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This work develops a powerful and versatile framework for determin-
ing acceptance ratios in Metropolis—Hastings-type Markov kernels widely
used in statistical sampling problems. Our approach allows us to derive new
classes of kernels which unify random walk or diffusion-type sampling meth-
ods with more complicated “extended phase space” algorithms based around
ideas from Hamiltonian dynamics. Our starting point is an abstract result de-
veloped in the generality of measurable state spaces that addresses proposal
kernels that possess a certain involution structure. Note that, while this under-
lying proposal structure suggests a scope which includes Hamiltonian-type
kernels, we demonstrate that our abstract result is, in an appropriate sense,
equivalent to an earlier general state space setting developed in (Ann. Appl.
Probab. 8 (1998) 1-9) where the connection to Hamiltonian methods was
more obscure.

On the basis of our abstract results we develop several new classes of
extended phase space, HMC-like algorithms. First we tackle the classical
finite-dimensional setting of a continuously distributed target measure. We
then consider an infinite-dimensional framework for targets which are ab-
solutely continuous with respect to a Gaussian measure with a trace-class
covariance. Each of these algorithm classes can be viewed as “surrogate-
trajectory” methods, providing a versatile methodology to bypass expensive
gradient computations through skillful reduced order modeling and/or data
driven approaches as we begin to explore in a forthcoming companion work
(Glatt-Holtz et al. (2023)). On the other hand, along with the connection of
our main abstract result to the framework in (Ann. Appl. Probab. 8 (1998) 1—
9), these algorithm classes provide a unifying picture connecting together a
number of popular existing algorithms which arise as special cases of our gen-
eral frameworks under suitable parameter choices. In particular we show that,
in the finite-dimensional setting, we can produce an algorithm class which
includes the Metropolis adjusted Langevin algorithm (MALA) and random
walk Metropolis method (RWMC) alongside a number of variants of the
HMC algorithm including the geometric approach introduced in (J. R. Stat.
Soc. Ser. B. Stat. Methodol. 73 (2011) 123-214). In the infinite-dimensional
situation, we show that the algorithm class we derive includes the precondi-
tioned Crank—Nicolson (pCN), coMALA and coHMC methods considered in
(Stoch. Dyn. 8 (2008) 319-350; Stochastic Process. Appl. 121 (2011) 2201-
2230; Statist. Sci. 28 (2013) 424-446) as special cases.
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1. Introduction. A central concern in modern computational probability and statistics is
the development of effective sampling methods. This is a nontrivial task particularly for high-
dimensional, noncanonical probability distributions with elaborate correlation structures. In-
deed, across a great diversity of situations in the pure and applied sciences and in engineer-
ing, it is crucial to be able to accurately resolve observable quantities from complex statistical
models which naturally arise. As such, sampling is a subject of ubiquitous significance in a
wide variety of application settings.

One of the most successful methodologies for sampling is the Markov chain Monte Carlo
(MCMC) approach. Starting from a given “target” probability distribution w sitting on a state
space X one aims to find a Markov kernel P(q, dq) which holds u as an invariant, that is,

(L.1) / P(q. d@)p(dq) = p(dq).

By iteratively sampling from such a kernel P as q, ~ P(q,—1,dr) one hopes that P main-
tains desirable mixing properties so that, for example,

iim L5 g [ o@nan
im — = r r
N—oo N = U H
across a variety of observables ¢ : X — R.

Of course, deriving such kernels P and determining their effectiveness is an art, the subject
of a wide and rapidly growing literature. Here the Metropolis—Hastings method, [43, 57], has
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served as a core foundation for the subject. See also, for example, [12, 51, 67] for more gen-
eral background. The basic idea of this method is to formulate a “proposal” Markov kernel
0(q, dq) which does not necessarily maintain the invariance (1.1) but which is computation-
ally feasible to sample from. One then introduces an “accept-reject” mechanism which is
used to correct for bias in O with respect to the given target measure p. In this fashion one
builds a “Metropolis—Hastings” kernel P from Q which maintains (1.1) as follows: Starting
from a given current state q,_1, one samples a proposal state q, ~ Q(q,—1,dr). Next one
determines an acceptance probability « € [0, 1]. The next step in the chain is then set to be
q» ‘= q, with probability « and q, := q,—1 otherwise. Of course, the selection of Q and the
derivation of the appropriate accept—reject mechanism « depends heavily on the structure of
@ and underlying state space X which pu sits upon. Nevertheless, the Metropolis—Hastings
methodology encompasses many popular and effective sampling methods, including random
walk Monte Carlo (RWMC), the Metropolis adjusted Langevin (MALA) approach based on
numerical discretizations of appropriate stochastic dynamics [7, 68], and the Hamiltonian (or
Hybrid) Monte Carlo (HMC) algorithm [25, 59].

In this paper, we formulate a simple and quite flexible framework for determining the ac-
ceptance ratio « developed in an abstract setting applicable in the generality of measurable
spaces. The main result of this work, Theorem 2.1, unifies random walk or diffusion-type ap-
proaches with more complicated “extended phase space” algorithms like HMC. In particular,
while our framework appears “HMC-like” at first glance, we show that it in fact represents
an alternative formulation of the measure-theoretic approach to Metropolis—Hastings kernels
introduced in [72] where the connection to Hamiltonian algorithms is more obscure. On the
other hand, Theorem 2.1 allows us to derive novel classes of HMC-like algorithms both in
the finite and infinite-dimensional settings. These “extended phase space” algorithms provide
a versatile methodology to bypass expensive gradient computations through skillful reduced
order modeling and/or data driven approaches as we begin to explore in a forthcoming com-
panion work, [34]. Moreover, our algorithms provide a unified picture connecting a number
of popular existing algorithms which arise as special cases under suitable parameter choices.
Altogether, the theoretical unity and reach of our main result provides a basis for deriving
novel sampling algorithms while laying bare important relationships between existing meth-
ods.

1.1. Background: Formulating the accept—reject mechanism. Before outlining the main
contributions of this work in more detail we first lay out some further background on the
Metropolis—Hastings approach to give some context for our results here.

The original setting developed in [43, 57], addresses the case of a continuously distributed
target measure /. (dr) = p(r) dr on a state space X = R". Here one considers proposal ker-
nels which are also of the continuous form Q(q, dr) = g(q, r) dr. A simple calculation aimed
at establishing detailed balance for the resulting Markov transition kernel P as described
above, namely that

(1.2) P(q,dq)u(dq) = P(q,dq)u(dq),

a condition which is immediately seen to be sufficient for the invariance (1.1), yields the
acceptance probability

r(@q(q,q)
p(@q(q,q)’

where q is the current state and q is the proposed next move.
While (1.3) encompasses a number of popular algorithms including the RWMC and
MALA methods, the determination of the acceptance probability & can be a much more

(1.3) a(q, @) =14
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complicated and delicate task in other cases of interest, particularly for popular Hamiltonian
(HMC) algorithms. Moreover, one is often interested in settings where the target measure sits
on a more general state space. Indeed, one class of Metropolis—Hastings algorithms motivat-
ing our work here addresses the situation where X is an infinite-dimensional Hilbert space
and one considers target measures which are absolutely continuous with respect to a Gaussian
probability measure (g so that

(1.4) u(dq) o< e @ (dq),

for an appropriate, (o-integrable potential ® : X — R. This is an important and rich category
of measures which arise naturally in the Bayesian approach to PDE inverse problems, [20,
21, 24, 55, 63, 70] and also in computational chemistry, [38, 39, 41, 42, 66].

One of our aims in this manuscipt is to provide new insight into the derivation of a re-
cently discovered collection of Metropolis—Hastings algorithms [8, 10, 11, 22] that provide
a basis to effectively sample from such infinite-dimensional measures of the form (1.4). The
idea in these works, [10, 11, 22], is to appropriately precondition stochastic or Hamiltonian
dynamics related to the target measure w and then to make a delicate choice for the numer-
ical discretization of these equations so that one obtains an effective proposal kernel Q. As
usual, an appropriate « is then introduced to correct for bias stemming from the original
dynamics, the numerical discretization of these dynamics, or both. In particular, this infinite-
dimensional approach results in an analogue of the random walk Monte Carlo algorithm with
the so called preconditioned Crank—Nicolson (pCN) algorithm as well as infinite-dimensional
formulations of the MALA [11, 22] and HMC [8, 10] algorithms. Each of these methods has
shown great promise by partially beating the “curse of dimensionality” as borne out by recent
theoretical developments [16, 26, 35, 40] and by effectively resolving certain challenging test
problems [8, 15, 21, 34].

Regarding the derivation of the « for the pCN and for the infinite-dimensional MALA
algorithms from [11, 22], one can make use of the abstract formulation due to Tierney [72] to
determine «. Tierney’s approach may be seen as an extension of [43] to general state spaces.
This is formulated as follows: Given a proposal kernel Q and a target measure u, if the
measures

(1.5) n(dq,dq) == 0(q, d@)u(dq), n(dq, dq) :=n(dq, dq)
are mutually absolutely continuous then one can define the acceptance probability o via the
Radon-Nikodym derivative, namely

_ dnt
(1.6) @(q, @) :=1A—"(q.q)
n

to achieve detailed balance a la (1.2). Here note that in the appropriate finite-dimensional
setting (1.6) reduces to (1.3).

On the other hand, Tierney’s elegant formulation in [72] does not appear to cover HMC-
type “extended phase space” algorithms in an obvious way, even in the original finite-
dimensional formulation from [25]. In HMC sampling, the proposal is generated by inter-
preting the current state q as a position variable in a Hamiltonian system. One identifies a
Hamiltonian A such that the marginal of the Gibbs measure

(1.7) M(dq, dv) x e~ Y gqdv

onto position space corresponds to the desired target measure . Augmenting with a “mo-
mentum” (or sometimes “velocity”) variable v sampled from the v-marginal of M and then
integrating the associate Hamiltonian dynamics in (q, v)-space via an appropriately chosen
approximate integrator S, one obtains

(1.8) @, 9) := S(q, v).
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The proposal q is then given by q = I o S (q, v) where I1; represents projection onto the
position variable from the extended phase space. Then the acceptance ratio & is specified as'

(1.9) a(q,v) := 1 Aexp[H(q, v) — H(S(q, V)],

where H is the Hamiltonian associated with the system.

Note carefully that & in (1.9) depends not on the current and proposed states q, q as in
(1.6), but rather on the current state q and the initially sampled auxiliary variable v. As such,
for Hamiltonian Monte Carlo algorithms, the acceptance probability & is not accommodated
by the mechanism (1.6), at least not in an obvious fashion. It is also important to emphasize
that the validity of this accept-reject mechanism for the classical HMC algorithm (1.9) re-
quires one to formulate a numerical resolution S of the Hamiltonian dynamics which respects
certain delicate structural properties of the original Hamiltonian system; namely one typically
specifies S as a “geometric integration scheme,” one which preserves volumes on phase space
and whose dynamics maintains certain “reversibility properties” (see (4.10) below). The lat-
ter reversibility condition reflects an indispensable underlying involutive structure that we
exploit here.

Starting from [25, 59], the core ideas of this Hamiltonian approach have expanded into a
profusion of “extended phase space” methods. This literature includes a number of variations
on the Hamiltonian and symplectic structure leading to the formulation of (1.8) as well as use
of “surrogate dynamics” methods to reduce the cost or complexity of numerically expensive
gradient computations which arise. See, for example, [5, 8, 10, 33, 44, 47, 50, 51, 53, 56,
60, 61, 64, 65, 75, 76] and numerous other containing references. This large and rapidly
expanding literature is reflective of the success and effectiveness of the Hamiltonian approach
as, for example, can be seen in the wide adoption of the STAN software package, [30, 71], in
recent years.

It is therefore of great interest to provide a unified theoretical foundation for these various
works on extended phase space methods and, if possible, to place them in the context of the
original RWMC methods dating all the way back to [43, 57]. A number of recent contri-
butions preceding this current work are notable in this regard. For example, the monograph
[17] building on [27] provides a lucid and partially self-contained survey explaining various
underlying mechanisms involved in the derivation of (1.9) in the original finite-dimensional
setting. On the other hand recent work [3, 49, 62, 64] has identified the connection between
HMC methods and the involutive algorithms of Green [31, 32, 36]. Note that after publica-
tion of the initial draft of this manuscript, a related work [3] appeared, which contains an
abstract result similar to results appearing herein. As such, [3] parallels our focus on pro-
viding a unified view of reversible extended phase space Metropolis—Hastings algorithms.
Notwithstanding this overlapping scope, our two works diverge in addressing quite different
classes of algorithms. [3] explores connections to well-known algorithms within the statistics
literature, for example, NUTS [44], Bouncy particle sampler [18] and multiple-try Metropo-
lis [52]. On the other hand, our work contains contemporary examples that are more relevant
within applied mathematics by way of Bayesian inverse problems [24, 70]. In particular,
the use of Bayesian methods to estimate functional parameters in ordinary and partial dif-
ferential equations necessitates MCMC algorithms that generalize to (perhaps augmented)
infinite-dimensional state spaces.

Regarding the infinite-dimensional version of the HMC algorithm developed in [10] (see
also [8, 9]), the finite-dimensional setting is insufficient to derive an appropriate & as in

IFor the infinite-dimensional formulation in [10], (1.7) is formal and made sense of with respect to a refer-
ence Gaussian measure while H is typically almost surely infinite. As such, the “change in energy” AH(q, v) =
H(q,v) — ’H(S’ (q,v)) in (1.9) is computed via a separate formula that accounts for a certain “cancellation of
infinities” rather than by computing H directly. See Section 4.2 below and also [10] for further details.
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(1.9). In the original framing from [10] this infinite-dimensional case was justified via a
finite-dimensional approximation scheme reminiscent of an extended body of work on the
invariance of the Gibbs measure for Hamiltonian PDEs, see [19] and more recently [6, 58]
for a comprehensive survey of this research direction. On the other hand subsequent work [8,
9], provides notable insights into the underlying structural considerations at play in the for-
mulation of the infinite-dimensional setting by making delicate use of the Cameron—Martin
theorem.

1.2. Overview of our contribution. We turn finally to describe our contributions herein.
The main result of this work is Theorem 2.1, which provides a single, simple formulation
that subsumes all of the above algorithms and, we expect, many other methods of interest not
directly addressed here. The result is developed in the generality of measurable state spaces
(X, Xx) to reversibly sample from a given target probability measure p defined on X .

To proceed we consider Markov kernels formulated as follows: select an additional mea-
surable space (¥, Xy) and form the extended phase space X x Y. Fix any proposal map
S:X x Y — X x Y which is an involution operation, namely such that §? = I, where we de-
note here and throughout § 2.=S08,and any reference Markov kernel V : X x ¥y — [0, 1].
We obtain a proposal kernel Q(q, dq) from S and V by sampling v ~ V(q, dw) and then
taking a proposed step as q = IT; o S(q, v), where I1; is the projection onto the “position
variable,” namely IT;(q, V) = q. Thus, in measure theoretic language, we have Q(q, dq) =
(TT1 0 S(q, -)*V(q, dq) where f*v denotes the pushforward of a measure v by a function f;
see Section 2.1 below for details.

For such data w, S and V, our result then determines a suitable acceptance probability as
a function of q and v given by

dS* M

(1.10) alq,v):=1n (W(q, V)) where M(dq, dv) :=V(q, dv)uu(dq)

and where dS* M /d M denotes the Radon—-Nikodym derivative of the pushforward measure
S* M with respect to M. Note that this acceptance ratio is well defined when S* M is abso-
lutely continuous with respect to M but this condition can be relaxed, see Remark 2.4 below.
By adopting this measure theoretic language of pushforwards and Radon—-Nikodym deriva-
tives, as reviewed for our purposes in Section 2.1, Theorem 2.1 affords a simple proof based
around the intuition of using & to balance inflows and outflows between any two states q and
q of the Markov chain.

We observe that Theorem 2.1 has a direct interpretation as an abstraction of the HMC
method, but one which provides the crucial insight that the role of the “Gibbs measure” as in
(1.7) and that of the “numerical integrator” as in (1.8) can be largely disconnected insofar as
achieving the detailed balance condition, (1.2), is concerned. In this analogy M, given as in
(1.10), specifies the Gibbs measure. Regarding the involution S, we notice that the solution
map S of a Hamiltonian system or any reasonable numerical resolution thereof is not typically
an involution. Howeyver, by taking S := R o §, where R(q, v) = (q, —v) is the momentum flip
operation, one does indeed obtain an involution for a large class of “geometric” integration
schemes S. Thus, so long as $* M is absolutely continuous with respect to M, the algorithmic
elements i, V and S = R o S are otherwise unrelated insofar as the scope of Theorem 2.1 is
concerned.

With Theorem 2.1 in hand, we proceed to demonstrate the reach and theoretical unity that
this result provides by detailing how it can be used to derive and to analyze a variety of
specific Metropolis—Hastings-type algorithms. We first observe that we can use Theorem 2.1
to recover the complete framework of the more traditional Metropolis—Hastings techniques
up to and including the abstract generality of Tierney’s formulation in [72]. Indeed, in Sec-
tion 3, we show that the formalisms in [72] and in Theorem 2.1 may be ultimately viewed
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as having an equivalent scope. On the other hand the “HMC-like” character of Theorem 2.1
described in the previous paragraph suggests an immediate connection to Hamiltonian-type
extended phase space methods. In Section 4, we use this observation as a crucial starting
point for deriving a variety of HMC-like sampling methods culminating in the derivation of
Algorithm 4.2, Algorithm 4.3, Algorithm 4.4 and Algorithm 4.5 provided below. The final
Section 5 outlines multiple ways that a selection of important sampling methods widely con-
sidered in the literature may be subsumed under Theorem 2.1. Here to obtain our selection of
V and S for a given target u, we draw on various results in Section 4 and Section 3.

Regarding the equivalence of [72] and Theorem 2.1 we first consider in Section 3.2 pro-
posal kernels of the form

(1.11) 0(q,dq) = F(q,)"V(q,dq),

for some F : X x Y — X such that F(q, -) is invertible for each fixed q. We then demonstrate
that there exists a unique involution S whose projection onto the position space is F. With
this S in hand, we show that the main result in [72], namely the formulation (1.6), follows as
a special case of Theorem 2.1. See Proposition 3.3, Theorem 3.4 below for precise details.

Note that the scope of (1.11) trivially encompasses the results in [72] as seen, by selecting,
for any given proposal kernel Q, F(q,v) :=v and V := Q. On the other hand, numerous
relevant examples including RWMC and MALA and even their Hilbert space counterparts,
[11, 22], can be recovered from nontrivial formulations of F' and V. This leads to the interest-
ing observation that algorithms of interest can be recovered through multiple, nonequivalent
applications of Theorem 2.1.

Conversely, in the other direction, we observe in Section 3.3 that the results from [72] can
be suitably employed to provide a second, independent, proof of Theorem 2.1. Here, from the
given data of Theorem 2.1, namely the target ., the involution S and kernel V, we proceed
by considering a suitable deterministic proposal kernel specified by S acting on the extended
phase space. The results in [72] are then applied for © = M on this extended phase space.
In this way we obtain a kernel which, when appropriately integrated against V), yields the
desired kernel specified by Theorem 2.1. These details are given in Section 3.3 below.

In Section 4 we use Theorem 2.1 and the intuition it provides to develop some classes of
concrete, extended-phase space algorithms. We may view our methods as introducing addi-
tional “degrees of freedom” for the selection of parameters used for tuning HMC methods.
Crucially the approach includes functional parameters which allow greater latitude in select-
ing the numerical integration procedure used for approximating Hamiltonian dynamics. In
particular our formulation provides a flexible means of using reduced order modeling or data
driven approaches to avoid expensive gradient computations which arise. As already men-
tioned above, we begin to explore such applications for these algorithms in a forthcoming
companion work [34]. Note furthermore that our methods provide a unified view for an ex-
tensive existing literature around so called “‘surrogate trajectory methods” [8, 47, 50, 51, 56,
60, 61, 64, 65, 75, 76]. On the other hand, in Section 5, we show that a number of classi-
cal variants of HMC, MALA, RWMC as well as the Hilbert space methods coHMC, pCN,
ooMALA all fall as special cases of these algorithms introduced in Section 4, under an ap-
propriate choice of algorithmic parameters.

In Section 4.1 we begin by developing the finite-dimensional setting of a continuously
distributed target measure. To this end we provide a brief but self-contained tour of some ge-
ometric numerical methods for Hamiltonian systems highlighting how these methods connect
back to the setting of Theorem 2.1. In particular this presentation emphasizes the fundamental
role that volume preserving methods, palindromic splitting structures and reversibility play
in determining the involutive mapping S at the center of Theorem 2.1, while suggesting fur-
ther scope for deriving other Hamiltonian-type sampling methods in the finite-dimensional



5286 N. GLATT-HOLTZ, J. KROMETIS AND C. MONDAINI

setting. Notably we address situations where the integrator is not assumed to have a gradient
structure in Algorithm 4.2 and generalize the use of some implicit integrators developed in
[33] culminating in Algorithm 4.4. Furthermore Proposition 4.9 and Theorem 4.12 suggest
possible variations on the usual setting of momentum flip reversibility which may be of some
use in future algorithmic developments.

In Section 4.2 we turn to address the infinite-dimensional Gaussian setting where our tar-
get measure has the form (1.4). Here we derive a quite general surrogate trajectory method
in Algorithm 4.5. Note that this algorithm includes coHMC, pCN, coMALA as well as ge-
ometric variations from [8] as important special cases. Our Hilbert space approach takes as
its starting point the method introduced in [10]. In this Gaussian base measure setting, the
implied Hamiltonian from [10] has the form H := H; 4+ H> with

| 1, _
(1.12) Hi(q,v) = [C 1/2(1|2+5|C 212 Ha(qv) := D(q).

The crucial insight in [10] is to use an appropriate preconditioning operator J along with a
particular Strang splitting defined around #H; and H> to derive a numerical integrator of the

form S = (E(l)2 o Egz) o Eé})z)” for the algorithmic parameters § > 0, the size of the numerical
time step, and n = T /5 where T > 0 is the total integration time. Here, for any ¢ > 0,

EV(q.v) = (q.v—1CDP(q)).
(1.13)
E,(Z) (q, v) = (cos(t)q + sin(t)v, —sin(r)q + cos(1)v).

This delicate choice of splitting and preconditioning results, in the language of our framework
in Theorem 2.1, in an involution S = R o S, where again R is the momentum flip operation,
such that S*(u ® o) is absolutely continuous with respect to i ® (Lo or, in more heuristic
but concrete terms, in a “cancellation of infinities” as would appear in (1.9).

Our generalization of [10] to Algorithm 4.5 centers on the observation that we can replace
the term D® in (1.13) with essentially any reasonable function f : X — X and replace the
velocity proposal kernel V = g suggested by (1.12) with any V such that V(q, dv) is abso-
lutely continuous with respect to wo(dv) for any q. Indeed, in this more general setting, we
still obtain an involution S which maintains the absolute continuity of $* M with respect to
M(dq, dv) e~ ®D 114(dq)V(q, dv) required by Theorem 2.1. As already alluded to above,
the proof of invariance of the target w in [10] follows an involved spectral approximation
approach analogous to [19]. Here in Theorem 4.18 we proceed similarly to [9] and provide
a different and more direct proof based on the Cameron—Martin theorem which reduces the
problem to computing dS* (o ® po)/d(o @ o) and making use of a simple identity for

iterated pushforward maps, given as (2.8) below. Indeed, our involution S involves repeated

applications of the maps Efl), E;z); the latter map EEZ) holds 1o ® po invariant, while the

Radon-Nikodym derivative associated with the pushforward of ug ® po by E;l) can be com-

puted via the Cameron—Martin theorem.

2. General formulation of the accept-reject mechanism. This section is devoted to
the main result of the paper which we present as Theorem 2.1 in Section 2.2. Before stating
and proving this main result we briefly recall some measure theoretic terminologies and facts
in Section 2.1. For more details regarding this preliminary material, we refer the reader to,
for example, [1, 14, 28].

2.1. Preliminaries on measure theory. Let (X, Xx) and (2), X)) be measurable spaces.
Given a measurable function ¢ : X — 2) and a measure v on (X, Xx), the pushforward of v
by ¢, denoted as ¢*v, is defined as the measure on 2) given by

*v(A) :=v(¢p~(A)) forany A e ).
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Clearly, for any measurable functions ¢, ¢» mapping between appropriate spaces, we have
that

2.1) (¢1 0 ¢2)*v = ¢F (p3v).

We recall moreover that, given a (¢*v)-integrable function ¢ : J) — R, that is, ¢ € L' (p*v),
it follows that the composition ¥ o ¢ : ¥ — R is in L!(v) and the following change of vari-
ables formula holds:

22) [Q Y (W)$*(dw) = A Y (P W)v(dw).

Let us observe that if w is a random variable sampled from a probability measure v then
¢ (W) is distributed as ¢*v. Furthermore it is worth noticing that, in the special case when
X =RY and v is any Borel measure on R" which is absolutely continuous with respect to
Lebesgue measure, namely when

v(dw) = p(w)dw
for some density function p : RY — R, then for any diffeomorphism ¢ : RY — RV, we have
(2.3) P v(dw) = p(¢p~ 1 (w))|det VoL (w)|dw.

Next recall that, given measures v and p on a measurable space (X, Xx), we say that v is
absolutely continuous with respect to p, and write v < p, if v(A) = 0 whenever p(A) =0,
for A € ¥x. If v and p are two sigma-finite measures on (X, Xx) such that v < p then there
exists a p-almost unique function dv/dp € L'(p) such that

dv
(2.4) b(A) = /A pWpw).  AcTy

called the Radon—Nikodym derivative of v with respect to p. In particular, if vy, v» and p are
sigma-finite measures on (X, Xx) with v; <« p and vy < p, namely

V1 (dw) = ¢1(W)p(dw), V2 (dwW) = 2 (W) p(dWw),
where ¢1 = dvy/dp and ¢y = dv>/dp, and if ¢ > 0 p-a.e. then v; <K vy and

2.5) dvy (W) = $1(W)

dv, $2 (W)

It also immediately follows from (2.4) that, given sigma-finite measures v, p and y on
(X, Xx) such that v < p and p K< y, then v < y and

dv
dy

for p-a.e. w e X.

(2.6) (w) = d—v(w)d—p(w) for y-a.e. we X.
dpo “dy

Moreover, given a measurable and invertible mapping ¢ : X — X with measurable inverse”
¢~ ! : ¥ — X, and sigma-finite measures v and p on (X, Xx) with v < p, it follows that

¢*v K ¢p*p and
do*v

2.7
2.7 A6 p

(w) = Z—;(¢>1 (w)) for (p*p)-aeweX.

2Here it is worth pointing out that when X is a Polish space then, for any measurable and invertible mapping
¢: X — X, its inverse ¢! is always a measurable mapping, see, for example, [1], Theorem 12.29.
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This follows by noticing that, for any (¢*v)-integrable function ¥ : X — R, we have from
(2.2) and (2.4) that

. _ _ dv
/3€ YW (dw) = /x W (6 (W) (dw) = /3€ V() T MpEw

= [y o0 6 ) ptaw.
x dp

Finally we observe that, given a sigma-finite measure v on (X, Xx), and a sequence ¢; :
X — X,i=1,...,n, of measurable and invertible functions with measurable inverses ¢,
X — X and such that ¢}v < v foreachi =1,...,n, then (¢, o --- 0 ¢1)*v K v and

digno-op)y o ddiy )" 'd
(2.8) dv dv

o dit1) L (W)

for v-a.e. we X.

To derive this identity, notice that for every ((¢, o - - - 0 1) *v)-integrable function ¥ : X — R
we have

/w(w)(m 0.0 0d1) v(dW)

:/w(¢no---od)z(w))d)]kv(dW):/‘/’((bn -0 $a(W)) d)l (W)v(dw)
= [W(on o0 0s0) ™ (55 w)gsviaw

= f Y(fn oo p3(w) f‘ >y 1(w>)dj§”<w>v<dw>
:/¢(¢no.-.o¢< )) ¢ w )(¢2 o ¢3! (W) ¢2 (¢35 (W)p3v(dw)
== / ww)( (<¢>n -o¢i+1)—1<w>)) D0 wyvidw).

2.2. The main result. As alluded to above in the Introduction, our main theorem shows
how to define an acceptance probability that yields a reversible sampling algorithm when the
proposal kernel is given in terms of an involution S defined on an extended parameter space,
namely X x Y for measurable spaces (X, Xx) and (Y, Xy). More specifically, denoting by
IT; : X x Y — X the projection mapping onto the first component, that is,

(2.9) [1i(q,v)=q forall (q,v) e X x Y,

we consider the case of proposal kernels given as Q(q, dq) = (IT1 o S(q, -))*V(q, -)(dq), for
some Markov kernel V : X x Xy — [0, 1].

To avoid dealing with further technical measure theoretical details, in the statement below
and throughout the manuscript we apply the general results from Section 2.1 concerning
sigma-finite measures in the particular context of probability measures.

THEOREM 2.1. Let (X, Xx) and (Y, Xy) be measurable spaces. Let |1 be a probability
measure on X, and let V : X x Ty — [0, 1] be a Markov kernel. Let M be the probability
measure on X X Y defined as

(2.10) M(dq,dv) =V(q,dv)u(dq).
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Suppose there exists a measurable mapping S : X x Y — X x Y satisfying the following
properties:

(P1) S is an involution, that is, S* =1I;
(P2) S*M is absolutely continuous with respect to M.

Let & : X x Y — R be the function defined by
*

2.11) A ( V)'—l/\dS
. alq,v) = M

and let P : X x Xx — [0, 1] be the Markov transition kernel defined as

2.12) P(q,dq) = /Y &(a, V311, 05(q) (@ V(Q, dV) + 54(dF) fY (1 - &(q, v)V(q, dv),

(q,v), (q,v)eX xY,

for q € X. Then, P satisfies detailed balance with respect to ., that is,
(2.13) P(q,d@)u(dq) = P(q,dq)u(dq),

so that, in particular, ( is P invariant.

Before presenting the proof, we try to provide some intuition. Under the assumptions, if
S maps (q, v) to (q, V), then S will map (q, V) back to (q, v). That is, if a proposal q can
be generated from the Markov kernel starting from q, then a proposal q can similarly be
generated starting from q. By appropriately selecting « to balance these two flows—from
(q,v) to S(q, v) and vice versa—we can achieve detailed balance and therefore invariance.
We now turn to the details.

PROOF. It suffices to show that for every bounded measurable function ¢ : X x X — R
we have

(2.14) | [ v@draddudd = [ [ o@dP@Edoudd.
From the definitions of P and M in (2.12), (2.10) and Fubini it follows that

[ [ vta@r @ duda
XJX

- /x /y ¢(q. 1 © 5(q. V))& (q. VIM(dg. dv) + /X fY 0(q. q)(1 — a(q. v))M(dq. dv)

=:(I)+ ).
Analogously, for the right-hand side of (2.14) we have

f / (q. @ P(@. d)(dd)
XJX

= [ [ o(mios@v.@a@vMaa.d+ [ [ ¢@a(1-a@ MG

=: (IIl) + (IV).

Clearly, (II) = (IV). We now show that (1) = (II]).
Invoking assumption (P1), we obtain

()= /X /Y ¢(q. TT1 0 S(q. ) &(q, v) M(dq, dv)

N /x /y ¢(M1 0 §%(q. v). 1 © S(q. V) &(S*(q. V) M(dq, dv).
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Algorithm 2.1
1: Choose qp € X
2: for k> 0do
3: Sample v ~ V(qg, *)
Propose q; | = ITi o S(qx, Vi)
Set qx+1 = Q| with probability a(qy, vi) given by (2.11), otherwise qx41 = q

A

Thus, by Fubini, the change of variables formula, (2.2), and then invoking assumption (P2),
we write

(I =/X L ¢(io5(q.v).q)&(S(q. V) §*M(dg, dv)

. dS* M
= Xxyco(l'll 0 S(q,v),q)a(S(q, V) M

Hence, in order to conclude that (1) = (III), it suffices to show that

(2.15)

(q,v) M(dq, dv).

*

N ds
(2.16) a(S(q,v)) M

Since dS* M /dM(q, v) > 0 M-a.e., from the definition of & in (2.11) it follows that
dS*M dS*M dS*M dS*M
) = ) ) S )
T an=""Cann (S awS sa)
for M-a.e. (q,v) € X x Y. Now from (2.8) and assumption (P1) we have that
dS* M dS* M d(8*)*M
) S ) =,
@V dM((qV)) M
Plugging (2.18) into (2.17), we obtain (2.16). This concludes the proof. [J

(q,v)=a(q,v) for M-ae.(q,v)€eX x Y.

(2.17) a(S(q,v))

(2.18) (q,v)=1 for M-ae.(q,v)eX xY.

The MCMC sampling scheme resulting from Theorem 2.1 is summarized in Algo-
rithm 2.1.
We conclude this section with a number of remarks clarifying the scope of Theorem 2.1.

REMARK 2.2. Ifin Theorem 2.1 we assumed in addition that X and Y are Radon spaces
(i.e., separable metric spaces on which every probability measure is tight), then we could take
M to be any probability measure on X x Y with first marginal u, that is, IT M = u. Indeed,
in this case it follows from the disintegration theorem that there exists a Markov kernel V :
X x Xy — [0, 1] such that M is written as in (2.10); see, for example, [2], Theorem 5.3.1.

REMARK 2.3. Assumptions (P1) and (P2) in Theorem 2.1 imply that the measures
S* M and M are in fact mutually absolutely continuous. Indeed, if E C X x Y is such that
S*M(E) = 0, then by definition of pushforwards we have M (S ~1(E)) = 0. Thus assump-
tion (P2) implies that S* M (S~ (E)) = 0, and with (P1) we obtain

0=S*M(SUE)) = M(SH(STIHE))) = M(S*(E)) = M(E).
Hence, M(E) =0, so that M <« S* M.

REMARK 2.4 (Generalizations of Theorem 2.1). We notice that the statement of The-
orem 2.1 in fact holds under a more general form. Namely, similarly as in [72], we could
disregard assumption (P2) and define the acceptance probability & in (2.11) as &(q, V) =

1A djj\ﬁ[\" (q, v) for all (q, v) in a measurable subset O C X x Y where S* M < M@, and
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0 otherwise. Here M denotes the restriction of the measure M to the set O. However, it
is worth pointing out that in practice this set O could be empty, in which case & = 0 and
the corresponding MCMC algorithm would always reject the proposals, a clearly undesirable
behavior.

Moreover, instead of defining & explicitly as in (2.11), we could have taken & to be any
measurable function for which (2.16) holds (particularly on the set O, under the setting of the
previous paragraph). Indeed, (2.11) gives just one such example. It is worth pointing however
that, as noticed in [72], Section 3, the standard choice given in (2.11) yields the maximum
acceptance probability among all possible choices of & satisfying (2.16), since

R dS* ) *
a(S(q,v)) T (q.v)=a(q,v)<1A T

Finally, assumption (P1) can be replaced by the following more general condition:

(P1") ($2)*M = M, I1; o S =1y, and S is invertible with measurable inverse S~' :
XxY—>XxY.

(q,v), (q,v)eX xY.

Indeed, we arrive at the same identity (2.15) by noticing that

() =/X/Y€0(‘la I o S(q, v))a(q, V)M(dq, dv)
- /x /y ¢(q, 11 0 S(q, V))&(q, v)($%)* M(dq, dv)
:/X/Yﬁﬂ(l_h 0S(q,v), Mo SZ(q’ V)& (S(q, v))S*M(dq, dv)

B /X /Y (M 0 S(q, V), q)a(S(q, v))S* M(dq, dv).

Moreover the conclusion in (2.18) still holds since with the assumption (§2)* M = M it
follows that S* M = (S™1)*(52)* M = (S~1)* M. Therefore, invoking (2.8), we obtain

ds* M ds* M _d(STH*M d(S~H)*M

T @V (S )= —=— @ —"—(5@.v)
_ ATy ™M
==y @v=l

for M-a.e. (q,v) € X x Y, where the last identity holds since
(5717 M= (7)) (8} M =M.
Note that, all of the applications of Theorem 2.1 developed in Section 4, Section 5 below
fall within the particular involutive structure of Theorem 2.1, (P1). It would thus be interesting

to identify an example of MCMC algorithm that would require the more general framework
from (P1).

REMARK 2.5. For many MCMC algorithms, the associated proposal kernel is defined
from a mapping S as in Theorem 2.1 that is in turn given in terms of a numerical integrator of
a suitably chosen dynamics. Denoting such an integrator by a measurable mapping S:X x
Y — X x Y, one commonly seeks a corresponding measurable mapping R: X XY — X x Y
such that

(2.19) RoS=8"1oR.

