Downloaded 11/07/23 to 152.3.102.254 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

SIAM J. MATH. ANAL. @ 2023 Society for Industrial and Applied Mathematics
Vol. 55, No. 6, pp. 6457-6495

A SELECTION PRINCIPLE FOR WEAK KAM SOLUTIONS VIA
FREIDLIN-WENTZELL LARGE DEVIATION PRINCIPLE OF
INVARIANT MEASURES*

YUAN GAOT AND JIAN-GUO LIU#

Abstract. This paper reinterprets the Freidlin—Wentzell variational construction of the rate
function in the large deviation principle for invariant measures from the weak KAM perspective.
Through a one-dimensional irreversible diffusion process on a torus, we explicitly characterize essen-
tial concepts in the weak KAM theory, such as the Peierls barrier and the projected Mather/Aubry/
Marié sets. The weak KAM representation of the Freidlin-Wentzell variational construction of the
rate function is discussed based on the global adjustment for the boundary data and the local trim-
ming from the lifted Peierls barriers. This rate function gives the maximal Lipschitz continuous
viscosity solution to the corresponding stationary Hamilton—Jacobi equation (HJE), satisfying the
Freidlin—Wentzell variational formula for the boundary data on the Aubry set. Choosing meaningful
self-consistent boundary data at each local attractor is essential to select a unique weak KAM solu-
tion to stationary HJE. This selected viscosity solution also serves as the global energy landscape of
the original stochastic process. This selection for stationary HJEs can be described by first taking
the long time limit and then taking the zero noise limit, which also provides a special construction
of vanishing viscosity approximation.
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1. Introduction. The classical Kolmogorov—Arnold-Moser (KAM) theorem
studied the existence of quasi-periodic solutions of a perturbed integral system. A
canonical map converting original phase variables (p,z) to action-angle variables
(P, X) can be used to transform a perturbed Hamiltonian dynamics into a (nearly)
integrable system in terms of the action-angle variable. This is a classical way to study
the perturbed Hamiltonian dynamics, pioneered by Kolmogorov, Arnold, and Moser.
The canonical map is globally implicitly solved from a generating function u(P,x),
which solves an associated stationary Hamilton-Jacobi equation (HJE) for each ac-
tion variable P in the classical sense [Arn13, Eva08]. This procedure is, in general,
very hard and can only be taken in a small perturbation way. For general Hamilton-
ian systems far away from an integrable one, the Aubry-Mather theory developed by
Aubry [Aub83] and Mather [Mat82] introduced various action minimizing sets and
effective Hamiltonian H(P) for the corresponding Lagrangian dynamics to obtain a
global understanding of the general Hamiltonian dynamics. Instead of finding the
classical solution to stationary HJEs with an effective Hamiltonian H(P), the notion
of a global nondifferential solution defined in the viscosity sense was introduced by
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Crandall and Lions [CL83]. Solving the family of stationary HJEs with an effective
Hamiltonian in the viscosity sense has many important applications, for instance, the
cell problem for the homogenization theory by Lions, Papanicolaou, and Varadhan
[LPV86] in the late 1980s.

The above celebrated results on stationary HJEs lead to the development of the
weak KAM theory, pioneered particularly by Fathi [Fat97, Fat98], Mané [Man96],
and E [E99]. It is well known that solutions to dynamic HJEs can be represented
in terms of the Lax—Oleinik variational formula, which computes the least action of
the corresponding Lagrangian at a finite time. The weak KAM theorem by Fathi
[Fat98, Fat08] proved convergence from the Lax—Oleinik semigroup representation for
the dynamic HJE to a variational representation of solutions to the stationary HJE,
known as weak KAM solutions. In other words, weak KAM solutions are invariant
solutions for the Lax—Oleinik semigroup; see (4.18). This variational representation for
stationary solutions to HJE uses the Mané potential (3.4) to compute the least action
path in an undefined time horizon. Particularly, if one solves the least action problem
(backward characteristic of the Hamiltonian dynamics) as t — —oo, which tracks back
to some invariant sets of the Hamiltonian dynamics, then the Mané potential becomes
the so-called Peierls barrier with an infinite time horizon. More importantly, those
backward characteristics obtained through PDE methods can be used to characterize
invariant sets in the Aubry—Mather theory for the original dynamical system.

Finding the integrable structure and characterizing those invariant sets of the
original dynamics via the variational representation of the globally defined stationary
solution to HJE is the central idea in the development of the weak KAM theory
and thus is viewed as a generalization of KAM theory in terms of the “Hamilton—
Jacobi methods.” By using the concept of the projected Aubry set, the stationary
variational representation only relies on the boundary values of the solution W(z;)
on the projected Aubry set A and the Peierls barriers
(1.1) W(x)= min W(x;)+ h(z;x;).

zjE€invariant states

This variational representation formula (1.1) was indeed already derived in 1969
in the Freidlin—Wentzell theory for the large deviation principle in the zero noise
limit of the invariant measures for diffusion processes [VF69, VF70]. The Freidlin—
Wentzell theory comprehensively studied the global quasi-potentials that were globally
defined and were later called the Mané potentials during the development of the
weak KAM theory in the late 1990s. The local quasi-potentials within the basin
of attraction of each stable state are widely used in computing the barriers for exit
problems of a stochastic dynamics. Using quasi-potentials for each basin of attraction
of stable states, the Peierls barrier can be computed and can be used to construct the
rate function W (z) for the large deviation principle of invariant measures for those
stochastic processes; cf. [FW12, Chapter 6, Theorem 4.3].

This paper focuses on reinterpreting the Freidlin—Wentzell variational construc-
tion of the rate function for invariant measures in the large deviation principle from
the weak KAM perspective. Through a simple one-dimensional irreversible diffusion
process on a torus, we explicitly characterize all the essential concepts in the weak
KAM theory, such as the projected Aubry/Mather sets, the variational representa-
tion, and the unique selection principle for boundary data on the projected Aubry set
provided by the large deviation principle. These weak KAM characterizations also,
in turn, help us understand the global properties of the rate function in the large
deviation principle through a geometric/dynamic viewpoint and the construction of
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the global energy landscape, which guides the most probable path/states in the zero
noise limit of the stochastic process.

We first clarify that to study the rate function for the large deviation principle,
we are only interested in the critical energy level, i.e., the critical Mané value ¢* = 0;
see section 3.1.1. Then the stationary HJE is

(1.2) HW'(z),2) = W' (W' - U") =0.

Here the Hamiltonian H (p,z) = p(p—U’(z)) can be derived from the WKB expansion
We (x . .
for the family of invariant measures 7. (z) =e~ 2 The corresponding Lagrangian

is also called the Mané Lagrangian,

(1.3) L(s,z)= %(s—&-U’(m))Q.

The most distinguishing feature is that the Mané Lagrangian L(s,z) >0 and L =0 if
and only if s =—U’(z). This reduces the action minimizing path to a first-order ODE
problem. Although it is not directly related to the large deviation principle, there are
also other dynamics corresponding to the effective Hamiltonian H(P) > ¢* = 0. This
defines different invariant sets and action minimizing measures, which become more
involved, particularly for high dimensions; cf. [Sorl5].

Some results presented in this paper might be direct consequences of general
results in the weak KAM theory; however, we nevertheless provide more explicit in-
formation and elementary proofs for the simple example on S' that are particularly
connected to the Freidlin—-Wentzell theory. For a comprehensive study or survey of
the weak KAM theory, we refer to Fathi’s book [Fat08] and some very recent books
[Sor15, Tra21]. For recent developments of the weak KAM theory in noncompact
domains, we refer to [FRF09] for the regularity of Hamiltonians and to [WWY19] for
contact Hamiltonian systems where H(Vu(z),u(z),z) also depends on u. We par-
ticularly refer to [Con01, Gom08, 1109, DFIZ16, IS20] for the weak KAM solution as
a vanishing discount limit in compact/noncompact domains. The vanishing discount
limit of the corresponding optimal control problem does provide a selection principle
for weak KAM solutions. See also [CGMT15, MT17], which include a degenerate
diffusion term in the vanishing discount limit problem, and see [IMT17] for a duality
framework in the vanishing discount problem for fully nonlinear, degenerate elliptic
Hamiltonians. The selection principle from the vanishing discount limit is, however,
different from the selection principle provided by the large deviation principle for in-
variant measures. Nonuniqueness of the viscosity solution to the stationary HJE is
an important issue even if the Hamiltonian is strictly convex. The nonuniqueness
for the vanishing viscosity limit of both stationary HJE and stationary conservation
laws are important problems. For instance, constructing a vanishing viscosity ap-
proximation to stationary HJE which has a uniform limit is still open [Tra21]. For
the stationary transonic flow, multiple stationary entropy shocks were constructed
by Steinhoff and Jameson [SJ82], and a selection principle via the stability of the
time-dependent problem was studied by Embid, Goodman, and Majda [EGM84] and
numerically computed by Shu [Shu88]. We will explain our results below.

For a one-dimensional irreversible diffusion on torus, in Proposition 3.1 we ex-
plicitly compute the detailed structures of the Peierls barrier h(y;x;), which is a
central concept in the definition of the projected Aubry set in the Mather—Aubry
theory developed in the 1980s. Then we use the Peierls barrier h(y;x;) to study the
detailed structure of the Freidlin—Wentzell variational construction of the rate function
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W*(x) =W (z) —mingest W(z) of the large deviation principle for invariant measures
of the diffusion process on S!. This includes two essential steps: (i) the global adjust-
ment for boundary data W(z;) at the local minimums z; of the original skew periodic
potential U(z), and (ii) the local trimming via a variational representation for W(x);
see (1.1) and the local version (3.30).

For step (i), we give an alternative proof in Lemma 3.2 that the variational formula
for the boundary data satisfies the discrete weak KAM problem. These boundary
data indeed uniquely determine a maximal Lipschitz continuous viscosity solution (see
Proposition 4.8) and thus the unique selection principle (3.22) for these boundary data
is essential to construct a global energy landscape for the original stochastic process.
Particularly, when the original potential U(z) is periodic itself, then we verify that the
variational formula for the boundary data must give exactly the same values as the
original landscape U(z); see Proposition 3.4. As a byproduct, we also show how to
obtain a set of consistent boundary data satisfying the discrete weak KAM problem;
see Proposition 4.7.

For step (ii), based on the globally adjusted boundary data and Peierls barriers
h(y;x;), we obtain a local variational representation for W(z), which only depends
on the adjacent boundary data and barrier functions; see Proposition 3.3. This local
trimming procedure reduces the computations, as shown in the examples in Figure 3.
After explaining the variational construction for W(z), in Proposition 3.5, we prove
W (z) is a global viscosity solution to

(1.4) HW!'(z),2) =W'(z)(W(z) —U'(z)) =0, xS,

satisfying the boundary data uniquely determined via (3.22).

Section 4 focuses on the weak KAM interpretation for W*(z) = W (x) —min W (x).
We characterize that the projected Aubry set A is equal to the projected Mather set
M, and is equal to all the critical points of U(x). In Corollary 4.5, we prove W*(z)
is a weak KAM solution to (1.4) of negative type, in which the calibrated curves
track back to the projected Mather set and those curves are simply solved by the
“uphill/downhill” first order ODEs (4.13) and (4.11), respectively. Moreover, the
constructed W(z) is the maximal Lipschitz continuous viscosity solution satisfying
the boundary data W (x;) = W; given in (3.22). These boundary data are chosen via
(3.22) and Lemma 3.2, so that W*(x) = W(x) — mingest W(z) is the rate function
for the large deviation principle of the invariant measures of the diffusion process on
S!. While all the invariant sets characterized above are the uniqueness sets for the
weak KAM solutions to HJE (1.4), there are other uniqueness sets and we show that
the uniqueness sets must contain all the local maximums/minimums; see Lemma 4.2.
After all these understandings from the weak KAM perspective, we give a probability
interpretation for the weak KAM solution W*(x).

In section 5, we provide more understanding of the obtained weak KAM solution
W*(z), including the exchange of double limits and how one selects a meaningful weak
KAM solution that captures the asymptotic behavior of the original stochastic process
at each local attractors. In Proposition 5.1, using the property that W*(z) is an invari-
ant solution to the Lax—Oleinik semigroup representation for the corresponding dy-
namic HJE, we prove that for a special initial distribution, the large time limit and the
zero noise limit can be exchanged for the distribution p.(z,t) of the diffusion process,
ie, “lim.o(—eloglim; oo pe(x,t)) = limy o0 lime 0 —elog pe(z,t).” In general,
the double limits in both sides exist for any initial data. The right-hand-side limit ex-
ists [BS00, Theorem 2.1] but is not unique. However, the left-hand-side limit is unique,
which provides a selection principle. That is to say we first take the long time limit
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lim¢—, 1 oo pe(x,t) which is unique due to ergodicity and then take the zero noise limit
€ — 0 due to the large deviation principle for invariant measures. In section 5.3, we dis-
cuss our selection principle for weak KAM solutions, which are in general not unique;
see examples in section 5.1. W*(x) =lim._,o(—¢loglim;_, 4o pe(x,t)) where the vari-
ational formula for boundary data W (z;) serves as a meaningful selection principle be-
cause it is proved to be the rate function of the large deviation principle for the invari-
ant measures. Indeed, the associated viscous HJE computed from the WKB reformu-

We (=

lation of the invariant measure m.(z) =e~ "+  of the irreversible diffusion process is

(1.5) W/(W! - U =e(W. - U)".

As the rate function of the associated irreversible diffusion process on S, W*(z) is
unique and can be regarded as the limit of W.(z), in the sense of the large devia-
tion principle (see (2.20)). (1.5) also provides a special construction of a viscosity
approximation, which has a uniform vanishing viscosity limit. We point out that in
general, the vanishing viscosity approximation method for stationary HJEs only has
converged subsequences whose limit is not unique. Our selection principle is different
from the widely studied selection principle via the discount limit of the associated op-
timal control problem in an infinite time horizon. The discount limit method usually
cannot capture the long time behavior of the original dynamics. Based on the selec-
tion principle in the large deviation sense, the periodic Lipschitz continuous global
energy landscape W*(z) determines the most probable states/path for the original
stochastic dynamics as the noise goes to zero; see the generalized Boltzmann analysis
through the calibrated curves in section 5.4.

The remaining parts of this paper are organized as follows. In section 2, we
introduce the Langevin dynamics on the circle S* and describe the large deviation
principle for the invariant measures with both an illustrative example and the abstract
result by the Freidlin—Wentzell theory. In section 3, we give explicit properties for
the Peierls barriers and use them to prove the variational formula for the global
adjustment of boundary data and to construct the global energy landscape W*(z).
The local variational representation, the consistency check, and the viscosity solution
property for W*(x) are given in sections 3.2.3, 3.3, and 3.4, respectively. Section 4
focuses on the characterization of Aubry—Mather sets and the weak KAM solution
properties. W*(x) being the weak KAM solution is proved in section 4.2, and its
uniqueness depending on the self-consistent boundary data is discussed in section 4.3.
The nonuniqueness of weak KAM solutions and our selection principle, compared with
other selection methods, are given in section 5. The probability interpretation for the
Freidlin-Wentzell construction of W*(z) is discussed in section 5.4.

2. The rate function of large deviation principle for the invariant mea-
sure of Langevin dynamics on a circle S'. We first introduce a very simple
stochastic model, which, however, contains all the representative properties to study
the relations between the large deviation principle for invariant measures and the weak
KAM theory. This is a one-dimensional irreversible diffusion process on the periodic
domain S!, in which the WKB reformulation for the invariant measure 7.(x) gives a
stationary HJE. In section 2.2, we first use a single-well nonperiodic potential U(x)
to illustrate the local trimming of the potential U(x) brought by the large deviation
principle, and then we describe the general large deviation principle for the invariant
measure 7 (x), which was proved by Freidlin and Wentzell [VF69, VF70]. The associ-
ated variational formula for the rate function will be introduced in detail in section 3.
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2.1. Langevin dynamics on a circle S. In this subsection, we first introduce
a Langevin dynamics on the simplest closed manifold S'. We start from a Langevin
dynamics on a circle S' with a drift in gradient form, i.e., there exists a smooth skew
periodic potential U(z) such that b(z) = —U’(x),z € S'. This Langevin dynamics on
S! reads

(2.1) de=—-U'(z)dt + v2edB.
Here the skew periodicity of the smooth function U(x) implies there exists a smooth

periodic function U(z) such that U(z) = U(z) — bz for a constant b. Therefore,
U'(z),r €S is a smooth periodic function and

(2.2) /0 U'(x)dz =U(1) — U(0) = —b.

We refer to the dashed black line in Figure 5 for an example of a skew periodic
potential U(x) with three local minimums in one skew period.
The Kolmogolov forward equation corresponding to (2.1) is

(2.3) Oipe = (pU"Y +¢ep!  inSh

Plugging the WKB reformulation p.(z,t) =e~ peirt)

we obtain the dynamic HJE

into (2.3) and then taking € — 0,

(2.4) i) + HOpp(w,1),2) =0, z €S,
where the Hamiltonian H :R x S! -5 R is

(2.5) H(p,z)=p(p—-U").

Then the corresponding Lagrangian, as the convex conjugate of H(p,x), is given by

(2.6) L(s,z)= ilelg (sp— H(p,x)) =sp* — H(p*,z) = %(s +U'(2))

where p* solves s =0, H (p*,z) =2p* — U'(z). It is easy to see Hamiltonian H(p,z) is
strictly convex w.r.t. p, periodic w.r.t.  while Lagrangian L(s,z) is strictly convex
w.r.t. s, periodic w.r.t. . Another important property is

(2.7) L(s,z) >0 and L =0 if and only if s = —U’(z).

The above ODE flow & = —U’(x) can be naturally embedded into the Euler-Lagrangian
flow (x,4)(t) on the tangent bundle T'S'. This special Lagrangian graph (z,—U’(x))
enables explicit computations for invariant measures and action minimizing mea-
sures/curves; see Mané [Man92]. So this Lagrangian (2.6) is also known as the Mané
Lagrangian [FR12].

2.2. The invariant measure m.(x) and the large deviation principle as
€ — 0. The corresponding invariant measure 7. (z) satisfies the stationary Fokker—
Planck equation

(2.8) en! +(U'n.)) =0 inSh
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Without loss of generality, we assume minU(xz) = 0. The unique periodic positive
solution 7. is given by

) x+1
. me(x) = Ee_# eU(Ey)dy7 zeSt,
2.9 C
x

where C. is a normalization constant such that f me = 1. The integral function in
(2.9) can be regarded as a corrector to make m.(x) periodic. Indeed, recast (2.9) as
41 T@)=U(x) S .

me(x)oc [, e~ = dy, which is periodic.

If 5=0, then U(x) is periodic and the above integral in (2.9) is a constant. Thus
the Langevin dynamics (2.1) is a reversible process and the periodic invariant measure

Uz

is directly given by m.(x) e Indeed, from (2.9), one can compute the steady
flux

(2.10) Jo=erl +U'r. =eC: (e‘g —1) )

b = 0 is equivalent to J. = 0 pointwise and thus equivalent to reversibility of the
Langevin dynamics (2.1). Then it is obvious that U(z) = —elogm.(x) is the rate
function in the large deviation principle for the reversible invariant measure 7 (x).

However, if b # 0, then the Langevin dynamics (2.1) is irreversible and the invari-
ant measure does not have a straightforward formula to serve as a rate function in
the large deviation principle. In this case, we define a WKB reformulation

x+1 )
(2.11) We(z) = —elogﬂa(x):U(x)—elog/ e@dy—slogCE, reSt.

x

From (2.9), since the solution 7.(z) to (2.9) has a unique closed formula, W, (z) =
—elogm.(x) can be uniquely computed up to a constant.

If as € — 0, the limit W(x) — W*(x) exists for some periodic function W*(x),
then this limit W*(x) is the rate function for the large deviation principle of the
invariant measure m.(z). For a peculiar case that U(z) is strictly monotone, then
me(z) = % +O(e) does not have an exponential asymptotic behavior. In this case,
W*(x) =0. Hence we only consider the case when U(z) has minimums.

2.2.1. Illustration of the Laplace principle for a single-well potential
U(x). In this subsection, we use the following simple example with a single-well
nonperiodic potential U(z) to explicitly compute and simulate the convergence from
W (z) to the globally defined, periodic, Lipschitz continuous rate function W*(z); see
plots of U(z), W(x), and W (z) in Figure 1.

Take

(2.12) U(z) =cos(2nx) — cos(mz) + g, z €10,1].

Then U(x), x € (0,1) is a single basin of attractor of the stable state zo = L arccos 1,

Umin = U(x) = 0 and the boundary difference is —b = U(1) — U(0) = 2. One can

do skew periodic extension to a C'! function on R by U(z + k) = U(x) — bk, k € Z.
2

Defining 2* = £, which has the same value as Ue; := U(0) = U(x™) for the exit

problem, we have

0=Unin < Uexit = U(0) = U(2*) < U(1) = Unax.
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Fi1G. 1. The plot of U(z) in (2.12), We(x) in (2.15) with different values of €, and the rate
function W*(z) in (2.17). As e — 0, a uniform convergence from We(x) to the rate function W*(z)
is shown with a zoom-in plot near the nondifferential connection point, where U(x) is cut off from
above by the constant Uegit. U(x) is skew periodic while both We(x) and W (x) are periodic.

Since Upmax = U(1), b+ Umax = U(0) and (2.9) can be reformulated with a different

C€7
_ U b U Umax T U(2)—b—Umax
7e(x) = Cee™ "= e E dz + e E dz
x 0

x 1
—U(x) U(2)—U(0) U(z)-U(1)
=C.e ¢ (/ e = dz—!—/e c dz), zeSh
0 T

Since minU(z) = 0, e~ — O(1) and by the Laplace principle fozeU(ziL(o) dz +
;eU(z);U(l)dz > 0(1) as € —» 0. Thus C. < O(1). When z € [0,2*], U(z) =
min{U (x), Uexit }, then one can directly apply the Laplace principle for the integrals
in (2.13). But for z € [z*,1], U(0) = min{U(z), Uexit }, so the first integration in (2.13)

shall be recast as

x T
—U(x) U(2)—U(0) —U() U(z)—U(z)
(2.14) e = / e ¢ dz=e - / e ¢ dz
0 0

Then from WKB reformulation (2.11), we obtain

(2.13)

(2.15)
W (z) = —clogm.(x) = min{U (), Uexit }
1 CE (foer(Z)gU(O) dZ + fxl eU(Z)zU(l) dZ) 7 = [07:1;*}7
—¢€ Og T 2)—U(x —U(x 2)—
. <f0 RACRaA )dZ+€U(O)€U( ) fml@U( )eumdz), z ez 1].
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Now every integral term in the above desingularization formula is O(1) and can be
numerically implemented. Then by the Laplace principle, we show the last term in
(2.15) is an o(1) term,
1 2 1 2 1.
C- (3w + 5[ m) . el

TO)=Ul=) § 27 *
CE<U%(I)+6 e 5‘/\U”(81)|)’ x € [z*,1].

Hence, we obtain the rate function W*(z) for the large deviation principle

(2.16) elog

(2.17) We(z) = W*(z) :=min{U(z), Ueyxir} in S’

In Figure 1, the WKB reformulation W, () is plotted with £ =0.05,0.01,0.005,0.003,
0.002,0.001. A uniform convergence from W, (x) to the rate function W*(z) is shown
as e —0.

For other cases where U (z) has multiple wells, this simple cutoff (local trimming)
by a constant as described in the above example is not enough. A globally defined
adjustment for the values at each local minimum of U(x) needs to be constructed first,
and then the local trimming procedures are applied; see section 3.2. Finding the cor-
rect global energy landscape with multiple wells, after proper global adjustment and
gluing, is important for the rare events computations; cf. [ELVE19], [GQ12], [ZL16],
and [GLLL23]. The global energy landscape correctly measures the action/energy
required for the transition from one state to another state, which in general is not
the original potential function U(z), as we have already seen from the above simple
example (Figure 1).

For the general case, the explicit variational formula for the limit lim._,o W (z) =
WH*(x) = W(z) — min W(z) was discovered by [VF69, section 8] (see below (3.28))
and we will describe it in detail in section 3. In [VF69, section 8] (see also [FW12,
Chapter 6, Theorem 4.3]), this limit W*(z) is proved to be the rate function for the
large deviation principle of 7. (x) in the following sense. For any v > 0, there exists
do such that for any § < &g, there exists g such that for any € < gg

(2.18) W(z) —minW(x) — v < —elogm.(Bs(x)) < W(x) —min W (z) + .

This statement is equivalent to Varadhan’s definition [Varl6, Definition 2.2] for the
large deviation principle on compact domain. Indeed, taking liminf and lim sup w.r.t.
6 and e, we have

(2.19)
W(z) — min W(z) — v <liminf lim iglf —clogm.(Bs(x))

§—0 e—

<limsuplimsup —elog 7. (Bs(x)) < W (z) — min W (x) + 7.

§—0 e—0

Thus since « is arbitrary,

(2.20)
W(z) — min W(z) = liminf lim i(I)lf —clogm.(Bs(x)) =limsuplimsup —elog 7. (Bs(x)).

=0 e 50 =0

Thus, (2.19) is exactly the lower bound and upper bound estimates in [Var16, Defini-
tion 2.2] and thus implies the large deviation principle for the invariant measure 7. ()
with the rate function W (z) — min W (). In one dimension, [FG12] provides a direct
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proof for the limit of —elogm.(x) via Laplace’s principle and recovers the variational
formula (3.28).

We remark that for general stochastic processes, for instance, for the large devia-
tion principle in the thermodynamic limit for the invariant measures of the chemical
reaction process [GL23], one can also directly study the upper semicontinuous (USC)
envelope of the WKB reformulation W, (x)

(2.21) W(z):= limsup W.(z;)

e—=0,z;—x
and the lower semicontinuous (LSC) envelope of W (x)

(2.22) W(z):= Elzgnxl]nix We(xj).
By these definitions, if the large deviation principle (2.20) holds, then necessarily one
obtains

(2.23) W(z) <W(x) —minW(z) < W(x).

In [GL23, Proposition 4.1], under the detailed balance condition for the chemical
reaction process, the USC envelope W (z) is proved to be a USC viscosity solution to
the corresponding stationary HJE in the Barron-Jensen sense [BJ90].

2.2.2. Variational formula for W*(z) through Varadhan’s lemma. Re-
call the WKB reformulation W_(x) of invariant measure 7. (x). From the large devia-
tion principle (2.20) for the invariant measure 7. (z), Varadhan’s lemma [Var66, Var16]
provides another variational formula for the rate function W*(x). Below, we carry
out details for this formula.

Using Varadhan’s lemma [Varl6, Theorem 2.5], we know for any test function

fec(sh),

* . f)
(2.24) sué)(f(y)—w (y))=hg%—6log/s e = me(y)dy.
ye 1 1> 1

Denote the integral above as A, and compute it via the closed formula (2.11)

1 y+1
) W) -Uw) )
AE::/ e ﬂa(y)dy:C’E/ e T / et dzdy
0

e €
Sl
Ut rwvwrue
e E dydz.
0 z

1 z
FW-=UW)+U(2)
= C&/ / € ’ Ey . dde—‘rCE(i_
0o Jo

Here we used exchange order of integrals and skew periodicity (2.2). However, there
is no simple way to directly study this globally defined limiting function. Thus we go
back to the Freidlin—-Wentzell variational construction below.

In the next section, under the assumption that there are finite critical points x;
for U(x), we reinterpret and give an alternative proof for the construction of a global
periodic energy landscape W (x) from locally defined quasi-potential after adjusting
levels and then proper trimming and gluing. From the formula of W, (x) in (2.11),
the limiting rate function W*(x) can be viewed as the original potential U gx) with an
additional corrector computed from the Laplace principle for €log f;ﬂ e dy. This
provides the recipes to (i) globally adjust the levels W (x;) of each quasi-potential
for each stable basin via (3.22) and then (ii) to locally trimming from above and

<

(2.25)

oo
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glue to construct W*(x) = W{(x) — min; W(z;) via (3.28) or (3.30). This global
energy landscape is continuous and is proved to be the rate function of the large
deviation principle for the invariant measure of Langevin dynamics on a circle S!
[FW12, Chapter 6, Theorem 4.3]. We will also prove that W*(z) is a viscosity solution
to HJE (3.48); see Proposition 3.5.

3. Freidlin—Wentzell variational construction of periodic Lipschitz con-
tinuous global energy landscape W™*(x). In this section, we focus on the
detailed description of the Freidlin—Wentzell variational construction of the rate func-
tion W*(z); see (3.24) and (3.28). Using the one-dimensional irreversible diffusion on
torus (2.3), we give an alternative elementary proof for the variational formula (3.24)
for determining the boundary data and elaborating explicit properties of W*(x) such
as the shape of the nondifferentiable part. Those boundary values are globally de-
fined and are the most crucial ingredient to obtain the unique, Lipschitz continuous,
periodic global energy landscape that can correctly represent the exponentially small
probability in the large deviation principle. Before giving the variational formula,
we revisit and prove the detailed characterizations of two essential concepts of least
action functions: the quasi-potential (a.k.a. the Mané potential) and the Peierls bar-
rier. Based on these explicit properties, we then give the construction of a global
energy landscape in section 3.2 based on (i) the global adjustment for boundary data
on the local minimums and (ii) a local trimming procedure via adjacent boundary
data and the Peierls barrier; see Lemma 3.2 and Proposition 3.3. Last, we give a
consistent verification to show the variational representation of W*(x) is indeed re-
duced to the original potential function U(x) if the diffusion process is reversible; see
Proposition 3.4.

Let us first clarify that we always work on the case that U(z) has finite many
critical points indexed as follows. Assume there are k stable local minimums

(3.1) T1,%2,...,Tk

of U(x), interleaved by k unstable local maximums

(3.2) x%,x1+%,...,xk+%:x%+l.
Without loss of generality, we assume

(3.3) Ozﬂc%<x1<x1+%<x2<--~<xk<xk+%:1.

Denote other duplicated points outside [0,1] as ;4 = x; + £ € R for any ¢ € Z.

3.1. Properties of Peierls barrier h(y;x;) and Mané potential v(y;x;).
In this subsection, we revisit two essential concepts of least action functions: the quasi-
potential (a.k.a. the Mané potential) and the Peierls barrier. In our one-dimensional
example, we further explore the explicit shape characterizations for those least action
functions, which are important properties for the later construction of global energy
landscape.

3.1.1. Quasi-potentials and critical Mané value ¢* = 0. Quasi-potential is
an essential concept introduced in the Freidlin—-Wentzell theory, while the local quasi-
potential within a basin of attraction of stable states is widely used for computing the
barrier of exit problems for stochastic processes. We explain below the globally defined
quasi-potential, which is now called the Mané potential following the convention in
the weak KAM theory.
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Given any starting point x(, not necessarily critical points, the Mané potential is
defined as

T
(3.4) v(y; o) = inf / L(¥(t),~(t)) + ¢)dt.
W 20) = o iy [, OO (E) F)
It is well known that the critical Mafié value for the Lagrangian (2.6) is zero ¢* = 0.
So from now on, we drop c in the definition of the Mané potential. As it is an essential
concept, we provide descriptions of four characterizations for ¢* below.

(i) The definition of the critical Mané value is (cf. [CI99])

(3.5) ¢ =sup{c €R; 3 closed curve z(-) s.t. /0 (L(&(t),z(t)) + ¢)dt < 0}.

Since L > 0, we know at least ¢* < 0. On the other hand, if ¢* < 0, then one can
choose a standing curve z(t) = z; at a steady state x; such that & = —U’(x) =0. Then
one has L =0 while fOT(L(a'c(t),x(t)) +¢*)dt < 0. Thus ¢* =0.

(ii) From [Fat08, Definition 4.2.6], one can verify

(3.6) c*:=inf{c € R; there exists u € Lip(S') s.t. H(v/'(x),z) <c a.e.} =0.

Indeed, on the one hand, taking v =0 implies H (u'(x),2) =0, so at least ¢* <0. On
the other hand, since H = (u' — %/)2 — (%/)2, for any u € Lip(S'), H > 0 at critical
point z; of U. Thus ