Under Assumption 1, 2" VG(x) > —K for some constant K € R. We have, from Eq. (7),

LV (u,v) = =2 ||(u,0)||> = 4(u ©®v) ' VG(u©v) +2d +4d/B < =2\ ||(u,v)||> + 4K +2d + 4d/3.

Let ¢ be a constant, such that 0 < ¢ < 2\ and b = 4K + 2d + 4d/f + ¢ > 0. We have
LV (u,v) < —cV(u,v) + b as required. O

3 Discretization

We consider the following time-stepping approximation: for time step At, we seek an
approximation (u,v)* to (u,v)ga; via
1 2
uF T —uF = NPT AL —0F O VG(WF 0 0F) At + ——— At + 4/ = AWV,
Bkl 3
i (13)
VP —F = XFTE AL —uF 0 VG(WF 0 oF) At + \/%AI/V%,

where AW}, = W}, — W/ . The update rule is implicit in the regularization term (involving
A) and the singularity (involving 1/5u), and explicit in the data term (involving G) and the
noise. For convenience, define the explicit part of the drift term as f, so that
fi(u, U)> o (U O VGuo v))

fa(u, v) u® VG(u® ) (19)

For our analysis, we will frequently use the local Lipschitz property of f.

o) = (

Lemma 3.1. Under Assumption 2, the function f defined in (19) is locally Lipschitz
on the ball of radius R with Lipschitz constant Cp = 2L R* + B: || f(u,v) — f(u/,v')| <
Crl[(u —u';v =) for all (u,v), (u',v") € X such that ||(u,v)|,|(w,v")] < R.

Proof. Under Assumption 2, VG is L-Lipschitz, B = sup,||VG(z)|| < oo, Hence, for v,
such that [[v|| < R, ||7]] < R, |Jv © VG(u ®v) — 0 ® VG(u ® v)|| is upper bounded by

Bllo — ol| + [v][VG(u®v) = VG(@ @ d)|| < (B+2LR) (|l =3l V u—al]). O
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Remark (Relation to CIR solvers). If G = 0, then the SDE (7) on u; resembles a CIR
process. Our implicit-explicit scheme is inspired by the scheme introduced in [9], and our
scheme also ensures that u® > 0 for all k. See also [15].

Remark (Relation to proximal gradient Langevin). By defining ¥((u,v)) = 3||(x, v)||> —
Blog(u), (u,v)*! = TIa¢(2*1), one can write (18) as

where IIa.(z) = Proxam(z) = argminx(At\If(x) + %Hx — z||) is a non-expansive operator.

This corresponds to an application of the proximal gradient Langevin algorithm introduced
in [10]. Note however that their analysis does not extend to our setting since f is non-convex
and lack global Lipschitz properties.

3.1 Convergence to stationary distribution

We show in Theorem 3.2 that the numerical approximation (u,v)* indeed has an invariant
distribution.

We first introduce some notation. For n > 0, x € X, and Borel sets A C X, let
P(pg, A) =P(X" € A| X ~ p) for initial distribution pg. For ¢: X — R,

(P")(x /cb )PP (8, dy) = E[p(X") | X° = a].

Given ¢ > 0, define || = sup,cy 71425 and

delz,y) = 0, r =y,
T\ 24 V@) + V),

The argument is based on showing P" is a contraction with respect to

de(p, po) = sup /gb p2)(x), for measures puy, po
lgllc=1

with [|¢]l¢ = sup,,|¢(z) — ¢(y )|/d<(x y). Following [17], d; is equivalent to the weighted
TV norm [|ul|, = supj g <i| [y 6(2) du(@)].

Theorem 3.2. There exists @ € (0,1), to > 0 and { > 0 such that, for any ¢: X — R with
o]l <1,
| P2t g(a) — PO (y)| < ade(x,y), (21)

holds for all At sufficiently small. As a consequence, there exists an invariant measure may
such that, for any initial distribution pg and any T > 0,

| P/ 2 (g, -) — madlle < A" o — madlles (22)

where p = a'/* is independent of At.
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This is a consequence of minorisation and Lyapunov drift conditions, given in the following
lemmas.

Lemma 3.3 (drift condition). Let V ((u,v)) = 14||(u,v)||*. Assume that At < min{\/B? 1/4)\},
where B = |VG||«. Then, the numerical approzimation (u*,v*) defined by Eq. (18) satisfies

E[V((u,v)*™) | (u,v)"] < <1 — %LA At> V((u,v)*) + C At,

where C == X+ 4(8+ KB +d)/p.
Let Vi((u,v)) = 1+ ||(u,v)||*. There exists C,c,v > 0 such that for all At < ),
E[Vi((u,0)") | (u,0)"] < (1 — v At Vi((u,0)") + C At.

Proof. We prove the drift condition for the quadratic functional V; the calculation for the
quartic V} is provided in the supplementary materials. We have

At 2
(1 -+ AAH U — BT = ub — 0" O VG (WF @ oF) At + \/% AW, (23)
(1 + XA =% — % © VG (v © vF) At + \/%sz (24)

We square the norm and expectation of the above, use the independence between the
increments AW, and the information at time #;, and rely on the trivial fact that ||(u*™1)~1 ®
(uF*t1)~1| = d. As a result, conditional on step k, we obtain

(1 + AADZE[Ju P | (u,v)F] — 2481+ NAE)B ™ < %1{-«:;||Aw}g||2 + ||luF — Atk © VG(uF © o8|,
2

(1+AAE[[[o" M * | (u,0)"] = 5 E| AW + |[o* — Atk © VGuF o oh)|2.

Using the assumption 2" VG(z) > —K and B = ||VG||_,, we obtain
[uf — Ato* © VG (uF @ oF)|]? < ||u®||” + A2B2||v*|]? — 2 At (uf © %) TVGE@F @ o)
< |l |? + ARB?||0*||* + 2 K At.

A similar statement holds for ||v¥ — Atu* © VG(uF © v*) H2 Combining this with E[| AW, H2
d At , we obtain

d(1+AtA) + KB +d

(1+ AALZE ]|, o) | (w,0)] < (1+ AEB2)|(w, 0) > + 4 5 At.
Note that ((11++A>\igz) < “;éfff) < 1 — $AAt provided that 0 < At < min{\/B? 1/4A}.

Rewrite this in terms of V/((u,v)) = 1 4 ||(u,v)|*:

E[V((u0)") | (u0)] < (1 - %)\At) V{(u,0)F) + (%)\ LA AN+ KB d) At.

B(1+ AAL)?

Using the property At A < 1, we can replace the last term by C'At with C' := %)\ +4(8 +
Kp+d)/5. O
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By first establishing Theorems 3.4 and 3.5, we prove the coupling condition in Theorem 3.6
for the numerical method.

Lemma 3.4 (escape probability). Fiz 0 < r < R. Let kg = inf {k: [|(u,v)*| > R} and
assume that ||(u,v)°|| < r. For some constants ¢,C' > 0, we have, for nAt =T,

2 2
P(kr <n) <exp (—f—T) exp (;_T + %)

The constant C' depend only on [ and the coercivity constant of G.

Proof. The start of this proof is similar to the proof of Lemma 3.3 but we retain the Brownian
increments: taking the square-norm of (23) and using ||u* — v* ® VG (u* ® vk)AtH2 < HukHQ—l—
AtQB2||ka2 + 2K At, we obtain

(14 A < k)P + A2 B2 || + 2K At + Z} + 2dAt/ B + 2dAt(1 + AAL) /B,

where Z} = %(HAVV,?H2 — dAt) + \/%<AW,€1, ut —o* © VG(uF © vF)At).

A similar computation for v* with Z? := %(HAW,?HQ—dAt)—i-\/% (AWZ, 0" —ub © VG (u* © v¥)At)
yields
(14 A" < [Jo"|]” + A2B2||uk|)® + 2K At + Z2 4 2dAt/ 3.

We therefore have constants ¢, C' > 0 such that for all At < ¢,
(14 MAH?|| (u, v)* > < (1 + B2A) || (u, v)*||* + Z} + Z2 + CAL.

Let & == Z} + Z? and let F, be the o-algebra generated by AW}/ for j = 1,2 and &k =
1,...,n—1. Note that E[&, | Fi] = 0 and E[¢2 | Fi] < C(AL* + (|[u¥|] + ||o*|*)At) for some
C > 0. Let M, =, _, & This is a martingale with quadratic variation (M), satisfying

(M), = STE[E | R < O ST(ALR + ([t + [|o*?) A1),

k<n k<n

Using this notation, we can rewrite the above inequality as
(1D [ 0) 2 < (14 BAAR) | (, 0)F [P+ C A+~ SBIE | Fil + SEIE | Fil. (25)
Absorbing the variation term. Equation (25) can be written as
o ) < s )M+ A+ 65— S BIEE ] Fi + 5 (M)ess — (M)

Summing this over the k’s implies that
Q@ a
1y 0) M1 = 5 {MYx < [, 0)°* + C R AL+ (&~ 5 El& [ F5)).

2 ,
i<k
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It follows that, for nAt < T and all £ < n,

(1 = aT)sup||(u, 0)*|* < [|(u,0)°|I* + CT + Sup(M -2 <M>k>-

k<n k<n 2

We now apply [25, Lemma A.1]: Let a = 1/(27). For nAt =T, we have

1
]P’(§ sup||(w, v)** > ||(u, v)°|* + CT + R) < P(sup(Mk — %(M}k> > R) < e~ @R — o~R/QT)
k<n k<n

Estimate on escape probability. Combining our two estimates above, we have

1
IP’(— sup||(u, v)*||> > ||(u,v)°||> + CT + R) < e H/CT), (26)

2 k<n

So, for nAt =T, as kg is the first escape time from the ball of radius R,

1 R? R ||(u,v)°]* C
P(kr <n)=P - Fi2>—) < I (et R | I 0

The first coupling lemma considers the coupling event (i.e., X™ = Y™) of two realisations
X™ Y™ of the numerical method for paths that do not leave the ball (i.e., X* Y* € B(0, R)
for k=0,...,n—1).

Lemma 3.5 (coupling in the ball). Consider initial data x,y € X with ||z, ||y|| < r, some
r > 0. Consider two solutions (u,v)" of the numerical method driven by different Brownian
motions, denoted X", Y™ with initial condition X° =z, Y* =y. For R >0 and ty >0, let
E={XY ... XLyl .. )Y"1eB(0,R)} and E = EN{X"™#Y"} where n At = t.

We may couple X™, Y™ such that the following property holds: ifto = 1/Cr and At € (0, to]

7 S < 2 372
and r/3Cgr > 1, then P(E) <1 — 6§ with § = exp| ——Cgr .
V3G 2 (&) Var(1+1/3Cx) " ( 2 R)

Proof. The assumptions for [8, Theorem 4] hold: Assumption Al holds due to the non-
expansivity of I1n, in Eq. (20); and Assumption A2(A) holds as the drift is Lipschitz on
B(0, R) with Lipschitz constant L = C'r (Theorem 3.1). Hence, we may couple X", Y™ so

that P(E) < 1 — & with

§=2 inf &(—|z—y||/2EY2(CR)), (27)

z,yeB(0,r)
where ® is the cumulative distribution function for the standard Gaussian, C's is the Lipschitz

constant of the drift on the set B(0, R), and =, (L) = At Z(l + At L)
k=1
For p=1/(1+ AtCg), then 1 — p = At Cr p and

- L—p" 1—p" _ 1—exp(—tyCr/(1+ AtCg))
Zn = At = > ,
(Cr) 1= % Cr — Cr

nAt = to,
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(as 1—1/z <logz and so 1/(1+4z) < exp(—z/(1+z)) for x > 0). For t, = 1/Cg, Z,(Cg) >

e-(1 —exp(=1/2)) > 5¢-. Tt is well known ([10]) that &(—z) > #exp(—aﬂ/?)ﬁll/x for
x > 0, and so

0=20 <—T \/E> > \/%(1 +2T\/m) exp <—37T > = S,

for /3Cx > 1. We conclude that P(E) <1 — 4. O

Corollary 3.6 (coupling). Under the assumptions of Theorem 3.5, for all v > 0, there exists
to > 0, so that P(X™ = Y"™) > a > 0, uniformly for z,y € B(0,r) and 0 < At < ty with

Proof. Let E = {X', ... X" ' Y' .. Y"' e B(0,R)} and E = EN{X" # Y"} where
n At = to. Then, if Cf is sufficiently large, to = 1/Cr and At € (0, %], we have P(E) > 1 -6
and P(F) <1 — 0 by Theorems 3.4 and 3.5, with

CRR2> (CR 7"2 C
1 exp

N ) 5 2 ( 372 o )
, = exp | ——— )
2 2 Vor(l+m/3Ch T\ 2 R

Notice that E¢ is the union of {X™ = Y™} and E°. Thus, P(X" = Y") > P(E°) — P(E°) >

0 — 0 = a. Then,

o= 2 ex (—3—720)—2@( (—CRR2>6X (CRTQ—FQ)
Var(+ryacy P2 F U )T T2y

The first term in the right-hand-side above behaves like exp(—372 Cg /2) and second like
exp(—R?*Cgr/4). Thus the first term dominates in the limit R — oo and we may choose R
large enough so a > 0. O]

0= 2exp(—

We now show the drift and coupling conditions imply geometric convergence to the
invariant measure.

Proof of Theorem 3.2. From Lemma 3.3, there exists v > 0 and C' > 0 such that, for
V(x) = [lz]* + 1 and Vi(z) = [lz[|* + 1,

P*"(V)(z) < (1 —vA)"V(z) + CnAt, P*"(Vy)(z) < (1 — v A)"Vy(z) + C'n At.

The constants v and C' are independent of At sufficiently small. Choose r > 0 large enough
that —%1/ +2C'/r? < 0. Corresponding to this r, choose ty according to Theorem 3.6. Then,
for n = [ty/At],

Pr(V)(x) <y V(x)+Cr,  P'(Va)(z) <vValz) + Gy, (28)

with v = exp(—vty) and Cy = C'ty and At < 1/2v (as (1 — v At)" < exp(—vty)). Later, we
will exploit the inequality v + 2C; /r? < 1 (which holds as exp(—z) < 1—x/2 for 0 < z < 1).
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We closely follow the proof of [17]: the first part A), where we consider the setting of
V(z) + V(y) > r? uses only the drift condition and is identical but repeated here verbatim
only for completeness; the second part, for the case V(z) + V(y) > r? makes a small
adaptation of the proof to exploit our coupling probability.

A) Using the drift condition. To show the contraction Eq. (21) when V (z)+V (y) > r?,
we simply make use of the drift condition and choose ( accordingly:

P(o)(x) = PM(¢)(y) <2+ P "(V)(x) + CP*(V)(y) <2+ ¢y (V(x) + V() +2¢Ch,

where we make use of ||¢||, <1 for the first inequality and the drift condition for the second
inequality. Since V(x) + V(y) > r?, by choosing v = v + 2C;/r* < 1, we have

2+ ¢y (V(x) +V(y)) +2¢C1 <2+ (o(V(z) + V(y) < 2n + (V@) + V),

where the last inequality is due to 2(1 — 1) < ((v — v0)r? < (11 — ) (V(x) + V(y)) by
choice of y; = 2(;4222; < 1.

B) Using the coupling probability. We now consider the setting where V' (x) +V (y) <
r?, so x,y € B(0,r) and Theorem 3.6 yields P(X™ # Y™) <1 — . Given a test function ¢

such that [[¢[[, <1,

E[((X™) = ¢(Y" ) xnpymy] S2P(X" #Y™) + CE[(V(X"™) + V(Y™)1ixnpvny]
<2(1 —a) + V(1 — a)VE[V(X™)2 + V(Yn)2].

Using the drift condition on V4, we deduce that
E[¢(X") = ¢(Y")] < 2(1 — ) + CV/(1 — a)y/ 7V () + 7V (y)? + 2Cy
<2(1-a) + (/= a)y (Vie) + V() + 20 /7).
Choose ¢ such that 2(1 — a) + (/201 (1 —a) < 2(1 — &) for some 0 < & < «; that is,
¢ <2(a—a)//2C(1 — ). With v, = max((1 — @), /(1 — @)v), we now have
[P"(¢)(z) = P"(¢)(y)] < 2(1 = @) + ¢V (1 —a)y(V(z) + V(y)) < r2de(z,y).

Putting A) and B) together, we see d¢(P"(u1,-), P"(p2,-)) < ade(pr, p12), and P™ is a
contraction with respect to |||, with contraction constant & := min(v1,72). This implies
geometric convergence to the invariant measure in the equivalent weighted TV norm as stated
in Eq. (22). O

3.2 Finite-time convergence of discretized scheme

We establish convergence of our discretized scheme on a fixed time interval [0, 7] under the
following assumptions:

Assumption 2. (i) G satisfies Assumption 1 and VG is L-Lipschitz.
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(ii) (u®,v°) and (u(0),v(0)) follow an initial distribution py < 7 such that £ is uniformly
bounded.

For t, = k At, let e1(tg) == uy, — u® and eg(ty,) = vy, — 0%, and e(ty) = (e1(tr), e2(tr)).
Our main convergence result is as follows.

Theorem 3.7. Suppose that Assumption 2 holds. Then, for any R > 0,

El sup ||e(tk)|’} < cpd exp(2T Cp) At~ 4 C VT e O 1),

0<t,<T

where cg and Cg depends on R. We can choose R and At to make the right-hand side
arbitrarily small, and hence E[supg<, <plle(te)|]] = 0 as At — 0.

The rest of this subsection is dedicated to proving Theorem 3.7. Before proceeding with
the proof, we first point out the two main technical challenges that we address.

Limited inverse moments. As mentioned, our implicit-explicit scheme with G = 0 is the
same as the scheme proposed in [9], who studied the discretization scheme for the Lamperti-
transformed version of the CIR process (12) under the parameter choice 2ku > 6%. Their

main result is the strong error bound E SupOStkSTHutk — ukM = O(At%). Their analysis

required inverse-moment bounds of the form E[u; 2] < oco: this is false when 2xu = 62, which
is precisely the case for our u process when G = 0.

To overcome this, we derive inverse-moment bounds of order up to but excluding 2 (we
will make use of Theorem 2.3 and Theorem 2.4 in our proof). As a result, in the case where
G = 0, our proof shows that the discretized CIR process with parameters 2ku = 6% satisfies

for any € > 0, the strong error bound E {SUpogtkgTHutk - u’fw = O(At27°). We remark that

similar ideas and error bounds were applied in [21].

Lack of global Lipschitzness. The drift in Eq. (18) comprises the explicit part f and
implicit part Sy(u) = ﬁ — Au. The second difficulty is that neither Sy nor f are globally
Lipschitz. In particular, f is at best only locally Lipschitz. To handle this, we will follow the
analysis of [19] to stop our process whenever ||(u,v)|| > R and upper bound P(||(u,v):|| > R).
Intuitively, this can be done since our stationary distribution has exponentially decaying tails.

The proof of Theorem 3.7 is a consequence of Theorem 3.9 below, which shows convergence
for a stopped process confined to a ball of radius R. While we manage to show At/
rate for a stopped process (restricted to the ball of radius R), our main convergence result,
Theorem 3.7, does not provide a rate because our error bound has an exponential dependence
on Cr and hence R.

Define the following stopping times

kr:=inf{k>0: ||(u,v)*]| > R}, ~Ar=1inf{t >0: |(u,v) > R} (29)

and g = krAt A vg. We have estimates on the tail behaviour of kg in Theorem 3.4; similar
estimates holds for vg.
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Lemma 3.8. For some ¢, co, c3 independent of TR and r, the following holds for x € B(0,r),
P(yp < T) < exp(—c; R?) exp(—cao(r? + 3 T)).

Proof. From Egs. (9) and (10) that, for some C' > 0 dV (z;) < =2 AV (x,) dt + C dt + dM,,
where M; = 2,/2/ fg(ﬂ,th}. This is a martingale with quadratic variation (M); =
& [zl ds. For o =X p/4,

t 1 t 1
Vixy) < V(xg) — 2)\/ V(xs)ds + 504%/ ||a:s||2ds +Ct+ M, — Ea(Mﬁ
0 0
1

Then, by Doob’s martingale inequality,

IP( sup (V () — Vzg) — C't) > R) < IF’( sup (Mt - %a<M>t) > R) < exp(—Ra).

0<t<T 0<t<T

As g is the time of first escape from B(0, R), V(z.,) = R*+ 1 and

P(1p < T) < P(;?fT(V(xt) V(@) = CH) = R — ol - cT) < exp(—(B? — 1 — T)AB/4)
< exp(—R?*\B/4) exp(—(r* + CT)AB/4). O

Up to time 6g, we have the following error.

Proposition 3.9. Let the assumptions of Theorem 3.7 hold and At < ﬁ For all e > 0,

E[ sup |le(tx A 93)”} < cexp(2T Cg) Atz (30)

0<t . <T
where ¢ that depends on €, Cr, d, and X.

Proof. In the following, assume that t; < 0.
We first subtract the discretized equations with the continuous counterparts,

tht1 1 tir1
Utk+1 = Uy, + / (—)\Ut +v©® VG(Ut ® Ut> —+ ’U,_) dt “+ £/ 2/5/ th17
tr 13 tr

tet1 tet1
Vtyorr :vtk—I—/ (—Avy + uy © G(ug © vy)) dt + \/2/5/ dW?,
173

tg

to obtain
e1(tipr) = ex(te) — At (fi((w,v)y,) — fi((u,0)*)) + At (Sx(ug,,,) — Sa(u"™)) +rip, (31)
ea(ti1) = ea(te) — A At ea(trsr) — At (fal(u, v)y,) — f2((u,0)%)) + rog, (32)
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where

tot1

mw=/mmmwmwﬁmme+/ (Sa(u) — Sa(un,.)) dt,

up:[“iﬁwmmg—ﬁmum»w—A[“Ww—wM>ﬁ

Taking inner product of (31) with e;(tx41) and (32) with es(tg+1), we have

1 Cr At 1 Cr At

(5 + 280 = 2 sl < Glleam)l? + 5 ealt)calt DI + sl s sl
1 Cr At 1 Cr At
(5 + 380~ Z2 eatwrn)IF < Gllen(t)IP + 5 er (), cxlD I + el et

where we used that a'b < %||a||2 + %||b||2, that f; is Cr-Lipschitz, and that

(Sa(ut) — Sa (") e (trn) < —Ales(trrn)|)”

due to monotonicity arguments. Denote Ejy = |[(e1(tx), e2(tr))| and Ry = ||(r1x, r2.x)|| and
sum the two equations to find

(1+2XAt— CrAYE; ; < (1+2CrAYE} + 2 Ejiq Ry,
Define ¢ = (14+2CrAt)/(1 +2X At — Cr At) and ¢3 = 2/(1 + 2 XAt — Cr At). Then,

E} . < B} + yEp Ry < &HE2 + CQZCjEk+1 iRy < ¢y sup Ech’Rk i

j=0 k<MANOr =0

We therefore have E {supKMAGR Ek] <oc Z E[Ry—;]. Note that for At < 1/(2Cg), we

have ¢; < (1 + 2 At Cg)?: this is a consequence of the simple inequality (1 —a)™! <1+ 2a
applied to a = AtCg < 1/2. Also using the geometric sum formula and the inequality
e* > 1+ zfor 2 >0, we get

M-1

M-
eXp(2CRMAt)
d < 1 2 At Cg)

Jj=

-0
On the other hand, E[R;] < [HrlkH] + E[||r2£]]]. Observe that by Theorem 2.4 and the
definition Sy in (19),

th Uit Wity q

bt 1 d bt |Uz t — Uy; tk+1‘
Ellry el < / El f1((u,0)1,) = fr((u, 0)o) || + AE[|wy — . || dt + 3 Z/ E| 0 g
i=1 Ytk

< c((CR +A) A2 4 dAt“ﬁ)

Similarly, E[||rox||] < ¢ (Cr+A) At¥2. Tt follows that E {SUPogtkgTAeR Ek} < c3exp(2CgrT) Atz

for a constant c3 that depends on A, Cg, and d, as required.

24



We are now ready to prove the main result.

Proof of Theorem 3.7. Define 7 = krAt (see Eq. (29)). First note that E[supy<,, < le(ty)||] <
By Theorem 3.9, A < ¢ exp(2T Cg) d At2"°. Using the Cauchy—Schwarz inequality, we bound

B as B < \/E[supge, <rlle(t)|)] /By < T) + B(r < T). From (26) with o = 1/T,

B[ sup 0] <ol eT s [T an
0

0<t,<T

which is uniformly bounded with respect to At. Finally, applying Theorems 3.4 and 3.8,
B < C\VTe “®=T) which completes the proof. O

3.3 Invariant measure

To conclude this section, we combine Theorem 3.2 and Eq. (7) to show that the stationary
distribution 7, of (u, v)k converges to . Here W, denotes the usual Wasserstein 1-norm.

Theorem 3.10 (convergence to invariant measure). Let Assumption 2 hold. Then, Wy (mas, ) —
0 as At — 0.

Proof. By geometric ergodicity of the numerical approximation in Theorem 3.2 with ¢, =T,
we have | [ ¢(z) P*(m,dx) — [ ¢(z)mar(dz)| < p (Hﬂ'HC—‘rHﬂ'AtH ) for any 1-Lipschitz function
¢. As m(V) and WAt(V) are bounded uniformly in At¢, we may choose c¢3 independent of At
such that |||, + [|7acll, < ez and

Wi (P*(m, "), ) < c3p’ . (33)

Denote by P’ the transition density of the solution z* of Eq. (7). The initial distribution
po = m satisfies Assumption 2(ii) and Theorem 3.7 gives

sup Wi(P*(x,-), P (m,-)) =0, as At — 0. (34)

0<t),<T
Divide the error into finite-time numerical error and distance to the long-time average:
Wi(m, mar) = Wi(P¥(r, ), P (m,-)) + Wi(P*(m, "), ma)-

We now choose T' = |log(d/2 c3)|/|log p|, in Eq. (33) with ¢, = T to ensure Wy (P*(r, ), mas) <
£0; and the timestep At in Eq. (34) so that Wy(P*(,-), P (m,-)) < 36. We see now that
Wi(m,mae) < 6. O
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4 Conclusion and outlook

We proposed a new approach for sampling distributions with the Laplace prior via a Hadamard
parameterization. Our resulting Hadamard-Langevin Dynamics can be seen as an implicit
form of Riemannian Langevin. The analysis in this work covered well-posedness of the
continuous-time dynamics, strong convergence of the discretized dynamics, as well as geometric
ergodicity results in both continuous and discrete time. These results provide a theoretical
foundation for developing sampling schemes based on overparameterized Langevin dynamics.
In the following, we detail the main remaining missing piece in our analysis of the Hadamard
parametrization, and also the challenges in extending this to other regularizers.

Theoretical limitations. On a theoretical level, for our numerical scheme, we established
a strong convergence result (i.e., convergence as stepsize diminishes over a fixed time interval),
and convergence of the invariant distribution ma; for the discretized process. However, we
are not able to establish quantitative rates of convergence. As mentioned in [26, Section 3],
such convergence rates are typically obtained by understanding the Taylor expansion of the
semigroup operator Pa¢¢ = E[@(zy,,,) | 2, = -]. The difficulty of a theoretical proof is that
these Taylor expansions would include singular 1/u terms and this lack of differentiability
prevent the direct use of results such as [26, Theorem 3.3]. One important direction of future
work is to quantify the bias of wa; and to provide quantitative strong convergence rates.

One-dimensional experiment. In the absence of a theoretical characterization, we provide
some numerical evidence on a simple one-dimensional problem in Figure 1 below that this
bias is O(At).

We consider the case where d = 1, and choose A = 1, y = 3, and A = 2.7. We let
G(x) = ||z — y||*/2. We carry out two experiments with ¢(z) = 2%. To estimate the impact
of At for the stationary distribution, for different stepsizes, we run our Hadamard-Langevin
(HLD) algorithm for 7' = 800 before recording 10° samples. Figure 1(a) shows the error
between the mean of ¢(u ® v) evaluated via these samples compared with the integral of the
true density p (i.e., (1)) against ¢ (we compute this numerically using scipy.integrate). This
procedure is also repeated for Proximal Langevin, where the Moreau-envelope regularization
choice for Prox-11 are taken to be v = 1/(KL) for some K > 1 and At = ~v/(5(yL + 1),
where L = ||A||” is the Lipschitz constant of the gradient of G. This is consistent with the
parameter choices recommended in [11]. We observe O(At) errors for Proximal Langevin and
just slightly slower than O(At) for HLD, although the error is typically lower for moderate
stepsizes.

To assess the convergence to the stationary distribution with fixed stepsize, fix At =
5 x 1074, and generate 5 x 10* paths of HLD and record the means ¢(u ® v) over these paths
for 10* iterations. Figure 1(b) shows the error between the mean of ¢(u ® v) over the first
3000 iterations against the mean of ¢(u ® v) over the last 1000 iterations (which we expect
to estimate the integral of ¢ against the stationary distribution). The same procedure is
repeated for Proximal Langevin. In both cases, we observe exponential decay of the error,
which corroborates the exponential ergodicity result of Theorem 3.2.

The code for reproducing this numerical experiment and also further higher-dimensional
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(a) (b)

,| == Hwo 10 —— HLD
1094 Prox-I1 —— Prox-11
---- Error=At
10—1,
10—1,
10—2,
102 10! 0 1000 2000 3000
At Tteration

Figure 1: Estimation of the convergence rate for a 1D problem. (a) Error of the ‘stationary
distribution’ for different stepsizes. (b) Error decay with increasing iterations for fixed stepsize.

implementations of our method can be found online'.

Other sparse priors. Although this study is specific to the Laplace prior, one central
idea is the development of Langevin dynamics based on Gaussian mixture representation of
this prior. We first remark that the extension to the group-¢; prior is trivial. The group-¢;
prior is [|z]|,, = Zj{:l”xb]” ? where U b; is a partition of {1,...,d}. In this case, one
can consider for (u,v) € X = RE x R

m(u,v) o ﬁu exp (-5 (%H(u, )P+ Guoe U)) > ,

where u ® v := (u; vp, ). Samples of 7(x) o exp(—6||x||172 - BG(&:)) can be retrieved by

sampling from 7 and forming the product u ® v as before. For this setting, u € Rf while
v € R? with K < d, and the only difference here is the different definition of ®. Likewise,
the Langevin dynamics are identical to the ¢; setting, except ©® and the different dimensions
of u and v.

A natural question is how to handle priors corresponding to ¢, semi-norms with ¢ € (0, 1).
These priors also have a Gaussian mixture representation [39]

< 1 2 1 1
—lz1? —22/(2n) _—_ —\d
e X /0 2_7”7 e 7]3/2 Yq/2 (277) 1,

where g4/2 is the density of a positive stable random variable with index ¢/2. Unfortunately,
this has no closed-form expression in general so it is unclear how to perform Langevin
sampling for such priors. Nonetheless, given the developments of our present work, it is
perhaps conceivable that one could construct new sparsity-inducing priors and efficient
Langevin sampling schemes via Gaussian-mixture representations, and we believe that this

https://hadamardlangevin.readthedocs.io/
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is an exciting direction for future work. In particular, recent works such as [1] derived
generalizations of the hierarchical samplers for the Bayesian lasso to new sparsity inducing
Gaussian mixture models. Our article can be seen as a first attempt at deriving Langevin
dynamics for such priors.

A Ergodicity under bounded assumptions

Consider two measures 7, T such that m; is absolutely continuous with respect to m and
denote the Radon—Nikodym derivative by dm; /dms. Define the entropy of m; with respect to
7o (also called the Kullback—Leibler or KL divergence) by H(m; | me) = E,, (log(dm /dms))
and the Fisher information Z(m | m) = E,, [||V10g(d7r1/d7r2)||2]. We say my satisfies a
log-Sobolev inequality LSI(R) if, for a constant R > 0,

H(my | mo) < (m1 | m2), v < .

1
—7
2R
The theory of log Sobolev inequalities (e.g., [20]) gives the following geometric convergence
of p(t,-) to the invariant measure .

Theorem A.1l. Assume that G is bounded. The solution (u,v); of Eq. (7) with initial
distribution py converges to the invariant measure ™ geometrically. In particular,

Hip(t,) | m) < exp(=2Rt/B) H(po | 7), t>0, (SM35)
fO?“ R = B)\einfosqu'

The assumption that G is bounded holds for G(x) = Y o(y;a ¥) when ¢ is bounded such
as the smooth approximations of the unit loss that are mentioned in the introduction.

Proof. In terms of the density p(t,-) for Eq. (8) and the Cartesian co-ordinates x;, € R3¢,
standard theory (Bakry—Emery criterion, Holley—Stroock theorem) applies to the potential
2A|Ix||2 4+ G5(x), as it is a bounded perturbation (given by G) of a convex potential (given by
SAIIx||?). See [26, Proposition 2.9]. This gives H(p(t,-) | ) < exp(—2 Rt/j3) for R defined
above. Taking a cylindrical initial distribution, p(t,-) = p(t, -), we have Eq. (SM35). O

B Link to Riemannian Langevin

Proof of Proposition 2.7. The proof is a direct application of It6’s formula. By [t6’s formula,

Ldiag(uy) 0 dw}
dt+v2 |2 . 5
+V2 [ diag(v;)  diag(ue)| \dW?

S(zt)

dz, — (=2Am, - 15, OVG(z) +3)+ 3
CT U+ ) 0 VG(w) - 2+ £

N J/

(.

w(zt)
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Note that for g(z) = M(z)™,

=2y — 32, © VG(2y) — 5 1[3-1,
MV = [_ (4m + H) ® VG(x) — 2Azy — 2 and (e) = 2 Lﬁt/ﬁj '

nt

So, u(z) = —g(z)"'VH(z) + I'(z;). Note also that M(z) = S(z)S(z)".
Letting p( -) denote the distribution of z;, we have

Note that

2

Z Z azﬁgz (M, j(z,t)p) = div(MVp) + div ( (Z %MW(Z? t)p> )

i=1 j=1 i % j

= div(MVp) + div ( <3§) ,0) :

p d1v<[ 2)\77—1- :L‘@VG( )——)1—%%—1%
(4n () + 2 \x — 355 T3

%
l 2\ — A\Z 4 L
2 SE ) 4y
(( —+4v) ((vemﬂﬁ) ey

= div(M(z)V(H (z) + log(p)p)-

So,

=di

<

C Additional proofs for the discretized scheme

We first remark that our numerical scheme (18) can be written explicitly as

utta\  (uk _ As v O VG (uF @ o) +\/§ AW,
okts ) T\ ok ub © VG (uF © vF) B\AW?Z )’

e W Ju O Ukt 4 4(AH/B)(1 + AN (SM36)
B 2(14+ AtA) ’
k+1 _ 1 Rt
1+ AtA
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where the square root is interpreted element-wise and we have used the fact that, for u > 0,

u:Atﬁi—At)\u—i—w — (1+A\)u* —wu—At/3=0

u

w+ Jw? +4(At/B)(1 + AtA)

s 2(1+ AtN)

It is straightforward to see from this that positivity of u”* is preserved.

C.1 Explicit form of the transition density

Lemma C.1. Up to constants, the log transition kernel P for moving from x = (u,v)* to
& = (u,v)* under Eq. (18) is

At 2

= u® + Atv* © VG (uF @ vF))

log(P)(z,2) = — 4AtH 14+ At \)ur

4At|| L+ AE AR — 0" 4 Atk © VG(uk © o))

At
+Zlog(l+Atk+W).

=1

Proof. Let v = (u,v) and g(z) = (v O VG(u ®v),u ® VG(u ® v)). From Eq. (18), we have

P(z) = Pi(Py(z)) for
Py(z) =2 — At g(x ” NOIde

and Py (z) = (Pyy(z), P y(z)) with

u+ \/u@u—ir%At(l—IrAt)\)) ;
2(1 4+ AtA) ’ (1+ AtN)
Note that Py(z) ~ N (z — At g(z), (2 At/B)Idyy) is Gaussian with transition density

(z = (z — Atg(x)))Q)
4 At

Pl,u(x) =

Pl,v (.T) =

fo(z) o< exp (—5

To work out the density of u = P;,(z) with z = Py(z), write the cumulative distribution
function Fi,(t) as

z+\/z®z+%At(1—|—At/\))
<t

:P(zg (1+At)\)t—l%t).
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It follows that the density of Y, is

d At At
Fra(t) = 2 Fru(t) o f0<(1 + ANt — @) ((1 + AtA) + @)
The density of Py ,(v) is f1,(t) < fo((1+ At A)¢t). 0

C.2 Proof of drift condition of order 4

Lemma C.2. Let Vi((u,v)) = 1+ ||(u,v)||*. There exists C,c,v > 0 such that for all
At < ¢,
E[Vi((u,0)") | (u,0)"] < (1 — v At) Vi((u, 0)") + C At.

Proof of Lemma C.2. Since

At 2
(1+ XAt — Bkt = ub — 0" O VG (uF @ vF)At + \/%AWkl, (SM37)
taking square-norm yields
2d At (1+MNAt 2
(1 4+ AAD?|lu+H|* — (6 ) < || —vk@VG(u’“G)vk)AtHQnLE IAW?

(SM38)
+ \/g (AW} uF —oF © VG(UF @ v")At) .
(SM39)

Squaring this again and taking expectation conditional on u*, v* gives

AdAL(1 + MAE)?
B
4 4
< |uf =" o VG @ vk)AtH4 + @EHAWgu‘* + Ellu’“ — v O VG(uF @ o")At|PE|AWE?

(L+ AL E[flu* " | (u,0)"] Efflu* " | (u,0)"]

4 %EHAW,gH?Huk —of ® Y © o)A

We now use the fact that E|AWE|? = d At and E|AWE|* = (d* + 2d) At? to obtain

PVANA:
(1 4+ AAE[|a ] (u, o)t — 2210 - CEA 2 | (4,00
4(d% + 2d)A?  8dAt
< Huk "o VG o vk)AtH4 + (d —;Qd) + 3 Huk P O VG o vk)At”Q.

Applying Young’s inequality for products gives that, for any ay, s > 0,

((1+AAD* — al AOE[JuF | (u, 0)]

(d? + 2d)At? N 64d? At N A4dPAt(1 + NAL)S
3 By a3 '

< (14 aAt)||[uf =" © VG © vk)AtH4 + :
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As in the proof of Theorem 3.3, we have
[uf = oF © VG(WF & vF) A" < [Ju¥]® + A B2||*||* + 2K At
and squaring this gives
Huk — " O VG © vk)At||4
< JJuf||* + AEBY|0F||* 4 2|[uF| P A2 B2 |0 ||? + 4K At|[uF|]? + 4K A B?||o"||* + 4K A
< (14 AEB)|[u"|[* + (B*A# + At BY)[|[o*])*
+ agAt||u||* + %QN + o Ao + M@fﬂ + 4K At
= (14 asAt + At2B?) ||Z’f||4 + At (a3 + B + At2g4)||vk||4 +4K2At(az' + AP Baz! + At).
It follows that
(1420 — at AOE[[[u " | (w,0)"] < erl|uf]|* + coA? 0| * + ez At, (SM40)
where
c1 = (1 4+ aeAt)(1 + asAt + At*B?), co = (1 + auAt)(as + B* + At B*Y),

and

64  Ad2(1 + AAL)S
By o 32 '

to obtain

cs = (1 + apAt)4K?* (a3 + At Blagt + At) +

One can carry out a similar computation for v**!

(1+ A E[[o"* | (w,0)*] < eal|o"]|* + e A" + E3At,

with
= 2/ -1 3p4, -1 64d?
¢ = (1+ aAt) 4K (a3 + At°Bag - + At) + Fray’
Qo
It follows that
(1 + MDY — g A E[]| (u, o) | (w,0)¥] < (e1 + A8 || (u, 0)F||* + 2c5At. (SM41)
Finally, define

c1 + CQAtQ
= . M42
T AT AAD At (SM42)

Then, a < 1 provided that
At + (14 apAt) (1 + azAt + At?B?) + At* (1 + apAt)(as + B* + At?B*Y) < (1 + M\AD)*

The leading exponent to At® on both sides is 1, and the leading exponent to At is 4\ and
a1 + as + az on the right and left and side respectively. By choosing ay, as, a3 < A and
At < A, we have o < 1. In other words, we may choose v > 0 and write o < 1 — vAt for At
sufficiently small. |
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D Numerical experiments

The code for reproducing our numerical experiments can be found online?. Throughout,
we consider the setting where G(z) = ||[Az — y||?/2. The stepsize and Moreau-envelope
regularization choice for Prox-11 are taken to be v = 1/(KL) for some K > 1 and At =
~v/(5(yL+1), where L = ||A||* is the Lipschitz constant of the gradient of G. This is consistent
with the parameter choices recommended in [11].

D.1 Synthetic experiment

We consider the case of d = 20, and A € R**?0 ig a random Gaussian matrix of mean
zero and variance ﬁ. We let A = %HATyHOO and y = Axg where x is a 2-sparse vector.
For Proximal and Hadamard Langevin, we run 10* burn-in iterations before recording 10°
samples, while for Gibbs (due to its slower running time and faster convergence), we record
10* samples after 10 burn-in samples. To assess the convergence of each scheme, we evaluate
the effective sample size (ESS) which computed using the package arviz [24]. The sample
means for each of the 20 dimensions are shown in Figure 2. Figure 2 also shows the ESS in
each dimension. Note that Gibbs has the highest ESS, followed by Hadamard. In general, for
these low-dimensional settings, the Gibbs sampler displays fast mean convergence behavior,
and the Hadamard sampler also displays a similar pattern (although less sharp than the
Gibbs sampler). Additional imaging experiments can be found in Section D.

Prox-11 Hadamard Gibbs ESS
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Hadamard
mmm Gibbs

01234567 1011121314151617 1819

o
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»
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Figure 2: Plots of sample means against iteration. The right figure shows the ESS in log-scale at
of the 20 dimensions. The minimum ESS (in log scale) for Prox-11 is 4.0, for Hadamard is 6.4 and
for Gibbs is 9.2.

D.2 Deconvolution with Haar wavelets

We consider Gaussian deconvolution of a piecewise-constant signal (length d = 1024). The
matrix A = UW T where U is a convolution operator and W is an orthogonal Haar transform.
The regularization parameter is A = 1. We run Proximal-Langevin and Hadamard at stepsize
7 = 0.01, with 102 burn-in iterations and record 10° samples. The sample means and ESS
scores are shown in Figure 3. The ground truth is displayed as x0. In log scale, we also

2https://hadamardlangevin.readthedocs.io/
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Figure 3: 1d Haar wavelet deconvolution. (a) the mode and mean signals. (b) the difference
between the 95 quantile and the 5 quantile. (c) the ESS at each pixel. The minimum ESS across all
pixels for Hadamard is 286,433.7 while the minimum ESS for Prox-11 is 4.1.

plot the difference between the top 95 quantile and the bottom 5 quantile. Notice that both
methods have a higher difference around the jumps, which naturally aligns with the fact that
reconstruction of the precise jump locations is more unstable.

D.3 Image inpainting

We perform inpainting: A = UW T where U is a masking operator and W is the wavelet
transform with the Haar-wavelet, with 8 = 5,100, 500. For both Proximal and Hadamard
Langevin, we run 10,000 burn-in iterations, then record every 20 samples out of 6000 samples.
On the 300 recorded samples, we compute the mean images and quantile differences. The
corrupted input as well as the mode image are shown in Figure 4 in the case of § = 5. The
mean images and difference in 95 and 5 quantiles are shown in figure 5. For small 3, the
largest variations in the quantiles for both methods occur where the obscured pixels are. By
increasing the inverse temperature (3, the distribution concentrates more around the mode.
In this case, we observe that the largest variation occurs around the image edges, which
suggests that the uncertainty as f increases is more around the location of the image edges.
The observations of this latter experiment are in line with the observations of [11].
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