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Abstract

In this paper, we consider the generalised (higher order) Langevin equation for the purpose of simulated
annealing and optimisation of nonconvex functions. Our approach modifies the underdamped Langevin equation
by replacing the Brownian noise with an appropriate Ornstein-Uhlenbeck process to account for memory in the
system. Under reasonable conditions on the loss function and the annealing schedule, we establish convergence
of the continuous time dynamics to a global minimum. In addition, we investigate the performance numerically
and show better performance and higher exploration of the state space compared to the underdamped and
overdamped Langevin dynamics with the same annealing schedule.

1 Introduction

Algorithms for optimisation have received significant interest in recent years due to applications in machine learning,
data science and molecular dynamics. Models in machine learning are formulated to have some loss function and
parameters with respect to which it is to be minimised, where use of optimisation techniques is heavily relied upon.
We refer to [7, 62] for related discussions. Many models, for instance neural networks, use parameters that vary over
a continuous space, where gradient-based optimisation methods can be used to find good parameters that generate
effective predictive ability. As such, the design and analysis of such algorithms for global optimisation has been
the subject of considerable research [60] and it has proved useful to study algorithms for global optimisation using
tools from the theory of stochastic processes and dynamical systems. A paradigm of the use of stochastic dynamics
for the design of algorithms for global optimisation is one of simulated annealing, where overdamped Langevin
dynamics with a time dependent temperature (1.1) that decreases with an appropriate cooling schedule is used to
guarantee the global minimum of a nonconvex loss function U : R™ — R:

dX, = —VU(X,) dt + /2T, dW,. (1.1)

Here W, is a standard n-dimensional Wiener process and T; : Ry — R is an appropriate decreasing determinstic
function of time often referred to as the annealing or cooling schedule. For fixed T} = T > 0, this is the dynamics
used for the related problem of sampling from a possibly high dimensional probability measure, for example in the
unadjusted Langevin algorithm [18]. Gradually decreasing T} to zero balances the exploration-exploitation trade-off
by allowing at early times larger noise to drive X; and hence sufficient mixing to escape local minima. Designing
an appropriate annealing schedule is well-understood. We briefly mention classical references [15, 24, 25, 27, 28, 31,
32, 35|, as well as the more recent [34, 41, 57], where one can find details and convergence results. In this paper we
aim to consider generalised versions of (1.1) for the same purpose.

Using dynamics such as (1.1) has clear connections with sampling. When 73 = T is a constant function,
the invariant distribution of X is proportional to exp(f%)dx. In addition, when T; decreases with time, the

probability measure v¢(dz) o exp(— dx converges weakly to the set of global minima based on the Laplace
principle [33]. One can expect that if one replaces (1.1) with a stochastic process that mixes faster and maintains
the same invariant distribution for constant temperatures, then the superior speed of convergence should improve
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performance in optimisation due to the increased exploration of the state space. Indeed, it is well known that
many different dynamics can be used in order to sample from a given probability distribution, or for finding the
minima of a function when the dynamics is combined with an appropriate cooling schedule for the temperature.
Different kinds of dynamics have already been considered for sampling, e.g. nonreversible dynamics, preconditioned
unadjusted Langevin dynamics [2, 4, 39, 54|, as well as for optimisation, e.g. interacting Langevin dynamics [65],
consensus based optimisation [8, 9, 58], etc.

A natural candidate in this direction is to use the underdamped or kinetic Langevin dynamics:

dX; = Yidt (1.2a)
dY; = —VU(X;) dt — T, ' uYi dt + \/2udW; (1.2b)

Here the reversibility property of (1.1) has been lost; the improvement from breaking reversibility in both the
context of sampling and that of optimisation' is investigated in [16, 38] and [21] respectively. When T; = T, (1.2)
can converge faster than (1.1) to its invariant distribution

p(dz, dy) o exp ( _ % (U(a:) + 'yf) ) dz dy,

see [19] or Section 6.3 of [56] for particular comparisons and also [5, 6] for more applications using variants of (1.2).
In the context of simulated annealing, using this set of dynamics has recently been studied rigorously in [47], where
the author established convergence to global minima using the generalised I'-calculus [48] framework that is based
on Bakry-Emery theory. Note that (1.2b) uses the temperature in the drift rather than the diffusion constant in
the noise as in (1.1). Both formulations admit the same invariant measure when T; = T'. In the remainder of the
paper, we adopt this formulation to be closer to [47].

In this paper we will consider an extension of the kinetic Langevin equation by adding an additional auxiliary
variable that accounts for the memory in the system. To the best of the authors’ knowledge, this has not been
attempted before in the context of simulated annealing and global optimisation. In particular we consider the
Markovian approximation to the generalised Langevin equation:

dX; =Y dt (1.3a)
dY; = —VU(X,)dt + \" Z; dt (1.3b)
dZ; = =\Y;dt — Ty Y AZ, dt + X dW, (1.3¢c)

with A € R™*™ being positive definite and ¥ € R™*™ restricted to satisfying
et =4+ AT

Here X;,Y; € R" and Z; € R™ (with m > n), M denotes the transpose of a matrix M, A € R™*" is a rank n
matrix with a left inverse A\=1 € R"*™,

Our aim is to establish convergence using similar techniques as [47] and investigate the improvements in per-
formance. Equation (1.3) is related to the generalised Langevin equation, where memory is added to (1.2) by an
integrating over past velocities with a kernel ' : R, — R™*™:

F = —VU(2) —/0 (= 8)i(s) ds + F, (1.4)

with F} being a zero mean stationary Gaussian process with an autocorrelation matrix given by the fluctuation-
dissipation theorem
E(F,F]) =T,I(t — s).

When Ty =T, (1.4) is equivalent to (1.3) when setting

D(t) = ATe ™\, (1.5)

Lunder more restrictive conditions on the objective function or the initial condition than those considered here



and the invariant distribution becomes

1 2 2
p(dz,dy,dz) o« exp < ~7 (U(x) + % + |Z2>>dx dy dz,

see Section 8.2 of [56] for details?. In the spirit of adding a momentum variable in (1.1) to get (1.2), (1.3) adds an
additional auxiliary variable to the Langevin system whilst preserving the invariant distribution in the x marginal.
In the constant temperature context, (1.4) is natural from the point of statistical mechanics and has already been
considered as a sampling tool in [10, 11, 12, 50] with considerable success. We will demonstrate numerically that
the additional tuning parameters can improve performance; see also [49] for recent work demonstrating advantages
of using (1.4) compared to using (1.2) when sampling from a log concave density. A detailed study of the Markovian
approximation (1.3) of the generalised Langevin dynamics (1.4) can be found in [52].

To motivate the use of (1.3), consider the quadratic case where U = ax? and 0 < o < 1. This case allows for
explicit or numerical calculation of the spectral gaps of the generators in (1.1)-(1.3) in order to compare the rate
of convergence to equilibrium; see [53, 44] for details. For a given T, it is possible to choose A and A, such that the
spectral gap of the generator of (1.3) is much larger than that of (1.2) with the best choice of p being used. The
latter is already larger than that of the overdamped dynamics in (1.1). We will later demonstrate numerically that
this will translate to better exploration in simulated annealing (when T is decreasing in time).

Use of (1.4) is also motivated by parallels with accelerated gradient descent algorithms. When the noise is
removed from (1.2), the second order differential equation can be loosely considered as a continuous time version of
Nesterov’s algorithm [64]. The latter is commonly preferred to discretising the first order differential equation given
by the noiseless version of (1.1), because in the high dimensional and low iterations setting it achieves the optimal
rate of convergence for convex optimisation; see Chapter 2 in [51] and also [26] for a nonconvex setting. Here we
would like to investigate the effect of adding another auxiliary variable, which would correspond to a third order
differential equation when noise is removed. When noise is added for the fixed temperature case, [20] has studied
the long time behaviour and stability for different choices of a memory kernel as in (1.4). Finally, we note that
generalised Langevin dynamics in (1.4) have additionally been studied in related areas such as sampling problems
in molecular dynamics from chemical modelling [1, 10, 11, 12, 50, 68], see also [36] for work determining the kernel
I in the generalised system (1.4) from data.

Our theoretical results will focus only on the continuous time dynamics and follow closely the approach in [47].
The main requirement in terms of assumptions are quadratic upper and lower bounds on U and bounded second
derivatives. This is different to classical references such as [25], [27] or [32]. These works also rely on the Poincaré
inequality, an approach which will be mirrored here (and in [47] for the underdamped case) using a log-Sobolev
inequality; see also [31] for the relationship between such functional inequalities and the annealing schedule in the
finite state space case. We will also present detailed numerical results for different choices of U. There are many
possibilities for the method of discretisation of (1.3), we will use a time discretisation scheme that appeared in [3],
but will not present theoretical results on the time discretised dynamics; this is beyond the scope of this article. We
refer instead the interested reader to [61] for a study on discretisation schemes for the system (1.3), [14] for recent
results on (1.2) and its time-discretisation and [22, 23] for linking discrete time Markov chains with the overdamped
Langevin system in (1.1).

1.1 Contributions and organisation of the paper

e To the best of the authors’ knowledge, neither of the generalised Langevin systems (1.3) and (1.4) have been
considered along with simulated annealing to solve a global optimisation problem. The main theoretical
contribution consists of Theorem 2.4 that establishes convergence in probability of X; in the higher order
Markovian dynamics (1.3) to a global minimiser of U. For the optimal cooling schedule T}, the rate of
convergence is as the known rate for the Langevin system (1.2) presented in [47].

e On a more technical level, the assumptions and proofs here closely parallel those of [47] bar a number of
differences. Due to the different dynamics, we use a different form of the distorted entropy, stated formally in

2To the best of the authors’ knowledge, there is no known direct translation between (1.4) and (1.3) for a non-constant T%; such a
translation quite possibly exists and at the very least the intuition here is useful.



(C.8). In addition, we use different truncation arguments for establishing dissipation of this distorted entropy.
We provide more details on differences in Remarks 2.1 and C.4. Also we make an effort to emphasise the role
of the critical factor of the cooling schedule in the rate of convergence in Theorem 2.4. This can be seen in
our assumptions for 7; and U below.

e Our results cover also convergence to equilibrium for the constant temperature case, which is relevant for
sampling problems. In Proposition 2.5 we establish exponential convergence to equilibrium for (1.3) with
T, =T > 0, see also Remark 2.4. This is not surprising, see [52] for similar results.

e Detailed numerical experiments are provided to illustrate the performance of our approach. We also discuss
thoroughly tuning issues. In particular, we investigate the role of matrix A and how it can be chosen to
increase exploration of the state space. For the leapfrog time discretisation of [3], our results suggest that
exploration of the state space is increased considerably compared to using an Euler discretisation of (1.2).

The paper is organised as follows. Section 2 will present the assumptions and main theoretical results. Detailed
proofs can be found in the appendices. Section 3 presents numerical results demonstrating the effectiveness of our
approach both in terms of reaching the global minimum and the exploration of the state space. In Section 4, we
provide some concluding remarks.

2 Main Result

Let L; denote the infinitesimal generator of the associated semigroup to (1.3) at ¢ > 0 and temperature T;. This is
given by
Li=(y Ve —VU(x) V) + (2" AV, —y ' \'V,) -~ T, '2TAV, + A: D?, (2.1)

where we denote the gradient vector as V, = (9y,,...,0,,) ", the Hessian with D? and similarly for the y and 2
variables. For matrices M, N € R"*" we denote M : N = Zij M;iN;j for all 1 < 4,5 < r and the operator norm

|M| = sup {% cv € R™ with z # 0}. We will also use |v| to denote Euclidean distance for a vector v.
Let m; be the law of (Xy,Y;, Z;) in (1.3) and, with slight abuse of notation, we will also denote as m; the

corresponding Lebesgue density. Similarly we define ur, be the instantaneous invariant law of the process

El

2
ur, (dv,dy,dz) = Lexp (— — (U(m) + % + 2))6[33 dy dz (2.2)

with Zg, = [exp ( — T% (U(w) + % + %))daz dy dz. Finally, define the density between the two laws:

dmt
h = . 2.3
t _ (2.3)

We proceed by stating our assumptions.
Assumption 1.

1. The potential U is smooth with bounded second derivatives

|D2U| s := sup |D2U(z)| < oo (2.4)
TER™
and satisfies
oz +U, < Ulx) < |aoaz|*+Uy (2.5)
VU (x) -z > |z — U, (2.6)
Vel ()® < ralaf® + T, (2.7)



for some constants a € R}, r1,72,U; > 0, and U, Uys € R, where o denotes the Hadamard product. In the
rest of the paper, the smallest element of @ is denoted as

G, = Min a;,
3

where a = (as,...,ay).

2. The temperature T; : Ry — Ry is continuously differentiable and there exists some constant ¢y > 0 such that
T; satisfies for all t > tg:

() im0 Tt =0,
(ii) T; > E(Int)~! for some constant E > Uy — U, > 0 and T> 0,
(iii) ~Tt ' < T} < 0 for some constant T>0. In addition, there exists a small § > 0 such that T} is constant
on [0, 4].
3. The initial density mg satisfies:
(i) myg is smooth,
(ii) [ %dmdydz < o0,

(i) [(J=® + |y|” + |2|")mo dzdydz < 0 for 2 < p < p, p € N and some p € N.

Remark 2.1. Note that (2.5) and (2.7) deviate from [47]. The modification is useful for providing a clear charac-
terisation of the annealing schedule (2. above) and the log-Sobolev constant in (C.17) found in the appendices.
The relationship (C.17) between the log-Sobolev constant here and the critical value Up; — U, for E mirrors that
between the spectral gap of the overdamped Langevin generator (of (1.1)) and the same critical value appearing in
the annealing schedule in (1.1) as shown in [34] and [59]. For the overdamped case, more recent extenstions such as
the Eyring-Kramers formula for the spectral gap and the log-Sobolev constant can be found in [43]. Future work
could consider extension of these ideas for the underdamped and generalised Langevin case.

We present two key propositions.

Proposition 2.1. For all t > 0, denote by (XTf,YTf,ZTt) a r.v. with distribution pr,. For any 6, > 0, there

exists a constant A > 0 such that

]P’(U(XTt) > minU+5) < Aef%.

Proposition 2.2. Under Assumption 1, for allt > 0, X;,Y;, Z; are well defined, E[|Xt|2 + |Yt|2 + |Zt|2} < 0o and
my € C = {m € C> :m > 0}.

Propositions 2.1 and 2.2 follow by modifications on the proofs of Lemma 3, Proposition 4 and Proposition
5 of [47]. The statements are restated as Propositions B.1 and B.2 along with proofs in the Appendices. The
proof of Proposition 2.1 uses probabilistic arguments and the one for Proposition 2.2 Hormander’s condition and
controllability.

Remark 2.2. Proposition 2.1 can be thought of as a Laplace principle; Proposition 2.2 says roughly that the process
(1.3) does not blow up in finite time and and the noise in the dynamics (1.3c) for Z; spreads throughout the system,
that is to X; and Y;.

Proposition 2.3. Under Assumption 1, for any o > 0, there exists some constant B > 0 and t;, > 0, both
depending on |D2U|s, A, X\, Ty, @, Upnr, Up, Uy, E, 12 and ap, such that for all t > tp,

11— Um o

1 E
/ht lnhtd/LTt S B(t) . (28)




The full proof is the contained in the appendices and follows directly from Proposition C.8. Therein a similar
statement is proved for the distorted entropy that has the following form:

(o) = [ (T s tain) ) aur,

where S being a well chosen matrix (so that (C.14) holds) and 8(-) is a particular polynomial (see (C.8) for the
precise form of H(t) and (C.11) for 3(-)). This construction of H compared to a standard definition of entropy
compensates for the fact that the diffusion is degenerate (see [67] for a general discussion). The proof requires use of
time derivatives of H, which is rigorously established using a truncation argument, whereby a sequence of compact
functions with specific properties are multiplied onto the integrand. Then the problem is split into the partial time
and partial temperature derivatives where, amongst other tools, (C.14) and a log-Sobolev inequality are used as in
[47] to arrive at a bound that allows a Gronwall-type argument.

Remark 2.3. Proposition C.8 is a statement about the distorted entropy H (t), which bounds the entropy f heln hedpr, .
In fact this is achieved in such a way that the bound becomes less sharp as t becomes large but without consequences
for Theorem 2.4.

Remark 2.4. Part of the analysis used in the proof of Proposition C.8 can be used for the sampling case and T3 = T,
i.e. working only with the partial time derivatives mentioned above for the invariant distribution. Proposition 2.5
below shows exponential convergence to equilibrium for the generalised Langevin equation (1.3) with constant
temperature.

We proceed with the statement of our main result.

Theorem 2.4. Under Assumption 1, for any § >0, as t — oo,
P(U(X;) <minU +0) — 1.

If in addition Ty, = E(Int)~t, then for any o > 0, there exists a constant C' > 0 such that for all t > 0,

1 r(E)

where the exponential rate r: (Upy — Up,, 00) — R is defined by

1 - Uu=Un _ o §5_
r(E) = min( g oz’ Ea)

{%(1 _ UME'Um _ a) ZfE < Ulu—Um"FZ((S—Ol)

— 2 11—«
d—a

z otherwise.

Proof. For all t > 0, denote by (X Te YT, ZTt) a random variable with distribution pz,. For all § > 0, with the
definition (2.3) of h; and triangle inequality,
P(U(X:) > minU +0) < ]P’(U(XTt) > minU + 5) + / |he — 1ldpT, .

Pinsker’s inequality gives

/‘ht — 1|d,LLTt S (2/ht lnhtd,uTt> y (29)

which, by Proposition 2.3, together with Proposition 2.1 gives the result. O

Remark 2.5. The cooling schedule T; = E(Int)~! is optimal with respect to the method of proof for Proposition
C.8; see Proposition D.2 in the appendices. This is a consistent with most works in simulated annealing, e.g.
[15, 24, 25, 27, 28, 31, 32, 35].



Remark 2.6. The 'mountain-like’ shape of r indicates the bottleneck for the rate of convergence at low and high
values of E: a small £ means convergence to the instantaneous equilibrium g7, is slow and a large £ means the
convergence of p7, to the global minima of U is slow.

Proposition 2.5. Let 1. and 3. of Assumption 1 hold and let Ty = T for all t for some constant T > 0. It holds

that
2H(0) oty
he — 1|dpr <
=t < e
where Cy is the log-Sobolev constant (C.17)
1T
C. = Ao+ BT =T — max (Q,a;f) (2.10)

for all t > 0, H is the distorted entropy defined in (C.8), A = Ay(|D?U|s, ) > 0 is a constant and (3 is a second
order polynomial (C.11) depending on |D2U|~, A and .

Proof. See proof of Proposition D.1 in the Appendices. O

3 Numerical results

Here we investigate the numerical performance of (1.3) in terms of convergence to a global optimum and exploration
capabilities and compare with (1.2). In Section 3.1, we will present the discretisation we use for both sets of dynamics
and some details related to the annealing schedule and parameters. In Section 3.2 and 3.3, for different parameters
and cost functions, we present results for the probability of convergence to the global minimum and transition
rates between different regions of the state space. We will investigate thoroughly the effect of E appearing in the
annealing schedule as well as the parameters in the dynamics (1.2) and (1.3).

3.1 Time discretisation

In order to simulate from (1.3), we will use the following time discretisation:

At At
Yory =Yoo= 59VU(X5) + 7/\TZn (3.1a)
X1 = Xn+ A7V, 41 (3.1b)
Znir = Zn = ONY 1 — 0AZy + /Ty 3, (3.1c)
At At
Vg1 =Y, 1 — 77VU(XH+1) + ?)\TZ,LH (3.1d)

where At denotes the time incremements in the discretisation, &, are i.i.d. standard m dimensional normal random
variables with unit variance and 6 = 1 —exp(—At), and o = v/1 — 62. Specifically this is method 2 of [3] applied on
a slight modification of (1.3), where vY;dt and yVUdt is used instead in the r.h.s. of (1.3a) and (1.3b). Tuning 7
can improve numerical perfomance especially in high dimensional problems, but we note that this has no effect in
terms of the instantaneous invariant density in (2.2); v will not appear in (2.2) similar to A and A. Unless stated
otherwise, in the remainder we will use v = 1.

As we will see below the choices for A is important. To illustrate this we will use different choices of the form
A = pA;; i here is an index for different designs of A. The first choice will be to set m = n and set A; = I,, where
I, is n X n identity matrix. For the rest, we will use m = 2n and



Similarly we will use in each case \ = A\; with A; = I,, and

— In
v=(5)
for i = 2,3,4. As a result A\, > 0 are the main tuning constants for (3.1) that do not involve the annealing

schedule.
The Langevin system (1.2) will be approximated with the following Euler-Maruyama scheme,

Xiy1 = Xi + AtyYy, (3.2a)
Yir1 = Yi — AYVU(Xy) — AtuYy + / AtpTiéy,. (3.2b)

To make valid comparisons, both (3.1) and (3.2) will use the same noise realisation & (or the first common n
elements) and same step size At. Similarly, v = 1 unless stated otherwise. Finally for both cases we will use

following annealing schedule:
1 In(1+EkAt)\ !
Tp=|-4+—7—">

where FE is an additional tuning parameter.

3.2 Sample path properties

Our first set of simulations focus on illustrating some properties of the sample paths generated by (3.1) and (3.2).
We will use the following bivariate potential function

2 2
U(xy,x0) = % + % + 56—10? _ 76—(11-"5)2—(1”2—3)2 _ 66—(901—5)2—(1?24-2)2
z2
5x2e” 9 cos(zy + 229) cos(2ry — x2)

14 %

. (3.3)

The global minimum is located at (—5,3), but there are plenty of local minima where the process can get
trapped. In addition, there is a barrier along the vertical line {x; = 0} that makes crossing from each half plane
less likely. Here we set At = 0.1, E = 5 and each sample is initialised at (4,2). As a result, it is harder to cross
{z1 = 0} to reach the global minimum and it is quite common to get stuck in other local minima such as near
(5,-2).

To illustrate this, in Figure 3.1 we present contour plots of U together with typical realisation of sample paths
(in the left panels) for (3.2) and (3.1) for the different choices of A;. As expected, (3.1) generates smoother paths
than those of (3.2). We also employ independent runs of each stochastic process for the same initialisation. The
results are presented in the right panels of Figure 3.1, where we show heat maps for two dimensional histograms
representing the frequency of visiting each (x1,x2) location over 15 independent realisations of each process. The
heat maps in Figure 3.1 do not directly depict time dependence in the paths and only illustrate which areas are
visited more frequently. Of course converging at the global minumum or the local one at (5, —2) will result in more
visits at these areas. The aim here is to investigate the exploration of the state space. A careful examination of the
plots shows more visits for (3.1) near {x; = 0}. The increased number of crossings of the vertical line {1 = 0} are
also demonstrated in Table 3.1 for more independent runs.

3.3 Performance and tuning

As expected, the tuning parameters, E, X and p play significant roles in the performance of (3.1) and (3.2). As E is
common to both, we wish to demontrate that the additional tuning variable for (3.1) will can improve performance.

We first comment on relative scaling of A and p based on earlier work for quadratic U and T, = T being constant.
A quadratic U satisfies the bounds in Assumption 1 and is of particular interest because analytical calculations
are possible for the spectral gap of L;, which in turn gives the (exponential) rate of convergence to the equilibrium



Method equation | Number of transitions across z = 0
(3.2) 20609

(3.1) with A = A, 21532

(3.1) with A = Ay 38804

(3.1) with A = Aj 32745

(3.1) with A = Ay 38948

Table 3.1: Number of crossings across the vertical line {z; = 0} for U defined in (3.3). The results are for k = 10°
iterations over 10* independent runs.

distribution. It is observed numerically in [53] that in this case, (1.3) has a spectral gap that is approximately a
function of ’\72 On the other hand, the spectral gap of (1.2) with quadratic U is a function of p thanks to Theorem

3.1 in [44]. For the rest of the comparison, we will use ’\72 and p as variables for (3.1) and (3.2) respectively as these
quantities appear to have a distinct effect on the mixing in each case.

We will consider three different cost functions U and set At = 0.02. As before we will initialise at a point well
separated from the global minimum and consider each method to be successful if it convergences at a particular
tolerance region near the global minumum. The details are presented in Table 3.2. We choose the popular Alpine
function in 12 dimensions (VU; here is a subgradient) and two variants of (3.3). Us is modified to have the same
quadratic confinement in x; and x5 direction and there are several additional local minima due to the last term in
the sum. More importantly, compared to (3.3) (and Us) it has a narrow region near the origin that allows easier
passage through {z; = 0}. On the other hand U; similar to (3.3) except that the well near the global minimum
(and the dominant local minimum at (5, —2)) are elongated in the direction of o (and 1 respectively).

Cost function Initial condition Tolerance sets
Ui(z) = L 322 | sin(a;) + 0.1 z; =6V z; € [-2,2] V)
2

2
Us(ay,20) = 2+ 2 + 5(1 — 973 ) g

_7e—(@145)*=(22-3)% _ go—(21-5)%—(22+2)*

r1 =4, 29 =2 xr1 € [—65, —4.5]7 XTo € [15,45]

5z2e¢” 9 cos(xy+2z2) cos(2x1 —x2)

2
e
2 2 2 2
Us(w1,22) = 2 + 32 + 5e™®1 — Te~2(@1+9)
zq—5)2
—6677( L2907 2(2y+2)?

_ (23-3)2
5

r1=4,13=2 | x1 € [-6.5,—4.5], z3 € [1.5,4.5]

Table 3.2: Details of three different cost functions, initialisation and tolerance regions corresponding to region of
attraction of global minimum.

In Figure 3.2 we present proportions of simulations converging at the region near the global minimum for U = Uy
32
depending on E and p for (3.2) and on E and % for (3.1) based on discussion above. To produce the figures related

to (3.1) after setting F, 5‘72 we pick a random value of y from a grid. The aim of this procedure is to ease visualisation,

reduce computational cost and to emphasise that it is A% that is crucial for mixing and the performance here is not
a product of a tedious tuning for p. In addition, we only look at A = A;, As, A3; Ay is omitted due to numerical
instabilities when implementing (3.1) for such high dimensional dynamics. The right panels of Figure 3.2 are based
on final state and the left on a time average over the last 5000 iterations. In this example it is clear (3.1) results
to higher probability of reaching the global minumum. Another interesting observation is that for the generalised
Langevin dynamics good performance is more robust to the chosen value of E. In this example, this means that
adding an additional tuning variable and scaling p proportional to A2, makes it easier to find a configuration of
the parameters E, u, A that leads to good perfomance, compared to using (3.2) and tuning F, . We believe this is
linked with the increased exploration demonstrated earlier in Figure 3.1.



In Figures 3.3 and 3.4 we present similar results for Uy and Us. The left panels show proportions of reaching
near the correct global minimum calculated using time averages near the final point and the right panels present the
number of jumps across {x; = 0}. All results are averaged over 20 independent runs. The aim here is to measure
the extent of exploration of each process similar to Table 3.1. We observe that in both cases using (3.1) leads to
higher number of jumps, and this registers as a marginal improvement in the probabilities of reaching the global
minumum. We believe the benefit of the higher order dynamics here are the robustness of performance for different
values of E and 2. This is especially for using Az and A4. Finally we note that despite similarities between Us
and Us there are significant features that are different: the sharpness in the confinement, the shape and number of
attracting wells and the shape of barriers that obstruct crossing regions in the state space. This will have a direct
effect in performance, which can explain the difference in performance when comparing Figures 3.3 and 3.4; Us is a
harder cost function to minimise. The generalised Langevin dynamics can improve performance in both cases and
Figures 3.3 and 3.4 show that this is possible for a wide region in the tuning variables.

4 Conclusions

We explored the possibility of using the generalised Langevin equations in the context of simulated annealing.
Our main purpose was to establish convergence as for the underdamped Langevin equation and provide a proof
of concept in terms of performance improvement. Although the theoretical results hold for any scaling matrix A,
we saw in our numerical results that its choice has great impact on the performance. In Section 3, As, A3 or Ay
seemed to improve the exploration on the state space and the success proportion of the algorithm. There is plenty
of work still required in terms of providing a more complete methodology for choosing A. This is left as future work
and is also closely linked with time discretisation issues as a poor choice for A could lead to numerical integration
stiffness. This motivates the development and study of improved numerical integration schemes, in particular, the
extension of the conception and analysis on numerical schemes such as BAOAB [37] for the Langevin equation for
(1.3) and the extension of the work in [49] for non-identity matrices A and A.

In addition, the system in (1.3) is not the only way to add an auxiliary variable to the underdamped Langevin
equations in (1.2) whilst retaining the appropriate equilibrium distribution. Our choice was motivated by a clear
connection to the generalised Langevin equation (1.4) and link with accelerated gradient descent, but it could
be the case that a different third or higher order equations could be used with possibly improved performance.
Along these lines, one could consider adding skew-symmetric terms as in [17]. As regards to theory, an interesting
extension could involve establishing how the results here can be extended to establish a comparison of optimisation
and sampling in a nonconvex setting for an arbitrary number of dimensions similar to [40]. We leave for future work
finding optimal constants in the convergence results, investigating dependance on parameters and how the limits
of these parameters and constants relate to existing results for the Langevin equation in (1.2) in [47, 55]. Finally,
one could also aim to extend large deviation results in [34, 41, 59] for the overdamped Langevin dynamics to the
underdamped and generalised case.
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Figure 3.1: Dynamics in order from top: (3.2), (3.1) with A = Ay,..., As. Left:
Right: Log histogram of 20 independent runs.
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Figure 3.2: Proportion of simulations satisfying optimality tolerance for U = U;. Panels from top to bottom:
(3.2), (3.1) with A = Ay, A2, A3 (A4 is omitted due to numerical instabilities when implementing (3.1)). Left:
Final position, right: time-average of last 5000 iterations. We use v = 3 for improving visualisation, the results
and improvement in using (3.1) are similar for the case of v = 1. Results here are for 20 independent runs and
k <5-10* -iterations.
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Appendices

Appendix A Notation and preliminaries
For any ¢ € C* and f : R?"t™ — R smooth enough,

Li(¢(f) = ¢'(£)Le(f) + & (HTe(f), (A.1)
where I'; is the carré du champ operator for L; given by
Tu(f) = S L) — FLf) = Vo - (AV-). (42)
The L?(pur,) adjoint L} of Ly is
Li=—(y Ve —VU(2) V) = (2" AV, —y " A'V,) =T, '2TATV, + A: D2
Recall from Monmarché [47, 48] for ® : A, — A, where A and A, are appropriate spaces (namely A is assumed

to be an algebra contained in the domain D(L;) of L} fixed by L} and A, = {f € A: f > 0}), differentiable in
the sense that for any f,g € A,

(d0(f)g)(x) = lim S F39)@) = (@F))@)

s—0 S

exists for all z € R?"*™ the I'g operator for L} is defined by
1
Lp:a(h) = 5(L;‘<I>(h) —d®(h).(L;h)). (A.3)

It will be helpful to keep in mind that L} is only a term away from satisfying the standard chain and product rules:

L) = ¢/ (DL f+ 0" (V- - (AV.f) (A.4)
Li(fg) = FLi(9) + gLi(f) + 5V-F - (A+ AT)V.) (A.5)

for all f,g € Aand ¢ €C®. V.f-(AV.f) and 1V.f - ((A+ AT)V.g) are respectively the carré du champ and its
symmetric bilinear operator via polarisation for L.
In addition, square brackets on a scalar-valued D; and a vector-valued operator Dy both acting on scalar-valued
functions denote the commutator bracket as follows:

(D1, D]k = (D1(Dsh)1 — (DaDih)y, -..) (A.6)

for h smooth enough; this will be used as in (C.12).

Appendix B Auxiliary results

Proposition B.1. For allt > 0, denote by (XTt,YTt,ZTt) a r.v. with distribution pr,. For any 6, > 0, there
exists a constant A > 0 such that

P(U(X™) > minU +8) < Ae” 70"
Proof. The result follows exactly as in Lemma 3 in [47]. O

Proposition B.2. Under Assumption 1, for allt > 0, X;,Y:, Z; are well defined, E[|Xt|2 + |Y§5|2 + |Zt|2] < oo and
my € C¥ ={m € C>® :m > 0}.
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Proof. Nonexplosiveness and finiteness of second moments follow as in Proposition 4 in [47] with the modification

1
Glopnt) = 7 (V) —mimv + L D).

One can establish that (9;4L;)G < CG for some constant C' depending on ¢, T;. Nonexplosiveness and E[G(X,Y;, Z:]] <
oo follow by Markov’s inequality and Ito’s formula, which implies finite second moments for the process.

For smoothness of the law m; of (X;,Y;, Z;), Theorem 1.2 in [13] can be used.?
For positivity of my, the steps in Lemma 3.4 of [42] can be followed: for simplicity, consider the case m = n,
A=A =1, and T; = 1, where the associated control problem becomes

X+ X, + X, +VU(X;) + D2U(X)X; =V;,, Xo=20€R" (B.1)

where V. : Ry — R” is a time-varying control and dots indicate partial time derivatives. Given an arbitrary point
X* € R™, set for some fixed T" > 0 the control

. X* — 1z tX*-i-(T—t){,CO 9 tX*—l-(T—t)l‘o X* —xp
Vt—/( = +VU< = >+DzU = —)ar.

By the boundedness assumption on the second derivatives of U, the unique solution to the control problem (B.1) is

tX* + (T — t)xo

= T .
Now since with non-zero probability Brownian motion stays within an e-neighbourhood of any continuously differ-
entiable path, and in particular of V4, then positivity of m; follows by the support theorem of Stroock and Varadhan
(Theorem 5.2 in [63]).

For the general case the initial and final values for Y. and Z. are not as above, that is, when Yy = Xo, Zy—VU(Xy) =
XO, Yr = XT and Zy — VU (Xrp) = XT are arbitrary values. Then it is easy to initialise and finalise Xt and X't at
some small £ > 0 and T — ¢ respectively and extend the previous argument using a piecewise definition of V4, e.g.
see Lemma 4.2 and Appendix of [20]. O

X, (B.2)

Appendix C Proof of Proposition 2.3

The following effort up to Proposition C.8 is towards showing dissipation of a distorted entropy as required in the
proof of Theorem 2.4.
C.1 Lyapunov function

Lemma C.1. Let § <0 be a small enough constant and R : R?"T™+1 R be defined as

2

2
1
R(z,y,2,Ty) = U(x)+ % + % + T (yT)\_lz + 5% y). (C.1)
Then there exist constants a,b,c,d > 0 such that
2 2 2 2 2 2
a(lz]*+yl" +[21) —d < R(z,y.2.T) < bz +[y[" +[2]") +d (C2)
and
Liy(R) < —c;R+d. (C.3)

3This work caters to the unbounded coefficients in the stochastic differential equation, the time-dependence of one of the coefficients
and the need for using the general Hormander’s condition involving the ‘X’ operator rather than the restrictive one, see [45] for
definitions. Indeed, the constant assumption 2.(iii) on the annealing schedule for a small interval at the beginning is used so that this
theorem can be applied.
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Proof. The first statement is clear by the quadratic assumption (2.5) on U for small enough 6. For the second
statement, fix § to be small enough for the first statement and additionally to satisfy

A |)\|2 —1
5< C[<+1+ A )(maXTt) +2|A|2|)\‘1]2] : (C.4)
1

where || is the operator norm and A. > 0 is the coercivity constant of the positive definite matrix A.
Consider each of the terms of L;(R) seperately,

2 2
L, (U(x) IRy

I

Using the quadratic bound (2.7) on V, U,

Lily " A'2) = =V UN 2+ |2 — jyl> =17 12T A0 D) Ty

Y
< TLIGUP 4 PR 4 o -+
+T172|A\ A~ 1\ Elh
o2 T 3 2
< 2 g =
< Daf? + 120, - 2
+ (1 + :iyxlf +Tt2|A|2|>\‘1]2>z|2. (C.6)
1
Then also with the bound (2.6) for V,U - «,
Li(z-y) =y’ —VoU -z + 2" Az
A2 r
< of? = rafel + Gy BL o 4 o (©1)
1 4
Combining (C.5), (C.6), (C.7), given a large enough C > 0,
t(R(z,y,2,Ty)) = L | U(z) + —- 9 +0TiLe(y Az) + Lt(x Y)

A2
+ 6Tt[ DE <1 + ?!A—lf + Tt2|A|2|/\—1]2>} Els
1
Therefore for & satisfying the bound (C.4), the |z|* term can be bounded,

Li(R(x,y,2,T}))

IN

~0T, le — 0T \yl 2" +C

2max;>o 1}
DT
<-——R+4C,
b
where D > 0 is small enough, C’ > 0 is large enough and the right inequality of (C.2) has been used.
O

E[R(X+,Ys,Z¢,T3)P]

Lemma C.2. For2 < p < p with p,peN from Assumption 1 on my, (et ))?

is bounded uniformly in time.

Proof. 1t is equivalent to prove the result for R 4+ d > 0 in place of R for any p < p. Use induction w.r.t. p. The
case for p = 0 is obvious. Let
Ry = R(Xt,Yt, Zt7Tt)~

21



Consider the following terms separately

%E[(Rt + )] = OE[(Re + )] + T,0r, E[(R: + d)).

Firstly, by definition (C.1) of R and the left bound of (C.2),

1¥anEKRf+dV]=1¥E@xRt+wnF45(yTA-&-+§m~y)}

IN

|ﬂﬁhm+@ﬂw

1
y AT 2+ ix . yH

Bogia, +ay

IN

for a constant B, > 0.
With (A.1) and (A.2), for p > 1, using property (C.3) from Lemma C.1 and again the left bound of (C.2),
consider the auxiliary expression
OHE[(Ry + d)P] = E[(Le((R + d)?)) (X, Y3, Z4, Th)]
= E[p(Re + d)P " (Le(R)) (X, Y2, Z2, Tt))
+p(p — 1)(Re + d)P*(To(R))(X¢, Yz, Z1, Tr))
< E[p(R; + d)? ' (—cTi Ry + d)
+p(p = D(Re + d)P 2 (Ze + 6T,(0 ) TY2) - (A(Zs + 0T, (A1) TY2))]
< —cpTiE[(Ry + d)P] + ALE[(Ry + d)P™ 1]

for a constant A, > 0. Then with the induction assumption, the slow-decay assumption on T3, for large enough ¢,

SAMITARI(R, + aP]) < ApeEPHTA Inge + ),

¢
E[(R, + d)’] < E[(Ro + d)?]e” 5PJoTds 1 / Ape™ 5Pl Tude (1n(e 4 5))P~1ds
0

t
< E[(Ro + d)?] + Ap(In(e + )P~ / e~ 3PTet=9) g
0
L 1— e*%PTtt
< E[(Ro + )] + Ap(In(e + )P ——F——
spTy

Using the assumptions on mg and again the assumption T} > E(Int)~!, the result follows.

O
2 2 2)\P
Corollary C.3. For any 2 <p < p, E[(‘th(lt(ljﬂt;;zt‘ ) ] is bounded uniformly in time.
Proof. By the lower bound on R in (C.2),
R(X4, Y, Zy, Ty) + d\
E[('Xt|2+|}/;j|2+|Zt|2)p:| <E|:< ( t tat t) ) :|’
which concludes by Lemma C.2 after expanding. O
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C.2 Form of Distorted Entropy
Let H(t) be the distorted entropy

IV, hs -+ 8S0(Vyhe + A1V hy) | YV, hi + SIA VLA,
H(t)/<| + + 8So(Vyhy + t)|)+|yt+1 ¢

hy hy
+ BTk 1n(ht)>d;m, (C.8)
where Sp, S7 > 0 are the constants
So = (1+|DIUL)%, (C9)
Sy := 2+ 15687 + 10245 (C.10)
and [ is a second order polynomial
BT =1+ o+ ST + BT, 2 (C.11)

with large enough coefficients 3y, 81, 82 > 0 depending on |[D2U|«, |AT| and

52 i= max (]2, TP T AT AT

Remark C.1. This particular expression for H is not necessarily the best choice and it is quite possible to have only
V. and V, and no V., appearing in the first integrand for instance. However the above is a working expression and
optimality of this is left as future work.

First, an auxiliary result which can be found as Lemma 12 of [47] is stated along with its proofs from [47] since
the proof is not too long. Notice the ®* appearing in Lemma C.4 appears in the first two terms of H (¢).

Lemma C.4. For
_ [mva?

@ (h) = =

where M is matriz-valued, we have
MYh)-[Lf, MV]h
h
for all 0 < h € Ay, where the square bracket denotes the commutator vector (A.6), i.e.

Crre-(h) > (

[L;, MV)h = (L;(MVh)y — (MVL;h)1,...). (C.12)
Proof. The second term in definition (A.3) of I'z: #(h) can be calculated to be
2 L}
—d®*(h).Lih = —>(MVh) - (MVL;h) + htzh

Using the adjusted product and chain rules (A.5) and (A.4) for L}, the first term in the definition (A.3) of I'z: ¢
can be calculated to be

[MVh|*. (C.13)

Li (@) = LM + vl (1)

=3 S (MVR)LVA- (A+ AT)E(MVR))
_ % ((MVh) L MVh+Y V. (MVh), - (AVZ(MVh)Z-)>

+ |MVHPL (;L) _Z%(Mwb)ivzh (A4 ATYVL(MVRY,),
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where the last summands can be bounded below with the positive definite property of A,

fﬁ(MVh) V.h-((A+ AT)V.(MVh);)
%(VZ(MVh)i)TA((MVh)inh)

i  (MR)(V.)TA(V. (MTR),) -

> ——(MVh) 2(V.h)TAV.h —

3 E(VZ(MVh)i)TAVZ(MVh)i,

h
which produces the bound

2
LI (®*(h)) > Z(MVh)-L;MVh+ |MVh|’L; (h) - WMVthzh.(szh).

D‘\I\D

Combining this with (C.13) then using the adjusted chain rule (A.4),

1 1 L*h
Tp:e-(h) > E(MVh) [L:,Mv]h+2MVh|2<L;:(h>+ hg)

- ﬁ|MVh\2VZh- (AV.h)
= %(MVh) -[L}, MV]h.

O

With Lemma C.4, the distorted entropy (C.8) can be shown to be a correct one with the following proposition.

Proposition C.5. Let ¥, be the operator appearing in the integrand of the distorted entropy H, that is

2% +8S0(Vyh+ A1) AR ALV
h h
+ B(T;7 Yk In(h)

Y, (h) -

for h € Ay. It holds that

Vh|®
Lrywr, (h) > %
Remark C.2. H satisfying this property is crucial for proving dissipation in Proposition C.8 and was the main
consideration when making remark C.1.

. (C.14)

Proof. Let ®1,P5,P3 be defined by
Up, = @1 + o+ B(T, 1) ®s.

Note that the I'¢ operator is linear in the second operator argument by linearity of L}, so that (C.14) is

[Vh|?
R

Consider '+ ¢, first. Using the definition (A.3) of I'z: & and the product and chain rule (A.5) and (A.4) for L},

T, (h) + Ty e, (h) + BT, )L 0, (h) >

2|V, h[?
h

1
Tr: a,(h) 2<1nhL;‘h+th* Inh + - (1+1nh)Lj;h)

|V.h[?

(1 hLih+ Lih+ 220 (1+1nh)L;rh>

VL)
- 2h

(C.15)
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Since the goal is to show (C.14), the availability of the term (C.15) means that regardless of how negative of a
contribution I'zx ¢, and I'z+ ¢, makes in the z-derivative term in (C.15), it is not a concern; this is reflected in the
factor f.
For I'zx ¢, and I'zx g, we use Sp, S1 > 0 defined as before in (C.9)-(C.10).
Lemma C.4 gives
AT s o, (R) > (2V, +8S0(Vy + A7 Wo))h - [L}, 2V, + 850(V, + A" V2)]h
= 2V, +8S0(V, + A ' V.)h - (—2(D2U)V, + 850(V — ATV,
+V, + T IATTATY,)A
= 1650|V,h|? + 2V,h - (=2D2U + 8S0)V,h)
+ Veh - (8So(—AT + T *ATYAT)V,h) + 64S2V,h - V,h
+ 880V, h - ((—2D2U + 8S4)V,h)
+8SoVyh - (8So(—AT + T ' AN"LAT)V,h) 4 6482V, h - (A\"'V,h)
+ ((—2D2U + 8S0)V,h) - (8S9A "'V, h)
+8S9(ATIVLR) - (8So(—AT + T AT ATV, A).

In order to get a bound in terms of (9;h)? terms rather than 0;h0;h terms, bounding 0;h0;h terms with some care
and using the boundedness assumption (2.4) on the second derivatives of U yield

AT 0, (h) = 1680 Vbl = (29,017 + 2AD2U VI + 89,017 + 8539, 117
- (2|Vzh|2 + 85232 (1 + T2 ]AT |2) |Vzh|2)
= (19l + 1024541V,% ) — (1650 D2U e V1
+ 6453V, 1) - (32539, bl + 325832 (1 + 7,72 47| ) V)
- (|vm|2 + 1024S§S\Q|Vzh\2) - ((2\D§U|§O + 3253)\vyh|2
+ 3253&2|vzh|2) 645232 (1 + T;2|AT|2) V. h[?
> 2|V,h|* + S2(—156 — 102452)|V,h|?
+ 535\2( — 1160 — 104T[2]AT]2) IV.h|%.
I'Lr o, compensates for the negative y derivatives:

AT Ls 0, (R) = (Vy + SIAT o)k - [L}, YV, + S1AT V. ]h
=(Vy + SIN V)R- (Ve = ATV, + 81V, + S1T ATTATV,)h
= Voh -Vyh —V,h - (N V.h) + 1|V h[*+ S1 TV, h - (ALATV.R)
+ 51 Voh - (ATIVLR) — Si(ATIVLA) - (A TVLA)
+ SEVyh - (ATIVLR) + SET,HATIVLR) - (AT AT VLR,
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where using the inequalities
1 2 1 2
Vih -Vyh > —§|Vxh\ - §|Vyh|
T 1 2 3 T2 2
*Vyh' (>‘ vzh) > *6|Vyh‘ - §|)‘ | |Vzh|
1 3
STy Vb AT ATVR) 2 2|V, 5szt—2|xl|2\,4T|2|vzh|2
1 1
SiV,h - (ATIV,R) > 75|th\2 - 5sf|xl|2\vzh|2
2 -1 1 2 3 aapy-1)2
SiVyh - (A" V;h) > —6|Vyh\ - 551|)\ |
gives the bound
2 2 2 2 1 N2 2
AT L; (k) = —|Vah[? + (14 15653 + 102453) [V, hf* — S5 (3451 +53
+384 4+ STV AT + 3512T;2|AT|2) A
Putting together the bounds gives (C.14) given the coefficents (C.11) in 8 are large enough. O

C.3 Log-Sobolev Inequality
Proposition C.6. The distorted entropy (C.8) satisfies

Vh|?
H(h) < Ct/ | ht| dpr,, (C.16)
t
where T
Cy=A,+ 6(7}_1)6(UM*UT")T;1 Zt max (2, afnz) (C.17)

for all t > 0 and some constant A, > 0 depending on |D2U |+ and .

Proof. The first two terms in the integrand of H(t) after expanding lead directly to the inequality result for A,.
For the last term of H(t), the standard log-Sobolev inequality for a Gaussian measure [29] alongside the properties
that log-Sobolev inequalities tensorises and are stable under perturbations, which can be found as Theorem 4.4
and Property 4.6 in [30] respectively, yields the result. Since the proof of Property 4.6 in [30] is not too long, it is
repeated for U satisfying the quadratic assumption (2.5) in order to get the precise form of Cj:

/ht In htduTt = /(ht In ht - ht + 1)d,uT,

2|2

— Yy 2
< /(ht Inhy — hy + 1)Zile*%e*%(laom\2+%+ ) dudydz

|2]2

- - ly|?
:e*%Zil/ht tn e (0044 55) gy g

2 B ulZ 122
< e B max E,max% Zg} M67%(|a°$|2+%+%)d$dydz
2° ¢ da; ¢ hy

T T [ VR
<e T max(2,4a?2n>/ hy dpr,,

where the first inequality follows by (2.5) since zlnxz —a +1 > 0 for all z > 0. O
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C.4 Proof of Dissipation

To see that H(t) dissipates over time, it will helpful to be able to pass a time derivative under the integral sign in
H(t), which would be straightforward for compactly supported smooth integrands but is not so for H(t). Lemma
C.7 constructs compactly supported functions that when multiplied with the integrand in H(t) gives sufficient
properties for retrieving a bound on 9;H (t) after passing the derviative under the integral sign.

The key nontrivial sufficient property turns out to be (C.18) below.

Let ¢ : R — R be the mollifier

1
1 1 i .
e#2 1 evZ—1( if —1<z<1
olz) = (f—l y>

0 otherwise,

and
Um = Om * L(_oom2) <1
for m > 0 where 1(_ .2 is the indicator function on (—oo, m2].
Lemma C.7. The smooth functions n,, : RZntm+l 5 R"
Nm = Vm(In(R + 2d)),
where d > 0 is the negative of the lower bound of R as in (C.2),
1. are compactly supported,

2. converge to 1 pointwise,

3. satisfy for some constant C > 0 independent of m and t

31Q

Linm < (C.18)

Remark C.3. Lemma C.7 is different to Lemma 16 in [47]. We believe the few first equations in the proof of Lemma
16 [47] is incorrect and contradicts with equation (4) in the same paper. As a result we require proving (C.18)
instead of Lemma 17 of [47].

Proof. By the quadratic assumption (2.5) on U and the bound (C.2) on R, R grows quadratically and in particular
is bounded below by an arbitrarily large constant at infinity; along with the support of v, being bounded above,
the first statement is clear. The second statement is also easy to check.

With the chain rule (A.1) and (A.2) for L,

Lyt = v, (In(R + 2d)) Ly In(R + 2d) + v, (In(R + 2d)) (V. In(R + 2d)) T AV, In(R + 2d).

It can be seen that v/, and v/ are of at most order m~1, explicitly:

2

Vm () :/m </Jm(xy)dy—/m+m Pm(2)dz,

— 00 — 00

2

() = @m(x +m?) <m ' max g,
v (z) = ¢l (x +m?) <m ?max .
Therefore for a constant C' > 0,

Lyt < C(m™ Ly (R + 2d) + m (V. In(R + 24)) T AV. In(R + 24) ).
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A quick calculation using the Lyapunov property (C.3) of R and again the chain rule (A.1) and (A.2) for L; reveals

LR (V.R)TAV.R
R+2d  (R+2d)?
—cliR+d  AJV.R/?
-~ R+2d (R + 2d)?
_ —CT(R+d)+cTid+d A|V.R[?
- R+2d (R + 2d)?
(V. In(R + 2d)) "AV, In(R + 2d) < |A||V. In(R + 2d)*

LiIn(R+2d) =

‘R+2d

which are bounded over R?2"*™*1 considering R grows quadratically in space. O

The proof of Proposition C.8 follows very closely to Lemma 19 of [47] and its preceding lemmas.

Remark C.4. As explained in Remark C.3, Lemma C.7 uses a different smooth compact function for the truncation
than the one found in Section 5.2 in [47]. Lemma C.7 is designed to establish (C.21) below, which is pivotal for the
proof.

Proposition C.8. For any a > 0, there exists some constant B > 0 and some tg > 0 both depending on |D2U |,
AN T, o, Uy, Uy, Uy, E, ro and ay,, such that for allt > ty,

Uyt —Um
o —2a

H(t) < B(i)l_ . (C.19)

Proof. Consider the auxiliary distorted entropies

|2V, hy + 855 (Vyhy + A1 V1)) |v he + SNV [
Nm (t) = /nm ht ht

+ BT he hl(ht))d/m
= [ (@a(hu) + () + BBl )it = [ o, ()i,
where recall hy = mtuil is the ratio (2.3) between the law of the process and its instantaneous equilibrium. The

point of Lemma C.7 was so that a time derivative can be pushed under the integral:

d

%Hnm(t) = /nmat(\PTt(ht))duTt +Tt//nmaTt(\I/Tt(ht)uTt)dxdde7 (020)

where 0; is fixed with respect to T} and vice versa for Or,.
Consider the terms separately. Since m; is the law of the process (1.3) and L; is the L?(uz,) adjoint of Ly,

st f 5= = o = f 52 o

where LT is the L?(R?*"*™) adjoint of L, yielding d;m; = Ljhyur,. This allows the first term in (C.20) to be
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bounded as follows.

/ i Oh (U, (he))dpi, —

/
= /nmd\I!Tt(ht).
/

nmd\IITt (ht).athtd/LTt

Oymy

dpr,

Ty

= [ 1md¥r, (hy).Lihedpr,

2T s g, (he)dpuz, + / i L (T, (he) g,

20y wr, (he)dp,

¥ / Lot (03, (he) + 6T e )y

< —2/?7 Ivht|2duzr +g/(\I/T (ht)+ﬁ(T—1)e—1)duT (C.21)
- m ht i m t t t
by Proposition C.5 and Lemma C.7 where 3(T, ')e~" is added to force
BT Y (helnhy +e71) >0 = g, (hy) + BT, Vet > 0.

(C.21) is a satisfactory bound for now - after taking the limit m — oo, the log-Sobolev inequality (C.16) will bound
the first term on the right hand side of (C.21) such that a Gronwall-type argument can be applied.

For the second term in (C.20), consider the ®; and P, terms in the integrand 1,01, (U1, p1,) = NmO1, (1 + P2 +
B(T; 1) ®3)pur,) of Hy, (t) as
M;V1n ( Ll )
Ky

for the corresponding matrices M; and Ms. With the form (2.2) of the equilibrium pr,, this yields

2
my, 12172

nnLaTt ((Dz (h’t)/"[’Tf, ) = UmaTt

nmaTt ((bi(ht)/)/:[‘t) = _277m(MiV ln ht . Miv&pt hl ,uTt)mt, (0.22)

( (m)_,’_\yl +| 2|2

where the trickiest part, using Zr, = fRQHM e~ T )dxdydz, gives

Or, In pr,

1wl | 1212 |
= NilaTt (ane (U(£)+ +5 )
Z L 21 12 1z)2
= ,Uil <_ Zi?aTtZTt — T (U( )_1_ y? + |2|>>€ %t (U( )+ 4 2] )
2
e N P PN L\ 1
= K, K1y 4, OT 4T, T2 (.13) + 72 + 72

1 P 1 P
= — — - = AT 2
/R%w 72 (U(m)+ 5 T3 dur, i U(z) + 5 T3 (C.23)

Integrating by parts in each of the variables z,y, z, where for the x variable V,U(x) - x is used, after some manipu-
lation using the quadratic assumptions (2.5) and (2.6) for U(z):

212 n+m

1 |y —1
P1 (T ) < 6Tt In ,UTt T7t2 (U(J?) + 7 + 7 - 2Tt> S P2 (Tt ) (024)
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2 2
2a;,n amUg

where py(z) = T — ( e+ Um)x2 and pa(x) = af%nm + (al‘zf,# + UM>:B2 are found from bounding the integral
over U(x).
Substituting (C.23) back into (C.22),

2 2 |2
z
NmOr, (Pi(he)pr,) < Nm <|MN1n hel? + 1,7 Mz‘V<U(I) + % + |2|> | )mt

< Dilho)per, + CT7H (1 [ + [yl + [#17 ) me (C.25)

for constant C' > 0 by the quadratic assumption (2.7) on |V,U|* and 7, < 1.
In the second term of (C.20), ®3(h;) = 7+ In 2+ using the left inequality of (C.24), gives

KTy wry

MmO, (B(T; ) @3 (he)pur,)
= =0Ty 2B (T ) @3 (he) pir, — BT )07, In g, my
= T8 (T, 1) (@3(he) + €V, + 0T 28/ (T7 e o
— 9 B(T )07, In g, my
< T, 28T e

+ BT

_ 1 /n+m
() ¢

2 2
7\ 3 Tt—UM—|aox|2—|y—Z|)‘mt, (C.26)

2 2

where in the last step 7, < 1 and (2.5) have been used.

Putting together the bounds (C.25) and (C.26) and applying Corollary C.3 yields
1 2 2 2
/ M0, (U, () e, dwdydz < q(T;70) (8 + E[1+ X, + i + |27
< p(Tt_1> (H(t) + é), (C.27)

where p and g are some finite order polynomial with nonnegative coefficients and C>o.

Returning to (C.20), collecting (C.21) and (C.27) then integrating from any s to ¢ gives

H,, (t) — Hy, (s) S/:(— 2/77m|v::|2dun + \T;|p<TJ1) (H(u) + C’))du
+0(m™).

After taking m — oo then applying Fatou’s lemma for the first terms of both sides and 7,, < 1 for the second term
on the left, this becomes

H(t) - H(s) g/— 2/ 'V::2duTudu+/:|T;|p(T;1)(H(u)+é)du (C.28)

t
s
t

< / ((ITLIP(Tul) —2Ou1)H(u)+é|T;|p(Tu1)>du, (C.29)

where the last inequality follows by the log-Sobolev inequality (C.16).
Taking s — ¢, the derivative of H can be seen to be bounded in such a way that Theorem 2.17 of [66] can be applied
to see that

H(t)<oo Vt>0. (C.30)
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After taking s — ¢, it remains to show that
20,1 > |Tg|p(T;1) (C.31)
for large t.

Here the assumptions on 7T; are imposed. Considering the form (C.17) of C; and that t* > (Int)? for any p > 0
and a > 0 given large enough ¢, this yields that for any a > 0, there exists ¢t; > 0 and ¢; > 0, ¢ = 1,2, 3 such that

for all t > tq,
d 1 11—« 1 +a 1 11—«
fad < - — Z S - .

Since F > Uy — Uy, by assumption, taking « small enough, there exists ¢4 > 0 and to > 0 such that for all t > ¢o,

+a 1 11—«

Un —Um
E

Uni —Um
E

%H(t) < —C4H(t)<1>

Ung —Um
1 = 4+« 1 11—«
’yl(t) = C4(t> s ’)/g(t) = C3 <t>

and following the argument as per [47] from Lemma 6 in [46], (C.32) becomes

Setting

d ft 1(s)ds ft 1(s)ds Y2 (t) ft 1(s)ds
oY < plta? _ to .
7]‘/‘ <H(t) e e ’Yg(t) = 1 (t) et (t)e ’ (C 33)

but for any ¢ > t5 and t* < t, taking a < %(1 — %),

Upy —U.
1— 1\4E m__9q

RO 1O o

which allows (C.33) to give

Upg—U.
1,7ME LU 1Y

H(t) < H(tg)ei fgz'n(s)ds + 3 (1> (1—e ft;'ﬂ(s)ds).

The proof is finished after substituting back in t* = ¢ since H(t2) is finite due to (C.30) and the expression

t 1 —1+UM;U’" +a 1 —1+UM;Um +a
/t'z ) t t2
grows to infinity as t — oo, where ¢5 > 0 is a constant. O

Remark C.5. The annealing schedule Tj is chosen to satisfy the relationship (C.31) between C; * and |T} \p(Tt_l).

(C.31) has two purposes - for the coefficient of H(u) on the right hand side of (C.29) to be negative and for this
coefficient to be much stronger in magnitude for large ¢ than the last term in (C.29). These allow (C.34) and
consequently for (C.33) to be a fruitful step.

Appendix D Additional Results

We conclude the appendices by presenting the analog of Proposition C.8 for the T; = T' > 0 sampling case and a
result about the choice of the annealing schedule.
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Proposition D.1. Let 1. and 3. of Assumption 1 hold and let Ty =T for all t for some constant T > 0. It holds
that

2H(0) ety
hy — 1ldpr <
=t < St
where C, is the log-Sobolev constant
T
Cu = A+ BTl =0T~ max (2, agf). (D.1)

Proof. After Pinsker’s inequality (2.9) and consideration of the definition (C.8) of H, what remains is the partial
time derivative part of the proof of Proposition C.8. The proof concludes by the same calculations, keeping in mind

T, = 0, until (C.29) followed by the Gronwall argument. O
Proposition D.2. The schedule T; = ﬁ, E > Uy — U, is optimal in the sense that for any differentiable
fiRy 5 Ry, if
1 _
T, = —— (UMU"L) , (D.2)
f) \ In(e + 1)

C is the log-Sobolev factor (C.17) and p is the polynomial with nonnegative coefficients from the proof of Proposition
C.8, then the relation (C.31):

207" > (1)
holds for large times only if limsup,_, o f(t) < 1.
Proof. Suppose there exists a constant 0 > 0 and times (¢;);en such that 0 < ¢; — oo and
ft)=>1+48 Vi

From its definition (C.17),
Cit ~ O(em T UmTE ),

which after substituting in the form (D.2) for T; is

L v A S OFAULL G )l (é) ln_(eU+ D o0 f(t) ). (D.3)
Compare this to
(1) o PRI (L0 s e 1)), D.4)

which has order at least (tf(t))~!(Int)~2. For t = t; large enough, f(t) > 1+ 6 and so
O f) Int < (tf(t) " (Int) 72, (D.5)
violating (C.31). O

Remark D.1. One can strengthen the proposition by making precise the form of p from Proposition C.8, which
will determine how slowly f(¢) is allowed to converge to 1; in fact p should be at least fifth order. This appears
inconsequential with respect to optimality and so is omitted.
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