In the context of vector spaces X, Y, the condition (2.19) is referred to in the theory of geo-
metric integrators as the reversibility of S with respect to R, and R is often taken as a linear
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invertible mapping (see, e.g., [37], Definition V.1.2). Frequently, one can find R commen-
surate with (2.19) which is also an involution, that is, R? =1. For example, in the case of
the HMC algorithm, where S represents a numerical integrator of a suitable Hamiltonian
dynamics, R is commonly taken as the “momentum-flip” involution R(q, v) = (q, —V), see
Section 4 and Section 5.1.4, Section 5.2.3 below.

We thus define S := Ro 3‘, and conclude from (2.19) and R% = I that §2 = [, that s, S is an
involution, so that assumption (P1) of Theorem 2.1 is satisfied. In fact, if instead of R>=1
we assume more generally that (RH*M = M, 1] o R> =TI, and R is invertible with
measurable inverse, then clearly (2.19) implies that S = (R o 3‘)2 = R2, so that S satisfies
the more general condition (P1") in Remark 2.4. Here again it would be interesting to identify
an example of MCMC algorithm for which this more general setting for R is required.

REMARK 2.6 (Connection with the Metropolis—Hastings—Green algorithm). As already
mentioned in the Introduction, Algorithm 2.1 may be seen as a generalization to abstract state
spaces of the so called Metropolis—Hastings—Green algorithm [31, 32, 36]. We can make
this connection explicit as follows. Let X = R and fix any continuously distributed target
probability measure 1(dq) = p(q) dq. We consider any Markovian proposal kernel V : RV x
B(RM) — [0, 1] of the form V(q, dv) = ¢(q, v) dv where g : R¥Y*M — [0, 00) is such that
Jrm q(q, v)dv =1 for any q € RV Finally select any S : RV *M — RN+M which is C! and
is an involution, namely we assume that S o S(z) = z for every z € R¥*M_ Then, referring
back to (2.11) and recalling (2.3), (2.5), we obtain a Markov kernel P of the form (2.12) with
the acceptance probability given by

p(S(q,v))|det VS(q, v)|

(220) a(qv)=1A where p(q, v) := p(q)q(q, v).
p(q, V)

Thus with these specifications for ©, V and § we see that the algorithm derived in [36] (see
also [31], Section 1.2) falls out as a special case of Algorithm 2.1.

[36] also considered the possibility of combining proposals from a collection of differ-
ent sampling mechanisms where the proposal mechanism employed is selected at random
according to a state dependent probability. This “multi-kernel” approach developed in [36]
can be generalized to an abstract context similar to Theorem 2.1 in a fashion which recovers
the results in [36] as a special case. To see this we proceed as follows. Fix a measurable
space (X, Xx) along with a collection of auxiliary measurable spaces (Y, Xy;) defined for
j=1,..., L. Our target measure y is any probability measure on X. On each extended
phase space X x Y; for j =1,..., L we assume that we have defined a Markov proposal
kernel V;(q, dv;) and a measurable involution §; : X x ¥Y; — X x Y such that S;-“./\/lj is ab-
solutely continuous with respect to M ; where M (dq,dv) =V;(q,dv)u(dq). Finally we
suppose we have defined, for each j =1,..., L, a measurable function «; : X — [0, 1] in
such a way that ZJL-ZI kj(q) =1 for each q € X. With these ingredients in hand we define
Pj:X x Xy — [0,1],for j =1,...L to be the Markov transition kernels given as

Pi(q.dq)

- fY & (4, V))8m1,05; (v @DV (4, AV)) + 84(dd) /Y (1—&;(q,v))V; (g, dv)),

with
ki (Mo S;(q,v;)dSTM,;
Kj(q) d./\/lj

&j(q,V):=1A< (q,vj)>, (q,vj) €X xYj.

We now define a compound kernel P : X x Xx — [0, 1] as P(q,dq) = Zle ki(QPj(q,q).
Following the proof of Theorem 2.1 mutatis mutandis we obtain that P is reversible with
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respect to . Moreover, in the special case when u(dq) = p(q)dq, Y; = RMj Vi(q,dvj) =
q;(q,v;)dv;, we recover the formulation in [36] as described in [31], Section 1.3.

Note that the connection between the Metropolis—Hasting—Green algorithm and Hamilto-
nian Monte Carlo sampling, where the Hamiltonian dynamic or more precisely a well chosen
numerical discretization of the dynamics provides an associated involution, seems to be more
recent. See [49, 62]. Indeed, below in Section 4.1 we show how the usage of Hamiltonian
dynamics can allow one to derive a broad class of involutions S and thus to recover numer-
ous formulations of Hamiltonian Monte Carlo (essentially) as special cases of the general
observation leading to (2.20).

We note that Theorem 2.1 has connections to the results presented in [3], Section 3.1,
which we discuss further in Remark 3.8.

3. Connection to the Tierney framework. In this section, we connect our main result,
Theorem 2.1, to the formulation of reversible Metropolis—Hastings algorithms on general
state spaces X’ laid out previously in [72]. We show that the two frameworks connect or
overlap in several different and interesting ways. On the one hand, in Section 3.2 with Theo-
rem 3.4, we prove that Theorem 2.1 subsumes the main result in [72]. In fact we demonstrate
that this connection can often be made in multiple, nonequivalent ways; namely, in cases of
interest, a variety of different choices for § and V in (2.12) can ultimately yield the same de-
sired Markov kernel P specified in Tierney’s formulation. In particular note that Theorem 3.4
is employed in Section 5 below to provide further insights for the derivation of various clas-
sical MCMC algorithms. On the other hand, in Section 3.3, we establish that the main results
in [72] can be used to develop a proof of Theorem 2.1 distinct from the one presented above
in Section 2.

3.1. Overview of Tierney’s formulation. Before turning to the main results in this section
let us begin by recalling some of the framework and notation from [72]. As above in Section 2
we let (X, X x) be any measurable space. Starting with a target probability measure ; on X
and a proposal Markov kernel Q : X x ¥y — [0, 1], [72] considers the Metropolis—Hastings-
type Markov kernel defined as

3.1 P(q,dd)=a(q,d)Q(q,d(~1)+8q(dﬁ)fX(l—a(q,r))Q(q,dr), qed,

with the acceptance ratio « given by

5 dnJ‘ - -

Here the measures 7, - are given by

(3.3) n(dq,dq) = u(dq)Q(q, dq), n"(dg, dg) = 1(dq, dq) = 11(d§) O(§, dq)

and are assumed to be mutually absolutely continuous, so that in particular « in (3.2) is
well defined.? Tierney then shows, [72], Theorem 2, that (3.1), (3.2) yields a Markov ker-
nel satisfying detailed balance with respect to w, namely, cf. (2.13), P(q, dQu(dq) =
P(q,dq)u(dq).

As an important preliminary observation we notice that the formulation in [72], that is,
(3.1), (3.2), can be recovered from Theorem 2.1 in a straightforward fashion as follows:

3n fact [72] allows for n, nt tobe mutually absolutely continuous only on a subset O C X x X, in which case
o is defined to be zero on OF. A similar generalization holds for Theorem 2.1; see Remark 2.4. But for simplicity
of presentation we restrict ourselves to the case of mutual absolute continuity here.
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REMARK 3.1. Given the inputs Q, u we take X := X, Y := & and set
(3.4) V(q,dv) := Q(q,dv), S(q,v):=(v,q).

Clearly S is an involution and it is easy to see that, with these choices (cf. (2.10)), M =17
and S* M = n so that d S* M /d M = dn™/dn. Therefore (2.12) reduces to (3.1) under this
Vand S.

3.2. Reduction to the Tierney formulation. The observation in Remark 3.1, recovering
(3.1) from (2.12), can be extended more broadly. Here a starting point is to notice that we
are in fact writing the proposal kernel in (3.1) as Q(q,dq) = F(q, -)*V(q, -)(dq) but in a
trivial fashion where Q =V and F(q, v) = v. The insight is that a desired Q, along with the
involution S required for (2.12) which recovers the kernel (3.1), can often be identified from
other, nontrivial, choices for F and V.

We formulate this generalization as follows. Let (X, ¥x) and (Y, ¥y) be measurable
spaces. We consider proposals q ~ Q(q, dq) made from some starting point q € X which
are generated in the following fashion:

1. Draw v ~ V(q, -), for some Markov kernel V: X x Xy — [0, 1].
2. Compute q = F(q, v) from a (measurable) deterministic map F': X x ¥ — X.

In other words we are considering the proposal kernel Q in the formulation

(3.5 Q(q. dfl)=/y5F<q,v)(d(l)V(q, dv) =F(q,)*V(q, )(dqQ).

We assume throughout what follows that, for a given sample q € X and proposal q € X, F
can be inverted to obtain the v € Y such that F(q, v) = q, namely,

(3.6) for each q € X, the map F(q, ) : Y — X is one-to-one.

REMARK 3.2. One may formulate Q as in (3.5) maintaining (3.6) in a nontrivial fashion
for MCMC methods with additive noise such as the RWMC, pCN and MALA schemes, all
of which fall into the framework (3.1) outlined in [72]. In other words, for each of these
examples, we may determine F and V in a form distinct from (3.4); see, for example, (5.1),
(5.5), (5.10) and (5.12) in Section 5 below. By contrast, (3.6) does not encompass HMC, for
which there may be more than one v leading to the same proposal.

We now show in Theorem 3.4 that in the formulation (3.5) under (3.6) we may obtain a
suitable involution S which yields an equivalence between the Markov transition kernels in
(2.12), Theorem 2.1, and (3.1), from [72]. As a preliminary step we show how to construct
this involution S in (q, v)-space corresponding to any F satisfying (3.6).

PROPOSITION 3.3. Let X, Y be any sets and let F : X X Y — X be a mapping satisfying
(3.6), that is, such that for each fixed q € X, F(q, -) : Y — X is one-to-one. Then, there exists
a unique mapping S: X x Y — X x Y such that T1{ o S = F and S* = I, given by

3.7 S(q,v) = (F(q,v), F(F(q,v), -)_l(q)) forall (q,v) e X x Y.

PROOF. First, let us verify that S defined in (3.7) satisfies the required properties. Clearly,
[1; o S = F, so it remains to show that $2 = I. Define the maps B1: X x Y — X x X and
By: X xX— XxXby

(3.8) Bi(q.v) =(q, F(q.V)), By(q, @) = (4, q)
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forallqe X, € X and v e Y. Note that BZ = [ trivially and by assumption (3.6) we have

B'(q®=(a F(a,) "' @) forall(q,@eX xX.
Then it is not difficult to check that S as in (3.7) can be written as
(3.9) S(q,v) =By ' oByo Bi(q,v) forall(q,v)e X x Y.

Then clearly S = I since B% =1.
Now suppose that §: X x ¥ — X x Y is any mapping satisfying the required properties,
thatis, [Tjo S = F and > =1.Let G : X x Y — Y such that

S(q,v) = (F(q,v),G(q,v)) forall (q,v)e X x Y.
Thus,
$%(a,v) = 5(S(a,v) = (F(F(q,v), G, V), G(F(q,V), G(g, V))).
Since §2 = I, it follows in particular that
F(F(q,v),G(q. V) =q.
which implies
G@.v)=F(F@v).) @

Therefore, S = S. This concludes the proof. [
With Proposition 3.3 in hand we now turn to our equivalence result:

THEOREM 3.4. Let X and Y be measurable spaces. Take (. to be a probability measure
on X and consider an associated proposal kernel Q satisfying (3.5), (3.6), that is, Q(q, dq) =
(F(q, )*V(q, )(dq), where V : X x Zy — [0, 1] is a Markov kernel and F : X x Y — X
is a measurable mapping such that F(q,-): Y — X is one-to-one for each fixed q € X and,
additionally, its inverse F(q, )~ is measurable* We define the probability measures 1, n-
onXxXasin(33)andlet S: X xY — X x Y be the unique mapping satisfying [11oS = F
and S* = 1, given by (3.7) in Proposition 3.3. Then, denoting by M the probability measure
on X x Y defined as in (2.10), we have:

(i) the measure n- is absolutely continuous with respect to n if and only if S*M is
absolutely continuous with respect to M.
(i) Moreover, under either of the equivalent circumstances in (i), we have

(3.10) I 4 Fam) = Mg
‘ dy V=m0 @
for M-a.e. (q,v) € X X Y or, equivalently,
dnpt . dS*M .
11 — = F(q, -
(3.11) an @@ =—+ (9. F(q,) " (@)

forn-a.e. (q,q) € X x X.

4As remarked in Section 2.1, here we notice again that if X and Y are Polish spaces, that is, separable and
completely metrizable, then the fact that, for each fixed q € X, F(q, -) is a measurable and one-to-one mapping
between Polish spaces automatically implies that its inverse is measurable; see, for example, [1], Theorem 12.29.
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(iii)) Furthermore, under either of these equivalent absolute continuity conditions, the
Markov kernels given by (2.12) and (3.1) coincide, where a and & are as defined in (3.2)
and (2.11), respectively. These acceptance functions « and & maintain the relationships

(3.12) a(q, 9 =a(q, F(q,) (@),  a(qv)=al(q, F(q,V)
forqe X,qeXandvey.
REMARK 3.5. Reiterating the discussion at the beginning of this subsection, notice that,

modulo the requirement that X = Y, we see that Theorem 3.4 reduces to Remark 3.1 by
taking F(q,v) =vand V = Q.

PROOF. LetB;: X xY —> X x Xand By : X x X —> X x X be defined as in (3.8). Then
it is not hard to see from (3.3) that

(3.13) n"(dq, d§) = Bin(dq, d§)

and similarly from (3.5) that

(3.14) n(dq,dq) = Bf M(dq, dq).

Then combining (3.9), (3.13) and (3.14) yields

(3.15) n"(dq, d§) = (B2 o B)*M(dq,d) = (B o $)* M(dq, d§).

Let us first show that n < 7 implies $* M <« M. Indeed, let A be a measurable subset
of X x Y such that M(A) = 0. By the assumptions on F it follows that B; is a one-to-one

measurable mapping with measurable inverse. Then B (A) is also a Borel setin X x X. From
(3.14), we thus obtain

0=M(A) = M(B;" o Bi(A)) = Bf M(B1(A)) = n(B1(A)).
Since nt <« n, this implies that n+(B1(A)) = 0. With (3.15), we deduce
0=n"(B1(A)) = (B1 0 S)* M(B1(A)) = S*M(B{ ' 0 B1(4)) = S* M(A).

This shows that §* M < M. The reciprocal claim, that $* M <« M implies nt < 7, follows
similarly by invoking (3.14) and (3.15). This concludes the proof of item (i).

Now assuming any of the equivalent circumstances in (i), notice that, for any bounded and
measurable function ¢ : X x X — R, application of (3.15) and (3.14) yields

/X 9@ vS*Mdg.dv) = / (BT (q. @) (B1 0 $)* M(dq, di)

—f o(B; (4, @)n*(dq, dg)

Coandnt .
=/ o(B7 (4, @) ——(q, @n(dq, dq)
XxX dn

J_
:/ . q)) (4 DB{M(dq. dg)
XXX

dnt
= [ e@n(Bi@.v)Mdg.av).
XxY dn

so that

dS* M _dnt _dnt
dM (q’ V) - W(Bl (q7 V)) - dﬂ ((L F(‘l» V))
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for M-a.e. (q,v) € X x Y. Clearly, this implies (3.11). Indeed, if £ C X x X is the set of
points (q, q) € X x X where (3.11) does not hold, then it is not difficult to see that (3.10)
does not hold for every (q, v) € Bl_l(E). But since (3.10) holds M-a.e., then Bf M(E) =
M(BI_I(E)) = 0. Hence, from (3.14), n(E) = 0, so that (3.11) holds for n-a.e. (q,q) €
X x X. Similarly, (3.11) implies (3.10), so that these are indeed equivalent.

Finally, concerning the coincidence of the kernels P and P in (iii), beginning from (3.1)
and applying (3.5) followed by (3.10), we have

(3.16)
P(q,dq)

— (@ 90(q.44) +54(dd) [ (1 - a(a. ) Q. r)

— @@ DF (€. V(@)D + 54D [ (1-a@.0)F@.)" V. )@

= [ 8@, F @V @) + 84D [ (1= (@, 1) Fla. Vi, ) @)
~ [ Sran @Da(a. F(@.)V(@.dv) + 8D [ (1- (@ F@.v)V(@.dv)

:‘/;(8H105(q,v)(d(])&(q’ vV(q, dV)+5q(d(1)/X(1 —&(q,v))V(q, dv),

which is (2.12). The proof is now complete. [

3.3. An alternative proof of Theorem 2.1. Turning to our second task in this section we
now show how the formulation in [72] can be employed to develop a second independent
proof of Theorem 2.1. Here we proceed by defining an appropriate proposal kernel Q on
a product space X x Y, with (X, Xx) and (¥, Xy) being any measurable spaces, and then
taking an appropriate marginal of the corresponding transition kernel P as in (3.1).

We start with a more general result which is actually independent of this particular product
structure.

THEOREM 3.6. Let (X, X x) be a measurable space and let M be any probability mea-
sure on X. Suppose there exists a measurable mapping S : X — X satisfying the following
propetrties:

(P1) S is an involution, that is, $2=1;

(P2) S*M is absolutely continuous with respect to M.

Consider the Markov kernel Q on X defined as

(3.17) Q(u,du) =dsuy(du), ued,
and let 1, - be the measures on X x X given as
(3.18) n(du, du) = Q(u, du) M(du), n(du, di) = n(di, du).
Then n and n* are mutually absolutely continuous, with
dnt ds*
(3.19) J—n(u, i) = d/\il\/l ) for n-ae. (u,ii) € X x X.

Consequently, the Markov kernel P on X defined as in (3.1) for Q, o, n and n* as in (3.17),
(3.2) and (3.18), respectively, written here as

(3.20) P(u, dii) = a(u, @)8sw)(d) + Su(di)[1 — a(u, Sw))],
satisfies detailed balance with respect to M.
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PROOF. Let ¢ : X x X — R be any bounded and measurable function. Recalling the
definition of n and ' from (3.18), we have

/ o(u, B (du, dii) = f o(u, )7(di, du) = / (0, )35 (du) M (dii)
XxX XxX XxX

- /X o(S@@), ) M(di).
Now invoking properties (P1) and (P2) of S, we deduce that

/XXXgO(u, i)n* (du, dﬁ):/ <p(S(ﬁ),Sz(ﬁ))M(dﬁ)=/X(p(u, S(u))S* M(du)

= / u, S (u) M (W) M(dua)

*

3 M 3
= ¢(u, u) (u)85<u) (du)yM(du)

XxX

-/ w(UU)

This shows that 7 < 7 and that (3.19) holds. Similarly, we can show that i < 5, so that
in fact 7 and n are mutually absolutely continuous.

The observation that P defined in (3.1) can be written as (3.20) for Q asin (3.17) is clear.
Finally, the fact that P is reversible with respect to M follows as a consequence of the general
result given in [72], Theorem 2. The proof is complete. [l

(u)n(du du).

Applying Theorem 3.6 combined with a suitable marginalization of the Markov kernel P
in (3.20) now yields the result of Theorem 2.1.

COROLLARY 3.7. Let (X, Xx) and (Y, Xy) be measurable spaces. Let ju be a proba-
bility measure on X, and V : X x Xy — [0, 1] be a Markov kernel. Consider X = X x Y
and suppose there exists a measurable mapping S : X — X satisfying properties (P1)—(P2)
from Theorem 2.1 (with M specified as in (2.10) relative to inputs V and p given here). Let
P be the Markov kernel on X defined as in (3.20), and define P to be the Markov kernel on
X given as

321)  P(q,dq) :://f_’((q,v),d(ldff)V(q,dV) forallqe X and A € Sy,
YyJy

or equivalently as P(q, A) := [y 13((q, v),Ax Y)V(q,dv) forallqe X and A € Xx. Then
P satisfies detailed balance with respect to .. Moreover, P(q, -) coincides with the definition
given in (2.12) for p-a.e. q € X.

PROOF. The statement that P defined in (3.21) satisfies detailed balance with respect
to 1 follows immediately from the fact that P satisfies detailed balance with respect to M
defined in (2.10), as a consequence of Theorem 3.6. For the second claim, notice that for each
fixed q € X and A € ¥ x we have according to the definition of P in (3.20) that

P(q. A) = / / o((q. V), @ 9))s(q.) (@8, dV)V(g, dV)

(3.22) + /Y /A  Baw @i, dV)[1 —a((q,v), S(q, v))]V(q, dv)

=:(I) + (I2).
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For the first term, we write

() = fy fx Ly @ 9e((@. V). @ 90500, (¢ 49)V(@. 4V
(3.23) — /Y Laxy (S(@. v)e((q. v). S(q, V)V(g. dv)

= fY fA 8M1,05(q,v) (@ ((q, V), S(q, V))V(q, dV),

while for the second term

(3.24) (1) = [ 8@ [ [1 - al(@. ). S@.v)]V(a.av).
Moreover, it is not difficult to show that (3.19) implies

dnt ds*

J—n((q, v), S(q,V)) = d/\ilw (q.v) for M-ae.(q,v)eX x 7Y,
so that
(3.25) «((q,v), S(q,v)) =a(q,v) for M-ae.(q,v)€X x X,

for & as defined in (2.11).
Consequently, from (3.22)—(3.24) and (3.25), we conclude that for n-a.e. q € X and every
AeXy

P@ )= [ [ dniesan@@i@ Vi@ + [ s@d [ [1-a@.v]v@.dv,
which coincides with the Markov kernel defined in (2.12). This finishes the proof. [

REMARK 3.8 (Connection to [3]). We note that [3] uses a similar two-step extended
phase space presentation to develop a general result for Metropolis—Hastings kernels. Specifi-
cally, Theorem 3 in [3] is analogous to Theorem 3.6, whereas Proposition 1 in [3] corresponds
to Corollary 3.7.

REMARK 3.9. Inregard to the results of Theorem 3.6 and Corollary 3.7, we notice that a
slightly different approach to constructing a Markov transition kernel on a product space X x
Y is provided in [27], Algorithm 1 (see also [17], Section 5.3), described as follows. Assume,
similarly as in Remark 2.5, that the mapping S from Theorem 3.6 is given as Ro S,withR, S
X x Y — X x Y being two measurable mappings such that S = R o S satisfies assumptions
(P1)—(P2) from Theorem 2.1 and, additionally, that R* M = M. Then, the Markov transition
kernel resulting from [27], Algorithm 1, can be written as

(3.26) P'(u, di) = a/(u)8§(u) (d) + Spay (dD)[1 — &’ (w)],
where

o—1 %
(3.27) M(u):l/\%(u) forue X x Y,

with M as defined in (2.10). Here assumptions (P1)—(P2) together with R* M = M imply
that the Radon—-Nikodym derivative in (3.27) is well defined, since
STYM=(S""oRM=(ST)VRM=(S")"M=5*M.

In fact, in the setting from [27], X and Y are taken as finite-dimensional spaces, and o’ is
written in terms of the density of M with respect to the corresponding Lebesgue measure in
X xY.
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Most importantly, we notice that in contrast to P defined in (3.20), the transition ker-
nel P’ in (3.26) does not in general satisfy detailed balance with respect to the probability
measure M. Indeed, it is shown in [27], Section V, that P’ satisfies a modified form of the
standard detailed balance condition. Nevertheless, if we assume in addition that R is such
that IT; o R = I1; then by taking the marginalization of P’ as in (3.21) it is not difficult
to show that we obtain a Markov kernel on X that also coincides a.e. with the one from
(2.12), and thus satisfies detailed balance with respect to the first marginal of M, that is,
= TI{M.

4. Approximate Hamiltonian Monte Carlo methods. This section derives and stud-
ies some “extended phase space” sampling methods. We first consider the classical finite-
dimensional setting involving a continuously distributed target measure in Section 4.1 lead-
ing to Algorithm 4.1, Algorithm 4.2, Algorithm 4.3 and Algorithm 4.4. We then turn to the
infinite-dimensional Gaussian—Hilbert space framework in Section 4.2 culminating in Algo-
rithm 4.5.

The developments presented here are ultimately based on an application of Theorem 2.1
while drawing on an extended library of HMC samplers sitting on the foundation of a rich va-
riety of numerical methods employed for the effective discretization of Hamiltonian systems.
We provide an essentially self-contained presentation of some elements of this extensive and
disparate literature laying out a toolbox which can be expanded upon to derive further algo-
rithms in the future.

On the one hand the results below can be seen as representing a class of surrogate trajectory
methods, reflective of a growing body of literature; cf. [5, 8, 47, 50, 51, 56, 60, 61, 64, 65,
75, 76]. These works seek to partially avoid expensive gradient computations dictated by
classical HMC formulations. In this connection it is notable that our methods allow for a
variety of gradient-free approximations where the dynamics may not be symplectic but are
merely volume-preserving (see Definition 4.1 below). From a slightly different perspective
we may see the results in this section as providing a large “parameter space” of possible
samplers which include many popular and recently discovered methods as important special
cases. We make explicit the parameter choices connecting back to existing methods below in
Section 5, further illustrating and enriching the unifying outlook provided by Theorem 2.1.

4.1. The finite-dimensional case. We begin with the classical setting where the target
measure /1 sits on RY. Recall that, in this finite-dimensional context, our goal is to sample
measures , which are presumed to be continuously distributed. For convenience, we also
assume that p is strictly positive, but see Remark 2.4. Thus, we may write u in the potential
form

1
(4.1) w(dq) = —e U@ gq, Zy = f U@ gq.
ZL{ RN

where U : RN — R is any measurable function such that e =@ e L' (RV). Typically we will
additionally suppose thatIf € C!.

In order to develop our results we need to introduce some elements from the theory of
geometric integration and from Hamiltonian dynamical systems more broadly. We have tried
to keep our discussion here as elementary and as self-contained as possible but it includes
a number of results which are covered in much more detail and with a much wider scope
elsewhere. See, for example, [17, 37, 48, 61] and we refer to [4, 45, 54] for the broader
context of Hamiltonian systems.
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4.1.1. Hamiltonian and surrogate extended phase space dynamics. The starting point of
the HMC approach involves selecting a Hamiltonian function # : R?Y — R such that the
marginal of the associated Gibbs measure

1
4.2) M(dq, dv) == —e 1OV dqav, Zy = f e MY qqdv,
Zy R2N

with respect to the “position” variable q coincides with the target measure p defined in (4.1).
As such, it is natural to consider a Hamiltonian given by

43)  H@.V)=UQ+K(Q.V) +1nZx(q). zmm=AQf““Mv

for some C! function K : R*N — R such that v ¢ X@Y) ¢ LI(RV), for each fixed q € RV .
Here the term In Zx:(q) is included precisely to ensure that the marginal of M with respect
to q coincides with u. Therefore, M from (4.2) can be written as

(4.4) M(dq, dv) =V(q, dv)u(dq), V(q, dv) = Le—’“q’” dv,
Zx(q)

with Zy = Z;; from (4.1). Denoting by B@RY) the o-algebra of Borel sets in RY, it fol-
lows by construction that V : RY x B(RY) — [0, 1] is a Markov kernel, and M defines a
probability measure on R*" .

Note that typically one considers

1
4.5) mqwngmer

for an appropriately chosen symmetric positive definite “mass matrix” M, so that (q, v)
corresponds to the negative log-density of the R" -valued gaussian distribution N (0, M (q)).
Classically, M is q independent and often simply taken to be the identity (but see the infinite-
dimensional formulation in Section 4.2 and Section 5.2 below). On the other hand, the Rie-
mannian manifold HMC method introduced in [33] considers cases where we introduce a
dependence on q in M in (4.5), thus providing an important motivating example for allow-
ing “position-dependence” in the formulation of the kinetic portion of the Hamiltonian in
(4.3). Note also that “non-Gaussian” choices for K are also relevant. See, for example, the
relativistic HMC algorithm developed in [53]. Both of these HMC variants are briefly de-
scribed in Section 5.1.4 below where they are connected back to the generalized frameworks
we consider here.

Having determined H as in (4.3) one now considers the associated Hamiltonian dynamics
for the pairz=(q, v) € R2N as

dz 1

(4.6) i JT VH(2), 2(0) = (qo, Vo),
where J is any 2N x 2N real matrix which is antisymmetric and invertible. Here the typical
form for J is

4.7 J = <(1) —01 )

but other “noncanonical” choices for J are relevant for sampling. For example, in the infinite-
dimensional version of HMC derived in [10], which we consider in Section 4.2, Section 5.2.3
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below, J is used to “precondition” the dynamics, see (4.52). Other possibilities for J are
studied, for example, with the so called magnetic HMC methods introduced in [73].

Since H is invariant under the flow associated to (4.6), the Gibbs measure M given as (4.2)
is invariant with respect to this flow. This implies that the Markov transition kernel associated
to the dynamics of the q variable in (4.6), given by

(4.8) P'(qo, A) :=P(q(; qo, Vo) € A),  vo~ V(qo, ),

defined for some ¢ > 0, for all qg € RN and any Borel set A C R, holds the q-marginal
of M, that is, the target u, as an invariant measure. For a fixed integration time 7 > 0, P T
as given in (4.8) defines the Markov kernel for what is known as the exact HMC algorithm,
which is of theoretical interest as an idealization of HMC, [16, 35]. However this P7 is
of much less practical significance because it is typically impossible to exactly resolve the
solution operator for (4.6). Instead, one resorts to a skillfully chosen numerical approximation
S (qo, vo) for the solution of (4.6) at the time 7 that is commensurate with the setting of
Theorem 2.1.

In view of obtaining a wider class of HMC-like algorithms to sample from w in (4.1), we

replace (4.6) with the following general dynamics:

(4.9) le_;l = f1(q,v), % = f2(q,v), (a(0), v(0)) = (qo. Vo),

for suitably regular functions fi : R?Y — R and f, : R?¥ — R¥. Here an underlying idea
for considering the more general dynamic (4.9) is that we may aim to replace the right-hand
side of (4.6), J~'V#H(z), with an artfully chosen approximation (f1(q, v), f2(q, v)), one that
is computationally cheaper to evaluate while maintaining essential features of J ' VH(z).
Therefore (4.9) is the starting point for a methodology to resolve the target © with a lower
overall computational cost. In this connection notice that, in contrast to (4.6), the system
(4.9) for general functions f1 and f> may not be a Hamiltonian system, and also may not be
expected to hold M as an invariant measure.

Below we illustrate some classes of MCMC algorithms resulting from such fi, f> which
still preserve the target measure p as invariant, as long as the integrator S and accept-reject
function & are chosen appropriately. In Proposition 4.3 below, we show how Theorem 2.1
can be used to derive an appropriate accept—reject mechanism assuming certain natural struc-
tural properties of the map S. Then, in a series of subsections, we introduce three classes of
algorithms developed around different considerations for approximating (4.6) with (4.9); see
(4.23), (4.30) and (4.36)—(4.37) below.

4.1.2. Case O: General extended phase space methods. Before introducing our first and
most general algorithm class, let us first recall some basic definitions from the theory of
Hamiltonian dynamical systems which we need here and below.

DEFINITION 4.1.  Let §: R?Y — R2N be a C! map.

(i) Fix any linear invertible map R : R?Y — R*N We say that S is reversible with respect
to R (or simply R-reversible) if S is itself invertible and

(4.10) RoS(z) =35"oR(2)

for every z € R?V.
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(i) We say that S is symplectic, with respect to an invertible (typically antisymmetric)
matrix J, if

4.11) (VS@) IVS@) =J

for every z € R?V, where A* denotes the conjugate transpose of a matrix A.

Let us collect a few elementary properties of symplectic and R-reversible mappings under
Definition 4.1 whose proofs are immediate.

LEMMA 4.2. (i)AUnder (4.10) it follows that if additionally R is an involution, that is,
RoR=1,then R o S is an involution, that is,

(4.12) RoSoRoS(z)=1z

for everyz € R?N.
(i1) If S is symplectic, with respect to any invertible matrix J , then S is volume preserving
in RZN namely

(4.13) |det VS(z)| =1

for every z. € R?V.

(i) If 81, 8> are two symplectic mappings, then their composition Sy 08 is also symplec-
tic. Similarly, under the weaker condition that S 1 3’2 are both volume preserving, a la (4.13),
then so too Sy o S» must be volume preserving.

It is immediately clear that these two properties introduced in Definition 4.1 together with
Lemma 4.2 are tailor-made for Theorem 2.1. See also Remark 2.6 and the identity (2.20). We
formalize this as follows.

PROPOSITION 4.3. Fix any C' potential functions U : RN — R and K : R*N — R
so that we can define a probability measure u(dq) = Z&le_u(q) dq and a Markov kernel
V(q,dv) = Zx (q)_le_’C(q’V) dv as in (4.1) and (4.4), respectively. Consider the associated
Hamiltonian H =U + K + In Zy; as defined in (4.3). Let S:R2N 5 R2N pe g C! mapping
which is reversible with respect to a linear involution R as in Definition 4.1(i). Then:

(i) the kernel P defined as in (2.12) with S =R o S and with & defined as
(4.14) a(q,v) =1A [exp(—H(R o S(q, v)) + H(q, V))\detVS(q, v)|]

satisfies detailed balance with respect to p as in (2.13).
(i1) If we furthermore assume that S is symplectic, a la (4.11), or merely volume-
preserving as in (4.13) then & reduces to

(4.15) a(q,v) =1 A [exp(=H(R o S(q, v)) + H(q, ))].

SEquivalently, one may consider the symplectic form Q(z,7) := (z, JZ), for z,Z € R*N and assert that S is
symplectic if €2 is invariant under the pullback by S, that is, we have that $*Q = . Here recall that, in this context,
(S’*Q)w(i, Z) = Q(VS’(w)i, V.g’(w)i), for z,Z, w € RV We observe that, in the case where J is canonical,
namely when J is of the form (4.7), then we may write Q =dq A dv := Z?’Zl dqj A dv;j with d the exterior
derivative and A the wedge product so that dg; A dvj(Z,Z) = §;v; — q;v; for z=(q, V), Z= (q, V). See, for
example, [74] for basic definitions. As identified in, for example, [48], Chapter 4.1, we thf:refore have that S is
symplectic with respect to the canonical form 2 when dq A dv = dq A dV where (q, v) = S(q, V).



5304 N. GLATT-HOLTZ, J. KROMETIS AND C. MONDAINI

Algorithm 4.1 Generic extended phase space algorithm to sample from p(dq) =
ZL—{le—U(Q) dq
1: Select the algorithm parameters:

(i) The momentum kernel V(q,dv) = Zx (q)_le_’c(q’v) dv € Pr(RV), for each fixed

qeRV.
(i) The integrator S , and the linear involution R such that S is R-reversible (see (4.10),
(4.12)).
2: Choose qq € RN,
3: for k > 0do
4: Sample v ~ V(qx, -). A
5: Propose q;. 1 :=ITj o R o S(qx, V&), where IT;(q, v) =q.
6: Set 41 := ;. with probability &(qy, vi) for & given by (4.14), and otherwise take
qk+1 = k-

(ii1)) On the other hand, if we assume that ‘H is invariant under R, namely
(4.16) H(q,v) =H(R(q, V),
then & becomes
(4.17) a(q,v) = 1 A [exp(=H(S(q, v)) + H(q, v))|det VS(q, v)|].
(iv) Finally if both S is volume-preserving and (4.16) holds we can take & as
(4.18) a(q,v) = 1 Aexp(=H(S(q, v)) + H(g, V).

PROOF. Let M be the probability measure on R2V defined as in (4.2), (4.4), namely
M(dq,dv) =V(q,dv) u(dq) = Z;,_{le_H(q*V) dqdv. Since M has a strictly positive density
with respect to the Lebesgue measure and, by Lemma 4.2(i), S= R o S is an involution, then
the result follows directly from Theorem 2.1 once we compute dS* M /d M. Here we use
(2.3) and (2.5) to obtain that

dS* M
4.19) dM

(q, V) = exp(—H(S 7 (q, v)) + H(q, V))|det VS (q, V)|

= exp(—H(S(q, V) + H(q, v))|det VR(S(q, v))||det VS(q, v)|.

Since R is a linear involution then clearly |det VR(z)| = 1 for any z € RZN | 5o that (4.14)
follows from (2.11) and (4.19). Now (4.15) follows immediately from Lemma 4.2(ii), and the
remaining identities (4.17) and (4.18) are clear, completing the proof. [J

We summarize the algorithm resulting from Proposition 4.3 in Algorithm 4.1.

4.1.3. Algebraic considerations for numerical splittings. With the above formulations
in place we next present some approaches to constructing suitable numerical integrators S
from the general system (4.9) that are commensurate with the setting of Proposition 4.3.
Here the reversibility condition (4.10) leading to (4.12) is indispensable. Our starting point
for constructing such reversible integrators out of a well chosen discretization of (4.9) are
dictated by the following basic algebraic observations which will be useful here and again
further on in Section 4.2.

LEMMA 4.4. Let R:X — X be a mapping on a set X.
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(i) Suppose that 7}’7_; : X — X are such that R o T; = ’7_; oR for j=1,...n. Then,
taking T :=Tio---oTpand T :=T{o---0T,, we have that Ro T =T o R.

() IfS;: X — &, j=1,...,n, are invertible mappings satisfying R o S; = Sj_1 oR,
then the “palindromic” composition S defined as

(4.20) S:=810850---085,_1085,08,-10---0808]
satisfies RoS =871 oR.
PROOF. The firstitem, (i), is obvious. For (ii) notice that, due to the palindromic structure
of S, its inverse S~! maintains the same palindromic structure, with
81_1052_1 oS 1oS oS”__llo---osz_loSl_l=S_1,
so that R o S = S™! o R follows directly from item (i). [

Next let us introduce some definitions.

DEFINITION 4.5. Fix &g > 0 and suppose that for each é € (—3¢, dg) we have an invert-
ible map Ss : RV — RV,

(1) We define the adjoint of 85, denoted as S} 5 accordmg to S(3 (3_5)_1 .

(i) We say 85 is symmetric (or self-adjoint) if S s = 85

The following desirable properties around this adjoint operation are immediate.

LEMMA 4.6. (i) Given maps collections of invertible maps S, T asin Definition 4.5 we
have $** = &8 and also (ST)* = T*S*. In pamcular S*S is symmetric.
(i) If Ss is symmetric for some § € R then S;! s = =S_s.

We now have everything in hand to implement algorithms around the dynamics (4.9) dis-
cretized in a suitable form to apply Proposition 4.3 in three specific cases.

4.1.4. Case 1: Separable surrogate dynamics. One particular case of (4.9) we consider
is when f] depends only on v and f> depends only on q. Namely, in this case, (4.9) reduces
to

d d
@.21) d—‘j‘ = 17, d—j = H@.  (q0).v(0) = (qo. Vo).

for some C! functions f1, fa: RY — R¥. Here we have in mind the situation where our
Hamiltonian H and matrix J in (4.6) in have the separable form

4.22) H(q, V) :=UQ + KV and J:= (f* _OA),

for some invertible matrix A € RV*N 5o that f1 and f> would serve as suitable approxima-
tions of the form

(4.23) A~ (A7) VKW, fr(@) ~—A"'VU(q).

In this case, (4.21) we may consider the classical leapfrog integrator. This scheme is de-
fined by splitting the dynamics (4.21) into
dq d dv

\% dq
4.24 —_— = 5 _— = _— = y _— = N
(4.24) 7 0 o f2(q) and r S1(v) T 0



5306 N. GLATT-HOLTZ, J. KROMETIS AND C. MONDAINI
with analytical solutions given explicitly for any time ¢ and initial datum (qg, vo) € R?*V as

4.25) £ (qo. vo) = (qo. Vo + /2(qo)) and  EP(qo. vo) = (qo + ££1(V0), Vo),

respectively. Given time steps §1, 2 > 0 and a number of iterations n € N, a leapfrog-type
integrator for (4.21) is then defined according to the following Strang splitting:
20 =@ g

S(QO’VO):Sn,S .5,(qo, Vo) := (E O E5.)" (qo, Vo)
(426) 1,02 ( 81 &2 51)

for all (qo, vo) € RN,

Under minimal condition on fi, f> we have the following result placing the map (4.26)
defined from (4.21) in the setting of Proposition 4.3.

THEOREM 4.7. Consider the dynamics in (4.24), resolved as (4.25), for any given C!
functions fi, f2 : RN — RN, For any time steps 81,8, > 0 and any number of iterations
n e N, we take S, s, 5, to be the integrator defined in (4.26). Then:

1) 3,1,51,32 is volume-preserving, that is, | det Vén’gl’gz (z)]=1forallz e R2N.
(ii) If we furthermore assume that

(4.27) fi(=v) =—f1(v) foreveryveRN

then 3,1,51,52 is reversible with respect to the momentum flip involution R in the sense of
Definition 4.1, (4.10). Here R is given by

(4.28) R(q,v)=(q,—v), (q,v)eR?.

PROOF. Start with the first item, (i). From (4.25) it follows that

ItV fi(v)
)

vV fa(q) 1

vel@v =( ,
so that, clearly, |detVE,(])(z)| = |detVE,(2) (z)| = 1 for every z € R?N and each r > 0. From
(4.26) it thus follows that | det Vgn,gl’gz (z)=1forallz e R2N. Regarding the reversibility
claim in item (ii) we observe that (/) is symmetric in the sense of Definition 4.5(ii) for
Jj =1,2. On the other hand it is also direct to check that RE;D = E(_jt)R for any ¢+ > 0 and
j =1, 2. Here note the use of the condition (4.27) for 2@ Thus with Lemma 4.6(ii) and
Lemma 4.4(ii), noting the palindromic structure in (4.26), we obtain the desired reversibility
claim for SA',,,(SI ,8,» completing the proof. [J

We summarize and present the algorithm directly resulting from Theorem 4.7 and Propo-
sition 4.3(ii). As we make explicit in Section 5.1 below this algorithm includes the classical
random walk Monte Carlo (RWMC), Metropolis adjusted Langevin (MALA), and Hamilto-
nian Monte Carlo (HMC) algorithms as special cases under suitable parameter choices.

REMARK 4.8. Algorithm 4.2 derived from (4.21) can be further generalized in several
directions. For example, (4.26) can be replaced with any palindromic splitting involving the
maps (), 2@ defined in (4.25). The reversibility condition (4.27) as suitable for the mo-
mentum flip operation R in (4.28) can be replaced with a more general condition (4.41) as
we explore in Theorem 4.12 below.
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Algorithm 4.2 Generalized leapfrog for surrogate dynamics to sample wp(dq) =
Z&l e U@ 4q
1: Select the algorithm parameters:

(i) The proposal distribution V(q, dv) = Z;C(q)_le_’c(q*v) dv € Pr(RM) for each qe
RN .

(ii) The surrogate functions fi, f> : RV — RY defining E'"(q, v) := (q. v + 1/2(q)),
and 2% (q, v) := (q + t£1(v), V), where f; satisfies fl( V) =—fi(v) forall ve
RN

(iii) The time step sizes 61, 57 > 0.

(iv) The number of iterations 7.

Choose qo € RV.
for k > 0do
Sample vi ~ V(qx, dv).
= < — (2D 5@ =Dy
Propose (G 1, Vit1) 1= (Ej, 0 B, o E5 )" (qk, Vi)
Set Q41 := qy With probability A [exp(—H(ﬁk+1, —Vi+1) + H(qk, V))], other-
wise take qx+1 1= k.

AN A i

4.1.5. Case 2: Splitting into Hamiltonian sub-dynamics. A second case of interest arises
when we consider a surrogate of the form

(4.29) ITWVH@~ Y TV, @)
j=1

for (4.6) where each J; is antisymmetric and invertible and each H; : RY — R is suitably
smooth. Corresponding to each element in this sum, (4.29), we consider mappings E() where

(4.30) {"‘(“} is the solution map for dz =J7'VHi(2)
. \—‘[ IZO p dt J J ’

defined so long as each of the associated Hamiltonian systems admits a globally defined
dynamic. The idea here is that we might formulate the approximation in (4.29) so that each

{E ;J ) }+>0 has an explicitly solvable form while in any case preserving crucial structural prop-
erties of Hamiltonian systems commensurate with the setting of Proposition 4.3. As such,
(4.29) would suggest that a suitable composition of the maps £¢) would yield a reasonable
approximation for (4.6). Keeping in mind Lemma 4.4, we select for some / € N, n € N, any
Jis--» g1 €{l,...,m},any 61, ..., 8 > 0, and define

(4 31) S(q(), V()) = (Eg{]) O---0 Egljl) o E((Slﬂ) O--+0 H(jl)) (q(), V())
for all (qg, vo) € RN,

Before providing conditions under which (4.31) yields a suitable class of sampling algo-
rithms we first recall some basic properties of Hamiltonian dynamical systems that will be
needed.

PROPOSITION 4.9.  Suppose that {E;};>¢ is the solution operator of

(4.32) dz _ J~'VH(z)
’ dr

for a matrix J which is antisymmetric and invertible and a C?* Hamiltonian function H -
RN — R such that the dynamics (4.32) are uniquely and globally defined. Then,
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(i) foreveryt >0, E; is symplectic (with respect to J) as in Definition 4.1(ii).
(ii) Suppose we have a linear involution R : R*N — RN such that

(4.33) RJT'R*=—y7!
and
(4.34) H(Rz) =H(z) foreveryze R,

Then, for every t > 0, E; is reversible with respect to R in the sense of Definition 4.1(i).
(iii) In particular, consider
0 -—-A
(2 )

for an invertible A and we assume that H is symmetric in its second variable, namely
H(q,v) =H(q, —v),forany (q, V) € R2V, Then, for every t > 0, B; is reversible with respect
to the momentum flip involution R as in (4.28).

PROOE. For the first item let B(¢)(z) := (VE;(z))*JV E,(z) and notice that B(0)(z) =
Jz while d B(z)/dt = 0.

Regarding the second item, given any solution z(¢) of (4.32) we consider Z(¢) := Rz(—t).
Observe that, with the assumption that R is an involution,

dfz(:) = —RJ™'VH(2(~1)) = —RJ ' VH(R2()).

Now, from (4.34), we have

R*VH(RZ) = VH(z) forevery z e R*N

and so with the fact that R* is an involution and our assumption (4.33) we conclude that Z(¢)
must also obey (4.32). From this symmetry observation and the uniqueness of solutions of
(4.32), we infer

E:(Rzg) = RE_;(z9) foranyt e R, and any zg € RN
Thus
(Ro E o Ro E)(z0) = RE/(RE/(20)) = E_(E/(20)) =20

as desired for the second item. The third item follows from the second with a direct compu-
tation showing that (4.33) holds for these specific choices of J and R. The proof is complete.
g

REMARK 4.10. See [73], Lemma 2, for variations on the theme of Proposition 4.9(ii)
with some interesting applications in deriving further HMC-type sampling algorithms.

THEOREM 4.11.  Fix a collection of C? functions H;: RN — R along with correspond-
ing antisymmetric and invertible 2N x 2N real matrices J; for j =1, ..., m. Assume the
Hamiltonian dynamics associated to each of these pairs, a la (4.32), are uniquely and glob-
ally defined. Let { & ;J ) }er be the associated solution maps as in (4.30). Furthermore suppose
that there exists a linear involution R such that

(4.35) RJ_I-_IR*z—Jj_1 and HjoR=H; foreachj=1,...,m.

Select any l e N, n € N, a]ong with orderings ji, ..., Ji € {1,...,m}, and time step sizes
81,...,08; > 0, and define S as in (4.31). Then, according to this definition (4.31), S is both
symplectic and reversible with respect to R in the sense given in Definition 4.1.



ON THE ACCEPT-REJECT MECHANISM FOR MH ALGORITHMS 5309

Algorithm 4.3 Palindromic iterations of Hamiltonian surrogates to sample w(dq) =
Z e U@y

u q

1: Select the algorithm parameters:

(i) The proposal distribution V(q, dv) = Z;C(q)_le_’c(q*v) dv € Pr(RM) for each qe
RN,

(i1) For some j =1,...,m determine a set of surrogate H; : R*N — R and associ-
ated symplectic matrices J; yielding solution maps {EW)},cRr defined according to
dz/dit =J;'VH;(@).

(iii) Identify a linear involution R such that RJ;'R* = —J" and H; o R = H, for

j=1,....,m.
(iv) An operation ordering ji, ..., j1 € {1, ..., m} along with associated time step sizes
51,52,...,8[ > 0.

(v) The number of iterations #.

: Choose qq € RNV,
: for k >0 do

Sample v ~ V(qx, dv).

Propose (Qy .1, Vi+1) = (E(g{‘) 0---0 Egl]’) o Eglﬂ) 0-+-0 Eé{l))”(qk, Vi).

Set Qi1 == Gy 4y with probability 1 A [exp(—H(R@j 1. V1)) + H(qe, V)] and
otherwise take qx+1 := k.

AN AN R

PROOF. According to Proposition 4.9 each () is symplectic and is reversible with

respect to R fori =1, ..., m. Keeping in mind the palindromic structure of Sin regards to
reversibility, it is therefore clear that these two properties extend to S. The proof is complete.
O

We now summarize our second class of sampling methods in Algorithm 4.3. This algo-
rithm is derived from Theorem 4.11 with Proposition 4.3. As previously with Algorithm 4.2,
this class includes classical formulations of RWMC, MALA and HMC as notable special
cases in a fashion which we make precise in Section 5.1 below. Note also that a special case
of (4.31) yields the type of “nonstandard” splittings which proves to be desirable for the
setting of (4.51) in Section 4.2, Section 5.2.3 below.

4.1.6. Case 3: Nonseparable dynamics via implicit integrators. We turn to our final case
where (4.9) is assumed to have a “nonseparable” form unsuitable for either of the formula-
tions previously considered in Section 4.1.4 or Section 4.1.5. This situation arises, for exam-
ple, from the consideration of position dependent kinetic energy terms in (4.3) as developed
previously in [33]. Here, in this position dependent case, we have

(4.36) filq, v) ~ (A% 'v,K(q, v),
(4.37) f2(q, v) ~ — A" (VU@ + K(q, V) + Zx (@) "' VqZx (@),

when, as above, (4.6) is defined with a matrix J of the separated form given in (4.22). In this
nonseparable case, implicit numerical discretizations for (4.9) provides a means of maintain-
ing indispensable structural properties, namely the reversibility and volume preservation con-
ditions, required by Proposition 4.3. Following ideas from [33, 37, 48], we consider schemes
starting from the so-called Euler-B and Euler-A methods applied to (4.9).

Start with the Euler-B scheme which is defined, for a fixed time step § > 0, number of iter-

ations n € N and any initial point (qo, Vo) € R2N, by (qn, Vn) := (S‘gB))”(qo, vo). Here each
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iteration step (q, v) := §§B)(ﬁ, V) is specified, for a given q, Vv € R" through the following
implicit system of equations:

(4.38) q=q+5/1(q, V), v=v+3f£2(q, V).

It is not difficult to check that the adjoint of 5%, cf. Definition 4.5, is the Euler-A method
which is defined implicitly for a single step as (q, v) := §§A)(ﬁ, V) where

(4.39) q=q+4fi1(q.V), v=V+4f2(q.V),

for given q,V € RN, Balancing these two schemes, (4.38) and (4.39), leads to the consid-
eration of a symmetric integrator called the generalized Stormer—Verlet method. Relative to

the parameters § > 0 and n > 1 we define S = S’n,(g = (S’éj‘z) oS éfz) )" so that, for any given

(qo0, Vo) € R2N (qn, vn) = S’n,g(qo, vo) is computed inductively according to

1)
Vm+1/2 =Vm + Efz(qm, Vin+1/2),
)
(4.40) Qn+1=Gqm + E[fl (U Vit 172) + [1 @1, Vims1/2)],

)
Vim+1 = Vm+1/2 + EfZ(Qm—H, Vin+1/2)

form =0, ...,n — 1. Note carefully that (4.40) reduces to (4.26) in the special case when f>
depends only on q, f1 only on v, and we take §; = /2, §> = §. See also Remark 4.16 below
for further commentary around this point.

We next establish conditions on f; and f> which yield desirable reversibility and volume-
preservation properties for the scheme (4.40). In the statement below, ITy, 15 : R?N — R2V
denote the projections onto the first and second components, respectively, that is,

Mi(q.v)=q. I(q,v)=v forall(q.v)eR?".

THEOREM 4.12.  Suppose that fi, f> : R* — RN are C! functions and assume that,
for some § > 0, the maps ngz) , S(g;‘z) specified implicitly from (4.38), (4.39) are uniquely
and globally defined and are C'; cf. Remark 4.13 below. For any n > 1 we consider the

generalized Stormer—Verlet implicit integration scheme S= S‘n,g = (3' (g?z) oS ;fz) )" as given

by (4.40).
(1) Suppose that, for some linear invertible matrix R, the mapping £ = (f1, f>) satisfies
(4.41) Rf(1yz, T1»Z) = —f(I1, o Rz, T1» 0 RZ) forallz,z € R*".

Then S is reversible with respect to R, in the sense of Definition 4.1(1). In particular, if fi
and f, maintain

(4.42)  filq.V)=—fi(q.—V),  fr(@. V)= for(q,—V) forall (q,v) e R*",

then S is reversible with respect to the “momentum-flip involution operation” (4.28).
(i) Now suppose that f1, f> : R*N — RN are such that

Vqf1(@, V) + (Vy 2)*(q, V) =0 and

(4.43)
Vy f1(q, V), Vq f2(q, V) are symmetric matrices,

for all (q,v) € RN . Then S is symplectic relative to the canonical form J as in (4.7) in the
sense of Definition 4.1(ii).
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(iii) Finally consider the case where f(z) = J _1V7-£(z), for each z € R2N vwhere H € C2
and where J is of the form

. 0 —E!
(4.44) Jz(E_1 0 )

for some invertible matrix E € RN*N . Then, in this circumstance, S is volume-preserving,
that is, | det VS(z)| = 1 for all z € R®V .

The proof of Theorem 4.12 is presented in Appendix A.
Let us make several further technical remarks concerning Theorem 4.12.

REMARK 4.13. It is natural to ask if there are reasonable conditions which may be
placed on f:= (f1, f2) and on § > 0 in (4.40) guaranteeing a unique solution to this implic-
itly defined scheme. Here, suppose, for example, that f satisfies a global Lipschitz condition,
namely

(4.45) f(Z) — f(z)| < K|z—2z| foranyzzeR",

where K > 0 is an absolute constant independent of Z, z. Then, under (4.45), for any § < K !
the scheme (4.40) is uniquely defined for any n > 1, as may be readily demonstrated using
the Banach fixed point theorem. Indeed, noting that (4.40) is a composition of the Euler A
and B subschemes, (4.38) and (4.39), we may apply this fixed point argument to each of these
substeps in turn. Regarding the Euler B step, (4.38), consider, for any q, v, q, v € RV,

FS(qs v, qv f’) = (q-'_ 5f1(q? "7)’ v+ (SfZ(q’ {7))

Under (4.45) it is clear that, for any fixed q, V € RY the map (q, V) — Fs(q,V,q, V) is con-
tractive on R?V so long as 8 < K ~! and hence, for any given q, ¥ and § we obtain a unique
(q*, v*) such that (q*, v*) = F5(q*, v*, q, V). In other words we have shown that (4.38) must
have a unique solution. Of course precisely the same argument may be applied also to (4.39).

Finally we note that, under (4.45) it is direct to show that §§A) and 3‘§B) are C! functions.

REMARK 4.14. In the case where f(z) = J _IVﬁ(z) the reversibility condition (4.41)
in Theorem 4.12(i) can be characterized as follows. Given any linear invertible mapping
R :R?N 5 R2N which we write in the block form

_ (A B NxN
R—(C D), A,B,C,DeR s

we suppose that

(4.46) H(I1; o Rz, Ty o RZ) = H(I 2, [1,z) forallz,Z € R?Y,
and that
(4.47) RIJ7T'R;=—J"! where Ry := (6‘ g) :

To see that these conditions yield (4.41) observe that using (4.46) we obtain after a direct
calculation that VH(I1yz, I1xZ) = R;VH(I1} o Rz, I1; o RZ), for any z,Z € R2N . Thus

RE(Tz, TIoZ) = RJ ™' VH(I11z, T1,Z) = RJ ' REVH(I1; o Rz, T1; o R7)
= —J 'V (11, o Rz, T1, 0 RZ) = —f(I1; o Rz, T1, o R7),

where the third equality follows from (4.47). Note that this condition (4.46), (4.47) is com-
parable to (4.33), (4.34) in Proposition 4.9.
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Algorithm 4.4 Surrogates for nonseparable Hamiltonians to sample u(dq) = Z&le_“ @ qq

1: Select the algorithm parameters:

(i) The proposal distribution V(q, dv) = Zx(q)~'e *@V) gy € Pr(R") for each q €
RV,
(i1) Surrogate functions fi, f> : R2V RN specified so that either (4.43) holds or
(f1(2), fr(z) = J 1V (z) where J is as in (4.44).
(iii) Relative to f1, f> identify a linear involution R maintaining (4.41) (see in particular
(4.42)).
(iv) The time step 6 > 0 and number of iterations n > 1.

Choose qo € RV.
for k > 0do

Sample vi ~ V(qx, dv).

Propose (q1, Vk+1) := S,, s(qk, vi) where S 5= (S;?Z) o S’gfz) )" is defined implic-
itly via (4.40).
6: Set qk+1 := qy; with probability 1 A [exp(=H(R(qQy1, Vk+1)) + H(qQk, V&))] and
otherwise take (g1 := qx.

REMARK 4.15. In [37], Theorem 3.3, it is shown that if J is of the form in (4.44) with
E =1, then S and §® are in fact symplectic integrators with respect to J. Namely,
(VS‘(%A) (z))*fVS‘(gA)(z) =J, for all z e R?V, and analogously for S This can be verified
directly from (A.4) by taking E = I or by repeating the approach given in Theorem 4.12(ii).
However, the same does not seem to hold for a general invertible E € RV*V,

Combining Theorem 4.12 with Proposition 4.3 we now formulate the final algorithm of
this section as Algorithm 4.4.

REMARK 4.16. The methods described in Algorithm 4.2, Algorithm 4.3 and Algo-
rithm 4.4 have quite a bit of overlapping scope and can be generalized in a number of im-
mediate ways working from the frameworks developed here. Regarding the scope of the
methods notice, for example, that Algorithm 4.2 is actually a special case of Algorithm 4.3
when fi(v) = (A*)™ IVK(v), falq) =—A" v (q), for any K,U e C! and any invertible
A, or a special case of Algorithm 4.4 when, more generally, fi = f1(v), f2 = f2(q), with
appropriate choices for the time steps. In fact, as already observed above, (4.40) reduces to
(4.26) with 61 = /2 and 6, = 6 whenever f only depends on v and f> only on q.

Regarding further generalizations we observe that Algorithm 4.2 and Algorithm 4.4 are
easily extended to any palindromic splitting of 21, @ or of §™, ) in the fashion of
(4.31) in Algorithm 4.3. Note that the efficacy of such extended palindromic settings have
been explored in more depth recently in [17]. In a different direction we note that in all of
the above algorithms we have identified conditions guaranteeing that the integrator is sym-
plectic or at least volume preserving. In principle, Algorithm 4.1 allows for schemes S where
|det(V3 (z))| # 1. However, at least within a naive set-up, the computational requirements
around such gradient terms would appear to be lethal. Nevertheless, see the recent work [49].

REMARK 4.17. People who have applied HMC to complicated problems may have en-
countered scenarios where the implementation of the numerical integrator was incorrect, but
the sampler still produced correct results. The structure of Algorithm 4.1, Algorithm 4.2, Al-
gorithm 4.3 and Algorithm 4.4 (see also [61]) provides an explanation for this phenomenon—
as long as the integrator and acceptance ratio are consistent with each other, the accept/reject
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step will correct for any errors in the propagation in the dynamical system, whether they be
due to discretization errors or bugs in the implementation.

4.2. The infinite-dimensional case. 'We turn now to introduce our second class of gener-
alized trajectory methods. These methods, summarized in Algorithm 4.5 below, are adapted
to sampling from measures which are defined on a separable Hilbert space and which are
absolutely continuous with respect to a certain class of Gaussian base measures. As men-
tioned above, our approach here takes its inspiration from a preconditioned HMC method
introduced in [10] and later revisited in [8, 9]. Actually, as we show below in Section 5.2, the
algorithms introduced in [8, 10] along with the pCN and co-MALA samplers from, for ex-
ample, [11, 22] all fall out as special parameter choices in our class of samplers summarized
in Algorithm 4.5.

Let us begin by making our infinite-dimensional setting precise. Throughout this section
we assume that the parameter space X is a separable Hilbert space, with associated norm and
inner product denoted by | - | and (-, -), respectively. We take By to signify the associated
o -algebra of Borel subsets of X. On X we consider target probability measures of the form

1 _ _
(4.48) ) =—e *Dpgde), 7= /X e=®@ 0 (dq).

for some potential function ® : X — R such that e~ ®@ is y(-integrable, and with 1o given
as a centered Gaussian measure on X with covariance operator C : X — X, that is, ug =
N(,C).

Regarding the covariance structure for the Gaussian measure pg, we assume throughout
what follows that C is a trace-class, symmetric and strictly positive definite operator. By the
spectral theorem, it follows that X admits a complete orthonormal basis {e;};cn consisting
of eigenfunctions of C, corresponding to a nonincreasing sequence of positive eigenvalues
{%i}ien.® We thus define the fractional powers C? of C for any y € R as

o0
(4.49) C’q= ZAZ/ (q,e;)e; forall q € Dom(C"),

i=1
where Dom(C?) can be characterized as the set of all q € X such that Y {2, Afy (q, ;)2 < o0
when y < 0 while taking Dom(C") as the dual relative to X of Dom(C~") when y > 0. We
refer the reader to [13, 23] for further general background on the wider theory of Gaussian
measures on function spaces.

The preconditioned Hamiltonian Monte Carlo algorithm introduced in [10] to sample from

udq) =72 “le=®@ (4 q) is based on the following Hamiltonian function:

1 1
(4.50) H(q, V) == 5|c*1/2v|2 + §|C’1/2q|2 +®(q).

The potential function @ is assumed to be Fréchet differentiable, with its Fréchet derivative
denoted by D® : X — X, where the Hilbert space X is identified with its dual. It thus follows
that (4.50) has an associated (noncanonical) Hamiltonian dynamic given by

dq dv
ar ar =4 Cho(@.

which formally corresponds to the more compact formulation (4.6) with the following choice
of “preconditioning” operator:

—1
(4.52) J:=<O —C )

4.51)

¢l

SHere we note that the trace-class condition amounts to requiring that Z?OI [ Aj <00
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Under suitable assumptions on the potential function ®, one can show that the Hamiltonian
flow associated to (4.51) holds 4 ® o as an invariant measure, see [10], Theorem 3.1. As
a consequence, the Markov transition kernel associated to the evolution of the q variable in
(4.51), defined as

P'(qo, A) :=P(q(t; qo, Vo) € A), Vo~ Lo,

for all qp € X and A € By, holds the marginal of i ® 1 onto the q variable, that is, 1, as an
invariant measure.

A crucial insight in [10] later revisited in [8, 9], is that each of the components of a certain
Strang splitting of (4.51) given by
dq dv dq dv
_— = 0, —_— = —CDCI) d — =V, - =
di dt (@ and r=ve

yield maps E;l), E;Z) such that E;i)(,uo ® o) are absolutely continuous with respect to

(o ® o for i = 1,2 and any ¢ > 0.7 Taking (4.50) and the splitting (4.53) of (4.51) as a
starting point therefore suggests the following more general class of trajectory methods.

First we may replace H(q, v) in (4.50) with a more general class of nonseparable Hamil-
tonians which allows for a “position”-dependent kinetic energy component, namely

(4.53) —q,

. 1 1
(4.54) H(q, v) := W(q, V) + 5|c—1/2vy2 T E|c—1/2q|2 + &(q)

for a measurable function W : X x X — R. In view of obtaining a well-defined probability
measure on the extended state space X x X, we require the following integrability condition:

(4.55) | exp(=@.v) — @)no ® puo(da. dv) < oo,
X
We further assume that
(4.56) / exp(—\il(q, v))uo(dv) =1, o almost surely in q.
X

This later assumption ensures that the position marginal of the Gibbs measure M associated
to H given by (4.54) is the desired target measure p as in (4.48). We can therefore write, in
the notational formulation of Theorem 2.1,

4.57) M(dq,dv)=V(q,dv)u(dq) where V(q,dv)= exp(—\i/(q, V) po(dv),

so that (4.55) implies mutual absolute continuity between M and Mg := 1o ® 0.8
A Hamiltonian dynamic associated to the nonseparable Hamiltonian in (4.54) can be for-

mally written as

dz 1
(4.58) — =J ' DH(z),

dt
for some general “preconditioning” operator J, and where DH denotes the Fréchet deriva-
tive of H. Under appropriate assumptions on J and H, and following a similar finite-
dimensionalization argument as in [10], one can show that such dynamic holds the proba-
bility measure M from (4.57) as invariant. However, notwithstanding Section 4.1.6 above,

TIn fact it is not hard to see that Egz) leaves o ® w fixed as is shown in the proof of Theorem 4.18 below.

80ne can formally relate (4.3), (4.2) and (4.54), (4.57) as follows: We assume that Zx-(q) := [ eXp(—‘j/(q, V) —
%Ic_l/zvlz)dv = 1 so that (4.3) reduces to (4.54) by setting K(q, V) = U(q,v) + %|c—1/2v|2 and U(q) =
%|c—1/ 2q|2 + ®(q). Of course these relationships are purely formal when dim(X) = oo since the Lebesgue
measure is ill-defined in infinite dimensions.
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deriving a suitable numerical integrator for (4.58) that is well-defined particularly in this
infinite-dimensional context is a nontrivial task.

An alternative consists in defining a suitable “surrogate dynamics” for (4.58) that can be
more easily integrated. Here we consider the following general and possibly gradient-free
“surrogate dynamics,” namely
dq dv
7= primin S AC %
where f : X — X is a measurable mapping. In order to maintain absolute continuity with
respect to o, we assume that f(q) is in the Cameron—Martin space of pq for every q € X,
or in other words

(4.60) f(q) € Dom(C~'/2)  for every q € X.

(4.59)

Notably, in the particular case that the kernel V from (4.57) is given by V(q, ) = o =
N(0,C) for every q € X, as in (4.50), we may view f as a surrogate for CD®. Then, fol-
lowing (4.53), we consider a numerical discretization of (4.59) by first splitting the dynamics
into

dq dv
4.61 — =0, — =
(4.61) 7 7 VACY)
and

dq dv

4.62 — =y, —=—q.
( ) dt Y dt 4
Clearly, the solution of (4.61) at any time ¢ starting from (qq, vo) € X x X is given by
(4.63) E_(fl}(qo’ vo) = &1 (qo. ¥o) = (qo. Yo — £ (q0)).
while the corresponding solution of (4.62) is given by
(4.64) E,(Z) (qo, Vo) = (cos(r)qo + sin(¢)vo, — sin(¢)qo + cos(t)vo).

For any fixed time steps 61 > 0 and & > 0 for (4.63) and (4.64), respectively, and a fixed
number n € N of iterative steps, we consider a numerical integrator for (4.59) starting from
(qo0, Vo) € X x X given by the following Strang-type splitting:

(4.65) $(q0.v0) = (B 0 B 0 &))" (q0. Vo).

Here note that, with R taken as the usual “momentum-flip” operator defined in (4.28), and
invoking Lemma 4.4.(i) and Lemma 4.2.(i), it is direct to verify that S = Ro S is an involution.
For convenience, we also denote by Fi(qo, vo) = (q;, v;) the solution arising from i steps
taken in the process of (4.65), that is,

(4.66) I (qo, Vo) = (i, vi) = (Ef 0 EF 0 &) (0. v0).
fori=1,...,n.

We notice that, in contrast to (4.51), the system (4.59) for general f may not generate
a Hamiltonian dynamics, and also may not hold © ® o as an invariant measure. Similarly
with a more general class of Gibbsian measures M as in (4.54), (4.57) it is not clear how to
select an f so that the resulting flow (4.59) holds M as an invariant.” Nevertheless, as we
now demonstrate, the class of numerical integrators S defined by (4.65) and by “momentum
selection” mechanisms V given in (4.57) allow for the identification of an accept-reject func-
tion @ as in (2.11) which generates a sampling algorithm of the form (2.12) that is reversible
with respect to the desired target measure (.

91n this sense we may understand the algorithms introduced in [8] as themselves being surrogate methods.
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THEOREM 4.18. Let X be a separable Hilbert space, and take C : X — X to be a trace-
class, symmetric and strictly positive definite operator. Let o = N(0,C) and consider a
measurable mapping ® : X — R with e=®" e L (o). Under these assumptions, we con-
sider a target probability measure | as in (4.48). Fix also any measurable f : X — X such
that f(q) is in the Cameron—Martin space of g for every q € X, namely (4.60). Let S be
the numerical integrator for the dynamics (4.59) defined in (4.65) for any fixed discretization
parameters §1 > 0, 8 > 0, and number of iteration steps n > 1. Finally, consider the Markov
kernel V and probability measure M defined in (4.57), with U satisfying conditions (4.55)
and (4.56).

Then, taking R to be the “momentum-flip” operator as defined in (4.28), S:= R o S is an
involution and (R o S )* M is absolutely continuous with respect to M. Furthermore, defining
the function @ : X x X — [0, 1] as

d(R o 8§)* M
dM

it follows that the associated Markov kernel P : X x Bx — [0, 1] given as in (2.12), with
these choices of S and V, is reversible with respect to . Moreover, invoking the notation
from (4.66), we have

d(R o S)* M
dM

(4.67) a(qo, vo) :==1A (90, v0). (qo, Vo) € X x X,

(9o, Vo)

= exp<<b(qo> +W(qo, vo) — D(qn) — ¥ (gn, —Vn)
(4.68)

82 n—1
— Sl 2@ — |72 @] +25 e v e f )
i=1

+81[(C Pvo.CT 2 F(q) + (€ PV, c—1/2f<qn>>]),
for M-a.e. (qo,vg) € X x X.

We summarize the class of algorithms to sample from measures of the form u(dq)
e_d)(q)uo(dq) for wop = N (0, C) resulting from Theorem 4.18 as Algorithm 4.5.

Our proof of Theorem 4.18 is based around the basic properties of pushforward measures
(2.6), (2.7) and (2.8), but shares similar ideas to the argument given in [9], Proposition 3.1,
so we save our presentation for Appendix B. To provide some general intuition beyond the
technical details of the proof, we notice that the integrator S = R o S in this case involves
repeated applications of the maps Eg}), Eg) and R. The latter two maps hold po ® uo in-
variant, while the Radon—Nikodym derivative associated with the pushforward of po ® o by
Eg}) can be computed via the Cameron—Martin theorem. We then repeatedly apply property
(2.8) to compute the Radon—Nikodym derivative associated with the pushforward of 1o ® o
by S, which, combined with a simple decomposition using (2.6) and (2.7), yields the desired
acceptance probability given by (4.67), (4.68).

To finish this section, we notice that by using a similar idea as in Theorem 4.18, we can
also obtain a rigorous reversibility result for a generalized/surrogate version of the infinite-
dimensional Metropolis-adjusted Langevin algorithm (coMALA) for sampling from mea-
sures u of the form (4.48), as introduced in [11, 22]. In explaining this connection, let us
consider, for simplicity, only the case when V(q, -) = N (0, C), for every q € X, with a suit-
able covariance operator C.
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Algorithm 4.5 Splittings of preconditioned dynamics for Gaussian—Hilbert space targets
0@

7 M0 d (l)
1: Select the algorithm parameters:

(i) The form of \il(q, v) for the proposal distribution V(q,dv) :=
exp(— ¥ (g, V) o (dv).
(il)) The approximation f of D®.
(iii) The discretization time step parameters §; > 0, §2 > 0 in the splittings (4.63) and
(4.64) respectively.
(iv) The number of iterative steps n € N now defining Sin (4.65).

: Choose qp € X
: for k>0do

Sample v ~ V(qx, dV)

Propose q; 1 :=1II; o S‘(qk, Vi), with S as defined in (4.65)

Set Qi1 := Q4,1 With probability &(qx, vk) given by (4.67), computed via (4.68),
otherwise take qx+1 := k.

SANEANE A

We recall that such Langevin-type algorithms are defined for a given Fréchet differentiable
potential function ® : X — R and covariance operator C : X — X as in (4.48), through the
following Langevin dynamic:

1
(4.69) dq+§K(c—‘q+D¢(q))dz:JEdW

for some “preconditioning” operator K : X — X and a cylindrical Brownian motion W
evolving on X (see, e.g., [23] for the general setting of such stochastic evolution equa-
tions). Under appropriate assumptions on the potential @, it follows that such dynamics holds
udq) « e @ no(dq) as an invariant measure, and thus effective MCMC proposals can be
generated by taking suitable numerical discretizations of (4.69) [11, 22].

Similarly as in (4.59), here we consider the following more general dynamics:

1
(4.70) dq+§ICC"q+f(q)dt=\/EdW,

for some measurable mapping f : X — X. In practice we would expect f to be taken as
a suitable approximation of XD ®. Choosing X = C and taking a semi-implicit Euler time
discretization of (4.70) where the linear part of the drift is approximated in a Crank—Nicolson
fashion, yields, for a fixed time step § > 0,

G4-a__l(a+d L v =

Solving (4.71) for q and denoting p = (4 — §)/(4 + §) thus yields the following proposal
map:

NG
(472) Faw =pa+y1-p2(v="2f@). aex.v~u.
which then defines the proposal kernel Q(q, dq) = F(q, -)*uo(dq).

To account for the bias introduced both by replacing L D® with the surrogate £'° and from
the numerical discretization, the resulting proposal kernel Q may be complemented with an

10Here, in contrast to (4.69), the dynamics (4.70) are not guaranteed to hold p as an invariant measure in general.
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appropriate accept—reject function « so as to yield a Markov transition kernel P as in (3.1)
for which p is invariant. Following the approach by [72] recalled in Section 3, such an « can
be obtained as in (3.2), by computing the Radon-Nikodym derivative dn'/dn directly, for
n(dq, dq) = F(q, -)*1o(d@)u(dq) and n't(dq, dq) = n(dq, dq), similarly as done in [11].

Alternatively, we may obtain dn'/dn explicitly as a special case of (4.68), by invoking
(3.11) and defining an associated involution mapping S on X x X according to (3.7). Indeed,
denoting S'=RoS, where R is the “momentum-flip” map (4.28), sothat S = Ro S, it follows
from a similar observation in [9] that S is the particular case of (4.65) for n = 1 and specific
choices of 81, 8;. This yields the following corollary, whose complete proof is presented in
Appendix C.

COROLLARY 4.19. Let X be a separable Hilbert space, and take C : X — X to be a
trace-class, symmetric and strictly positive definite operator. Let o = N (0, C) and consider
a measurable mapping ® : X — R with e=®) € L (o). Under these assumptions, we con-
sider a target probability measure |1 as in (4.48). Fix also any measurable f : X — X such
that f(q) is in the Cameron—Martin space of [Lo for every q € X, namely (4.60).

Let Q : X x Bx — [0, 1] be the Markov kernel Q(q,dq) = F(q, -)*o(dq), with F as
defined in (4.72). Let 1, n* € Pr(X x X) as in (3.3), namely n(dq, dq) = Q(q, dq);n(dq),
and n't(dq, dq) := n(dq, dq). Then, it follows that

drt o - P9
dn " Blq. @’

where

8 5/C712(q—
Bla.d) = exp(—cl><q> — e pa P - I<M, C‘”zf(q)».

2 /1 _ 102
Consequently, defining o : X x X — [0, 1] as in (3.2), that is,

N dnt B(@. q)
473 Q) =1AN——>(»,q =1 —,
(4.73) a(q, q) A dn (q,9q) A Ba. @)

then it follows that, with these choices of « and Q, the corresponding Markov kernel P :
X x Bx — [0, 1] given as in (3.1) satisfies detailed balance with respect to .

5. Connections with the classical algorithms. In this final section we make explicit
how a variety of established MCMC method can be derived from Theorem 2.1. Here it is no-
table and interesting that many of the algorithms discussed here can be derived by multiple,
nonequivalent, applications of Theorem 2.1; namely different choices of S, V in (2.12) may
ultimately lead to the same sampling kernel. In fact the machinery introduced in Section 3,
Section 4 plays an important role here, identifying and/or clarifying various connections be-
tween a number of popular sampling methods.

First in Section 5.1 we consider methods defined for sampling continuous distributions
on RY. Further on in Section 5.2 we consider the Hilbert space methods introduced more
recently in, for example, [10, 11, 22].

5.1. Finite-dimensional methods. For all examples in this subsection, we assume a finite-
dimensional state space X = R", and consider a continuously distributed target measure
u(dq) = p(q)dq. We often write p in the potential form (4.1) convenient for Hamiltonian
methods, that is, u(dq) o« e ¥ @ dq for some suitably regular potential function ¢/ : RV —
R.
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5.1.1. The classical Metropolis—Hastings formulation. Start first with the situation when
we consider a general continuously distributed Markov kernel Q(q, dq) := ¢g(q, q) dq, where
g :RY x RY — R* is a measurable mapping such that [¢(q,q)dq =1 for any q € RV,
Recalling the identity (2.5), this is a special case of Tierney’s formulation [72]. Therefore,
precisely as a special case of Remark 3.1, we derive the classical Hastings ratio [43], that is,
(1.3), from Theorem 2.1 as follows: take S(q, v) = (v, q) which is clearly a volume preserv-
ing involution. Set ¥V = Q so that M(dq, dv) = p(q)q(q, v) dqdv. Thus, comparing (2.11)
with (2.3) we obtain (1.3). Here, strictly speaking, we would need that both p > 0 and ¢ > 0
almost everywhere to obtain the condition (P2) in Theorem 2.1, but see Remark 2.4.

Note that, with this choice for S, )V, we may view [43] as a special case of the Metropolis—
Hastings—Green algorithm, [36], discussed above in Remark 2.6. Also, it is amusing to ob-
serve that the classical Hastings ratio, (1.3), falls out as special case of Algorithm 4.2. To
see this write the proposal density ¢ in the potential form ¢(q, v) = Zx(q) " 'e™®@") and set
YV = Q. In (4.26), we select f1(v) =V, fa(q) = —q and set §; = §, = 1. Similar connections
between each of the other algorithms in Section 4 and the acceptance probability (1.3) can be
drawn as well.

5.1.2. Random walk Monte Carlo. Perhaps the simplest Metropolis—Hastings method is
the random walk Monte Carlo (RWMC) algorithm: Take a proposal map F : RY x RV — RV
given by

(.1 F(q,v):=q+vVv, v~v,

where v(dq) = ¢(q)dq = Z,Ele_’c@ dq is some jumping probability distribution on R
With this definition, (2.3) and noting that F(q,-)~'(q) = q — q for any fixed q € RY, the
associated proposal kernel takes the form

(5.2) 0(q.dY) = F(q, )" v({dP =q({ — @ di=Z;'e * 19 qq.
Clearly this case falls under the rubric of the usual Hastings ratio, (1.3), which translates to

P @q(q—q)
r(@)q(q—q)

cf., for example, [46], equation 3.38 or [29], equation 11.2. Typically, v is taken to be a zero-
mean Gaussian distribution N (0, C), for some covariance matrix C on RN*N Note that, in
this particular symmetric case and in general, the terms involving ¢ cancel in (1.3) which is
the classical Metropolis case.

Let us observe that the machinery in Section 3.2 reveals a slightly different S and V which
yield the same RWMC algorithm from Theorem 2.1. Comparing (5.2) with (3.7) and us-
ing that F(q, -)~'(§) = q — q we obtain the involution S(q, v) := (q + v, —v) and then set
V(q, dv) := v(dv). Thus, according to (2.20), it follows that

g vy =1 A DO (o PATVICY)

d(n®v) P(@q(v)
=1 Aexp(=U(q+ V) — K(—v) +U(q) + K(¥V)),

(53) alq.@:=1A =1AexpU(q) —U@ + K@ —q — K(q—);

which thus recovers a by invoking (3.12). Finally note that this choice of S and V' turns out
to be a special case of Algorithm 4.2. To see this take f; := 0 (and/or 81 = 0), set fo(v) :=
v, 6o = 1 and choose n = 1. According to (4.26), we have S = R o S with R the usual
momentum-flip involution as in (4.28).



5320 N. GLATT-HOLTZ, J. KROMETIS AND C. MONDAINI

5.1.3. The MALA algorithm. As introduced in [7, 68], the MALA algorithm uses as its
starting point a numerical resolution of the Langevin dynamic

1
(5.4) dq+ VU@ dr=dW.

so chosen in order that the target measure u(dq) o< e “@ dq is an invariant. Here W is an N-
dimensional Brownian motion so that (5.4) is an It6 stochastic differential equation evolving
on RV. By taking an explicit Euler numerical discretization of (5.4) with time step 8%, we
obtain the proposal kernel Q(q, dq) := F(q, -)*v(dq) where v(dv) = (27r)_N/2e_%|V|2 dv,
that is, normally distributed with unit covariance, and

32
(5.5) F(q.v)i=q~ 2 VU@ +5v.

A corresponding acceptance probability o can be directly obtained as in (3.2), that is,
a(q, @) =1 Ady*/dn(q, @), with

3 3 1. 2 2 y
n(dq,dq) = F(q, )" v(dq)u(dq) cxeXP(—U(q) mEyS1k o q+ EVU(q) )dqdq,
so that
(5.6)
a(q, q)
1 2 2 1 52 2
=1 U@ — —|q— g+ — VU@ —|q— —V )
nexp( U@ - 355 |- a+ S VUG@| +U@+ 35]a—a+ T VU@ )

Alternatively, we notice that under this setting the MALA algorithm can also be seen as
a particular case of Algorithm 2.1 associated to Theorem 2.1, by defining an involution map
S as in Proposition 3.3 and invoking Theorem 3.4(ii). Indeed, observe that, for each fixed q,
F(q, -) is invertible in v with

PR Y 82
P @ =5 (a-a+ 3 vu@).
Invoking Proposition 3.3, one obtains the desired involution S from (3.7) as

82 ) F) 82
5.7 S(q,v)= (q — EVU(q) + dv, EVZ/I(q) —v+ Evu(q — EVU(Q) + 8V>>.

The acceptance probability & from Theorem 2.1, that is, &(q,v) = 1 AdS*(u Q@ v)/d(nu ®
v)(q, V), is given particularly in this finite-dimensional context by formula (2.20), with

p(q) x e U@ and g(q, v) e3P However, computing VS directly from the definition
in (5.7) might turn out to be an impractical task.

Instead, we notice that MALA is a special case of Algorithm 4.2 and that S in (5.7) can
be written as R o 31,5, where R is the velocity-flip involution R(q, v) = (q, —v) and S 1.8
is the numerical integrator defined in (4.26) with n = 1, 261 = §» = 6 and applied to the
Hamiltonian dynamic (4.6) with canonical J asin (4.7) in R2N corresponding to the separated
Hamiltonian H(q, v) = U(q) + %|v|2, (q, v) € R?V . This leads us to choose fi(v) = v and
f2(q) = —VU(q). It thus follows from Theorem 4.7 (or alternatively Proposition 4.9(i)) that
S is volume-preserving, so that |det VS(q, v)| =1, for all (q, V) € RN,

Now from (2.20), or equivalently (4.15), we have

alq,v)y=1A e~ M(S(@V)+H(q,V)

1 _ 1
=1 nexp(-U(F@.v) = 5] F(F@v.) ™ @ + U@+ 517).
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Invoking (3.12), we thus recover « as in (5.6). This shows that in this setting MALA is a par-
ticular case of Algorithm 2.1, or equivalently Algorithm 4.2, corresponding to the involution

S as given in (5.7) and the kernel V(q, dv) = v(dv) ef%lvlz dv.

5.1.4. Hamiltonian Monte Carlo. In the classical HMC algorithm from [25, 61], one
takes /C in the Hamiltonian (4.3) as in (4.5), that is, C(v) = %(M‘lv, v), for a so that the
Markov kernel V(q, -) is the (q-independent) RN -valued gaussian v = N (0, M). Here, M is
a positive-definite mass matrix in RV *¥ which is an algorithmic parameter to be chosen. The
corresponding Hamiltonian dynamics is given as in (4.6) with the standard choice of matrix
J from (4.7), thus written as
dq _ - dv

— = —VU(q).

5.8 - :
(5-8) dt v dr

A typical choice of numerical integrator S for such dynamics is given by the leapfrog integra-
tor ‘SA’,,,(; = (E((S;)2 o E((Sz) o Eg})z)” defined as in (4.26) for a given time step 261 =6, =6 > 0,
number of iterations n € N and taking fi(v) = M —ly, f2(q) = —VU(q). Here note that
T := 6 - n is understood as the total integration time of our numerical approximation of
(5.8). A direct calculation (or see Proposition 4.9, Theorem 4.7) yields that each of the so-

lution maps E((s})z and E((Sz) are reversible with respect to the “momentum”-flip involution

R(q,v) = (q, —v). Hence, by Lemma 4.4(i), Sn’g is reversible with respect to R, so that
S:=Ro An,a is an involution. The classical HMC algorithm thus follows as a special case of
Algorithm 4.2 under these choices.

Other more recent versions of HMC can also be seen to be special cases of Algorithm 4.2.
For example, in the relativistic HMC method from [53] the kinetic portion /C of the Hamilto-
nian in (4.3) is given as

2 12
(5.9) mw:m&Q§7+Q
m<c

up to the user-determined algorithmic parameters m, ¢ > 0, In the physical analogy drawn
here these parameters correspond to “mass” and the “speed of light,” respectively. To connect
back to Algorithm 4.2 we keep the same choices for V, R as the classical case and we now
take f1(v) = K(v) as in (5.9) leaving f>(q) = —VU(q) to once again define S = (E((s?z o

Egz) o Eg})z)” according to the associated leap-frog steps 21, 22,

Another version is the Riemannian manifold Hamiltonian Monte Carlo (RMHMC) intro-
duced in [33]. Here one considers K in (4.3) as the negative log-density of a normal distribu-
tion with “position”-dependent covariance matrix. More specifically,

1
K(q,v) = 5(M<q)“v, v),

so that V(q, -) = N(0, M(q)). The corresponding Hamiltonian dynamics is written as in (4.6)
with J taken in the canonical form as in (4.7). The standard numerical integrator in this case
is given by the implicit mapping S‘M defined in (4.40), for given choices of time step § > 0
and number of steps n € N and f1, f; taken as equalities in (4.36)—(4.37) and note that here
Zic(q) = Imer) + % In(det M (q)). From Theorem 4.12, it follows that 3‘,1,5 is symplectic
(and hence volume preserving) as well as reversible with respect to the momentum-flip invo-
lution R in (4.28). Therefore, the RMHMC method follows as a special case of Algorithm 4.4
under this setting.
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5.2. Hilbert space methods. As in the setting from Section 4.2, here we consider ex-
amples where X is a separable Hilbert space, and the target measure w is of the form
(4.48). Namely, u(dq) e @ wo(dq), with wg = N(0, C), for a suitable potential function
® : X — R and covariance operator C : X — X which is symmetric, positive and trace-class.
In particular we will see that all of the algorithms presented in this subsection fall out as
special case of Algorithm 4.5 under suitable parameter choices.

5.2.1. The preconditioned Crank—Nicolson (pCN) algorithm. The preconditioned
Crank—Nicolson MCMC algorithm [11, 22] is derived from the dynamics (4.70) in the par-
ticular case when f =0 and K =C, so that

1
dq=—2qd +Cdw,

which defines an Ornstein—Uhlenbeck process, and holds 1o = N (0, C) as an invariant mea-
sure.
Following a similar derivation as in (4.71)—(4.72), the pCN proposal map is written as

(5.10) F(q,v)=pq+/1—p%, qeX,v~puo=N(0,0),

namely we can write the proposal kernel in the form (3.5) with this ' and V(q, dv) = po(dVv).
Here we recall that p := (4 — §)/(4 4 §) for a fixed time step § > 0.

As in [72], a suitable accept-reject function is given as a(q, §) = 1 A dn™/dn(q, §), for
q,q € X, where 1(dq, d§) = F(q, )*10(d@)n(dq) and n*(dq, dq) = n(dq, dq), with F as
in (5.10), o =N (0, C) and u as in (4.48). Such a can be computed by noticing that

1 1
n ~ ~1dny ~
——(q, @) =exp|P(q) — P(q) |- —(q, ),
dn [ ] dno
where no(dq, dq) := F(q, -)*1o(dq)no(dq). Further, it is not difficult to check, for example,
via equivalence of characteristic functionals, that 170L =19, so that d n(} /dno(q, q) = 1 for ng-
a.e. (q,q) € X x X and thus

(5.11) a(q, @) =1 Aexp[P(q) — P(q)]

(cf.,e.g., [8, 11, 22)).

As an alternate route, « can also be computed by invoking formula (3.12) with S given
by Proposition 3.3, as done in (C.7) below. Indeed, taking f = 0 in (C.7) yields immediately
(5.11). Regarding the connection to Algorithm 4.5, from (C.3) below, here we notice that
the associated involution § derived from (3.7) can be written as S = R o Eg), where R is

the momentum-flip operator (4.28), §> > 0 is such that p = cos §,, and Efz) is as defined in

(4.64).

5.2.2. The infinite-dimensional Metropolis-adjusted Langevin algorithm (coMALA). The
infinite-dimensional Metropolis-adjusted Langevin algorithm (coMALA) [11, 22] is derived
from the Langevin dynamic (4.69) via the numerical discretization (4.71). In this case, for a
fixed time step § > 0, it follows from (4.72) with f = CD® that the proposal map is given
by

8
(5.12) F(q,v):=pq++1 —,02<v— %CD@(q)), qe X, v~ uo,

where we recall that p = (4 — §)/(4 + ). Together with the decomposition in (C.3) below, it
thus follows that coMALA is the particular case of Algorithm 4.5 with the specific choices
U =0(G.e,V(Qq,)=uoforallqe X), f=CDP, §; := \/5/2, 8y:=cos ! pandn=1.
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Moreover, from (4.73) it follows that an accept—reject function for coMALA is given by

- B(q, q)
5.13 Q) =1 =,
G- *@9 " B(q,q)
where
8 51 q—
B(q, @) = eXp(—d>(q) —~ §|C‘/2D<I>(q){2 - §< 1-r ,D<I>(q)>),

J1=p?

for n-a.e. (q,q) € X x X. Here, n(dq, dq) = F(q, -)*uo(dq)u(dq) with F as given in (5.12).

5.2.3. The infinite-dimensional Hamiltonian Monte Carlo (0coHMC) algorithm. The
infinite-dimensional Hamiltonian Monte Carlo algorithm introduced in [10] is the particu-
lar case of Algorithm 4.5 when U =0 (i.e., V(q, ) = upo forallq € X), f =CD®, and when
the discretization parameters 61, 62 from (4.65) are defined as §; := §/2 and &, := 6 for some
fixed time step § > 0. From (4.68), it thus follows that an acceptance probability in this case
is given by

. d(RoS')*(p,@),uo)
=1
a(qo, vo) A a( o) (qo, vo)

82
=1A exp(cb(qo) — ®(q) — §[|Cl/2D<D((I0)|2 —|c"2 Do (qu)|*]

n—1 S
+8) (vi. DP(q) + 5[(V0, D®(qo)) + (Va, DCD(qn))]),

i=1

where R is the “momentum-flip” map (4.28), and we invoked similar notation as in (4.66).

A geometric version of this coHMC algorithm that considers a certain position-dependent
kinetic energy as in (4.54) was developed in [8]. Specifically, the kernel V(q,-) at
each q € X is taken to be a Gaussian N (0, K(q)), for a position-dependent covari-
ance operator K(q) : X — X that is assumed to be trace-class, symmetric and strictly
positive definite. Here one assumes additionally that Im(lC(q)l/ 2y = Im(C'/?), and that
C V2K (@) ?) (€ 12K(q)'/?)* — I is a Hilbert-Schmidt operator on X, for po-a.e. q € X.
Under these assumptions, it follows from the Feldman-Hajek theorem that V(q,:) =
N (0, K(q)) and uo = N(0,C) are mutually absolutely continuous for wp-a.e. q € X (see,
e.g., [23]), so that W in (4.57) is well defined. The authors then consider the following surro-
gate dynamic from the full corresponding Hamiltonian system:

dq dv 1

— =, —=— D®(q)|,

L=V - ="K@[C"q+Do(@)]
which is thus a particular case of the general system (4.59) with
(5.14) f@=K@[Cc™"-K " @)qg+ Do (@]

Due to the fixed assumptions on KC(q) and C, it follows that such f satisfies (4.60). Proceeding
with a numerical splitting as in (4.61)—(4.62), (4.65), we obtain that this geometric version
of the coHMC algorithm is a particular case of Algorithm 4.5 with the choices V(q, -) =
N(0,K(q)), f asin (5.14), §; = § and 8, = §/2 for a given time step § > 0, and any number
of iterative steps n € N.
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APPENDIX A: PROOF OF THEOREM 4.12

We begin with the first item and prove that S is R-reversible under assumption (4.41).
Since S is the n-fold composition of S ;}42) oS ;fz) , due to Lemma 4.4(i1), it suffices to show that

S ;‘/42) oS éfz) is R-reversible. Moreover, as we already observed above, it is direct to verify that

the adjoint of the Euler-B scheme is the Euler-A scheme in sense given in Definition 4.5(i).

In other words we have that (Séfz) ) = S‘;?z) and so, as observed in Lemma 4.6(i), we infer

that S‘gfz) o S‘éfz) is symmetric. Invoking Lemma 4.6(ii) and Lemma 4.4(i), it therefore suffices
to show that

(A.1) Ro8§y=8Y),0R and RoSj)=8") oRr.

Let us verify the statement in (A.1) for 3{5?2) .Letz=(q,V) € R2N and denote z = (q,v) :=
S’(g;\z) (z). From (4.39), we have

8 8
72=17-+ Ef(q, V) =7+ Ef(H]Z, Hzi)
Applying R and invoking (4.41), it follows that
8 8
(A.2) Rz = Rz + ERf(le, [1,Z) = Rz — Ef(l_ll o Rz, I1; o RZ).
On the other hand, denoting z := S‘S’?S)/Q(Ri), we have again from (4.39) that

8
(A.3) Z= Rz — Ef(l'lli, [T, o RZ).

From (A.2), (A.3) we conclude by uniqueness of solutions for (4.38) that Rz = Z or in other
words R o S’(g?z) (z) = S(—f}s)/z o R(z), for every Z € R?" as desired. The proof for S®) is analo-
gous. Finally, notice that if R is the momentum-flip involution (4.28), then (4.41) reduces to
the requirement (4.42). This finishes the proof of the first item.

Turning to the second item we follow the approach in [48], Chapter 4.1, and show that
dqnrndv=dqndvfor(q,v)= S’(g;\z) (q,V) and for (q,v) = S’éfz) (q, V). Here d is the exterior
derivative and A is the wedge product. See the footnote in Definition 4.1 above and reference,
for example, [48, 74] for further details and proper definitions. Starting with Euler-A we have,
referring back to (4.39), that

S N b o
dq=dq+ qufl (q,v)dq+ Evvfl (q,Vv)dv,

8 8
dv=dv + qufZ(q’ v)dq+ EVVfZ(q’ V) dv.

We now compute dq A dv by expanding first in dv then in dq appropriately. As illustrated
in [48], Chapter 3.6, we make use of the identity that dw A (Adw) = (A*dw) A dw for
any w, w € RY and any N x N matrix A so that in particular dw A (Adw) = 0 when A is
symmetric. With our standing assumption (4.43) we find

dqndv

) _ ) o
— dq A (dv +5Va 2@ V) g+ 5V 2@,V dv)

)
=dqArdv+dqn <§va2(q, V) dV)
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) ) 8
=g A v+ (3Vafi@ ) da+ 391497 ) Adv+da (3902009
=dq Adv,
as desired in the first case. Regarding Euler-B, (4.38), we have

B _ 8 _
dq=dq+ qufl (q,v)dq+ Eval (q,v)dv,

b b
dv=dv+ quﬁ@ v)dq+ EvaZ(q’ v)dv.

Similar to the previous case but now expanding first in dq and then in dv we have:

b b
dqAdv= <dﬁ+ EV“f‘@ v)dq+ EVVfl(ﬁ, v)dv) Adv
)
_dq/\dv+< qfl(q,v)dq> Adv

) b} b}
—dgA (dv+ V2@V G+ 5 V@Y dv) + (qufl @.v) dﬁ) Adv
=dqAdv,

completing the proof of the second item.

We address the final item (iii) showing in this case that Sis volume-preserving by explicitly
computing det VS. Since S is the composition of half-steps of S SB) and §@ | it suffices to
verify that each of these integrators is volume-preserving. We show this only for S@ since
the proof for S®) follows analogously. Taking (f1(z), f>(z)) = J _IVﬁ(z) in (4.39) and
differentiating (q*, v*) = S'(gA) (q, v) with respect to q and V, it follows that

where ”qu, qu, qu, va € RVXN are evaluated at (q*, v*) and denote the matrices of
second-order partial derivatives of H with respect to the variables q and/or v. Therefore,

V5 @q.v)

(A4) (1 +OEH v — 8 EH (I +8Eﬁqv)—1Eﬁqq SEHyw (I +8E7—~[qv)_l>
—8(I +8EHqy) ' Etyq (I+8EHm™ " )

Invoking the formula for the determinant of block matrices, namely

(A.5)

det <2 g) =det(AD — BD_ICD) whenever A, B, C, D € RV*N and D is invertible

(see, e.g., [69]), a direct calculation yields that |detV3’§A)(ﬁ, V)| = 1 for any (q, V) € R?V.
The proof is now complete.

APPENDIX B: PROOF OF THEOREM 4.18

As usual we proceed by establishing conditions (P1), (P2) in Theorem 2.1 for the elements
S =R o S and M specified according to (4.65) and (4.57), respectively. In the process of
establishing (P2) we demonstrate (4.68) by making suitable use of various identities from
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Section 2.1. Regarding (P1), from the definitions of & "‘(1) and B "‘(2) in (4.63) and (4.64), it is
not difficult to check that

(B.1) (Ro E,(l))2 =1 and (Ro Eﬁz))2 =1 foranyr>0.

Hence, from Lemma 4.4(i) and Lemma 4.2(i) it follows that (R o S )2 = I, so that S is indeed
an involution and thus condition (P1) is verified.

Turning to condition (P2) of Theorem 2.1 we introduce an intermediate measure Mgy =
o ® wo. Notice that, embedded in the assumption (4.55), we have that M and Mg must
be mutually absolutely continuous and hence it follows that $* M and S* M must also be
mutually absolutely continuous. Thus, in order to establish (P2), it suffices to prove that
S* My is absolutely continuous with respect to M. This being true, notice moreover that,
with the fact that S is an involution and the aide of the identities (2.6), (2.7), we have

dS* M dMy dM dS* My

(B.2) =" V)d/\/lo (S(q,v)) Mg (q,v)
for M-a.e. (q,v) € X x X. Here, using (2.5), we have

dMy N
(B.3) W(qo, vo) = Z exp(®(qo) + W(qo, Vo))

and similarly, invoking the notation introduced in (4.66),
dM M 1 n
(B.4) My ———(5(qo, v0)) = g @ =7 exp(—@(qn) — V(gn, —Vn)).

We now show that indeed S* My < My and compute dS*My/d Mg by breaking S up
into its constituent maps and making repeated usage of (2.8). Start by noticing that the map-
pings E(l) and "‘(? defined in (4.63)—(4.64) satisfy (S((Sl))*/\/lo < My, i =1, 2. Indeed, it
is not dlfﬁcult to check via, for example, the equlvalence of characteristic functionals that

the rotation mapping E ’“( ) preserves the measure My, that is, ("‘(2))*/\/10 = My, so that in

particular
d(E)* Mo B
(B.5) T(q, v)=1 for Mp-a.e.(q,v) € X x X.
0

Regarding E "‘( ) we denote by G : X x X — X the mapping corresponding to the second

component of ug]), that is,

G(q,v):=v—341f(q@, (q,v)eXxX,

and thus obtain

(E5P)* Mo(dg, av) = G(g, )* o(dV)o(dq)

Now, for v~ g = N (0, C) it follows that for each fixed q € X, G(q, v) ~ N (=8 f(q),C).
Hence, for each q € X, G(q, -)*1o = Law(G(q, v)) = N (=81 f(q), C). Under our assump-
tion (4.60), namely that f(q) € Dom(C~'/?), we have that ;o and G(q, -)* o are mutually

absolutely continuous and, consequently, (ng))*/\/lo <« My, with

d(ﬁ(l))*./\/l()( - dG(q, Yo

,V) = v
dMo q 10 (V)

(B.6) 2
= exp(=81C ™ 2 @)= e R @)
for My-a.e. (q,v) € X x X (see, e.g., [23], Theorem 2.23).
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From (2.8) and (B.5) and recalling the notation (4.66), we deduce that the mapping I' :=
Eé}) Egi) o :((31) satisfies ' My <« My and

dr* My 48" Moy o) d(&;)"M

d Mo (q,v)= W((“al ‘-‘52) (q,V))W(q,V),

for Mo-a.e. (q, v) € X x X. Consequently, invoking (2.8) once again, we obtain that S=1"
satisfies $* My <« My, with
dS* My 1 dT* My
’ V)=
pryralC i | gV

i=1

B.7)

(B.8) (T ~H7'q, ),

for Moy-a.e. (q,v) € X x X, where we set ['0:=1.
Finally, it is not difficult to check (e.g., via equivalence of characteristic functionals) that
the momentum-flip operator R, defined as in (4.28), preserves the measure My, so that

dR* M
,v) =1 for Mgp-ae. (q,v) € X x X.
dMo (q.v) o-a.e. (q, V)
Therefore, with a third application of (2.8), we deduce that (R o S ) Mo < Mo and
d(R o 8)*My dS*My, dR* M
- .4 b e R 9 9
Mo (q,v) Mg (R (q, V) Mo (q,v)
(B.9) R
dS* My
= R(q,v)),
Mg (R(q,v))

for Mo-a.e. (q, V) € X x X, where in the last equality we used that R* = 1.
Moreover, from (B.8) and (B.9) it follows that for Mg-a.e. (q,v) € X x X

d(R o 8§)* M, T odT* My

dMo “I’V):il]l dMo

(r'=1"" o R(q, V)

(B.10)
ﬁ dF*Mo

=1
To justify the second equality, observe that from (B.1), (4.66) together with Lemma 4.4 and
the fact that R? = I we deduce that (")~ o R=Ro ! foralli=1,...,n With
similar logic we observe that (Eg}) "(2)) 'oR= Eé}) o R o I" and obtain, invoking the
notation in (4.66), that fori =1, ...,n and (qo, Vo) € X x X

RoT (g, ).

~(1 —~(2 — —
(B85 0 82) " o RoT' " (qo. vo) = Ef o R o T (qo. Vo) = E§” o R(q;, Vi)

= (qi, —vi — 81 f(q)).
Therefore, with these observations (B.10), (B.7) and then (B.6), we obtain for My-a.e.
(qo,vo) € X X X

dRo S Mo
dMo qo, Yo
n (:gi))*MO =) (H(l)) Mo i—1
=1 o ko o) S S e o)

Il
-

|

82
eXP<—51<C_1/2f((Ii), —C7V2(vi + 81 f(q)) — ;»c—l/zﬂqof)

N
Il
—_
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“12 ~1)2 51 “12 2
x exp( —81(C™ "/~ f(qi—1), —C~ "/ *vi_1) — 7|C FACTED]
8\ 1 2 8 2
=3XP<71|C_ 2 f(qn)| —71}6_ 2 f(qo)|

Tl <q1'—1>’0“/2vz-—1)+<C‘1/2f<ql~>,c—“2vi)])'

i=I

Thus, together with (B.2), this identity combines with (B.3), (B.4) to conclude (4.68). The
proof is now complete.

REMARK B.1. As similarly pointed out in [9], we emphasize that the proof of Theo-
rem 4.18 provides some additional clarification regarding the particular choice of numerical
integrator for (4.51) that allowed the derivation of coHMC in [10] as a well-defined algorithm
in infinite dimensions. Indeed, if we choose instead the classical “leapfrog” integrator de-
scribed in (4.26) within the finite-dimensional setting, and apply it to the infinite-dimensional
dynamics (4.59), we obtain the following splitting:

dq dv dq dv
ar = g =47 J@ and =V a =

The corresponding solution mappings for a given time ¢ > 0 are given respectively by
- ~(2
2" (qo, vo) = (q0. vo —tqo — 1f(qo)) and 21 (qo, vo) = (qo + V0, Vo).

Following the proof of Theorem 4.18, we notice that here the measures (Eg}))* (o ® o) and
(Eg))*(uo ® (o) can be written as

()" (10 ® 10)(dg. dv) = G(q. )* po(dV)to(dq)  for G(q.v) ==V — 1q — 1 (q)

and

(EL)* (110 ® 10)(dq, dv) = F (-, V)* mo(d@puo(dv)  for F(q, V) :=q+1v.

Now, since o = N (0, C), it follows that G(q, -)*uo =N (—tq—1tf(q),C) and F (-, v)* o =
N (tv,C). However, [C~'/%(q + f(q))| and |C~'/?v| are infinite for uo-a.e. q € X and po-
a.e. v € X, respectively, and thus —tq — #£(q) ¢ Dom(C~!/?) and tv ¢ Dom(C~1/2) almost
surely. This implies that the Cameron—Martin formula (see [23], Theorem 2.23) cannot be
applied as done in (B.6), a crucial step for the remainder of the proof.

In summary, this shows that the validity of Theorem 4.18 relies on utilizing maps E;l)

and E,(Z) for which their corresponding pushforwards on the product of Gaussians, namely
(Eﬁl))*(uo ® o) and (E,(Z))*(,uo ® o), with o = N (0, C), are absolutely continuous with
respect to the product o ® (to. In Theorem 4.18, this is achieved with a “rotation” mapping,

E?) as in (4.64), and a mapping given by a “shift” within Dom(C~!/?), Egl) as in (4.63).

APPENDIX C: PROOF OF COROLLARY 4.19
Notice that for each fixed q € X, the mapping F(q, -) : X — X defined in (4.72) is invert-
ible, with

(C.1) F(q,) '@ =

1 )
G-+ L@
V1= p? 2
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Now, in view of (3.7), we compute

F(F(q,v),") (@

1 1)
= (@a—pF(q,v)+ if(F(q’ V)
1—p2 2

= \/11_7[q— p(pq+m<v— ?f(q)))} + ?f(F(q, V)

5 s
=1 —pzq—pv+p§f(q) + %f(F(q, V).

Thus, it follows by Proposition 3.3 or direct calculation that

S(q,v) = (F(q,v), F(F(q,v),") " (@)

is an involution in X x X.

Moreover, denote S =R oS, where R is the “momentum- -flip” map (4.28), so that § =
RoS. Following an observation from [9], we notice that such S is the particular one-step case
of (4.65) regarding Algorithm 4.5 for specific choices of 81, 8>. Namely, taking §; := +/8/2
and 8, := cos™! 0, we have

(C2)

(C.3) S=RoS,  $=8y"0c8l &
where E,(I) and E ”‘(2) are as defined in (4.63) and (4.64), respectively. It thus follows from
(4.68) with M = ,u ® o that for (1 ® up)-a.e. (q,v) € X x X

W(q, v =exp( @@ - 0@ - gl @l - s @)
C.4) “ & o) 8

+ ?[(c—“zv, 2 f@)+ (e, 0‘1/2f<q>>]),
where (§, V) = B 0 E{’ 0 &{(q,v) = R 0 S(q, V), so that
(C.5) d=F(qv) and V=—F(F(qv).,) (@),

with F' as defined in (4.72). Plugging v as given in (C.5) and (C.2) into (C.4), we obtain after
rearranging terms that for (1 ® pp)-a.e. (q,v) € X x X

(C.6)
dS* (1 ® o)

duau TV

NG

)
= exp(d>(q> — o) — g[!C‘”Zf(q)}z +lc 2 r @) + 7(6—”%, ¢ f(g)

) )
~ %{cl/wl — p2q—pv) + p%cl/zf(qx cl/zf@».
In view of (3.12), we plug v = F(q, 91 (q) as given in (C.1) into (C.6) to obtain that

N dS*(1 ® o) 1 JEACTLY
C.7 5 = 1 - ) F [ =
€7 0@ @ =1n=ge oy @ P @) =1nrgean
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where

_ ) s1CV2(q —
Ba. = exp(—@(q) - S r@f - £<M, C‘l/zf(q)>),
J1 = p?

2
for n-a.e. (q,q) € X x X, where we recall that n(dq,dq) = F(q, )*uo(dq)u(dq). This
completes the proof. We notice that formula (C.7) for the accept-reject function concurs with
[11, 22] in the particular case f =CD®.
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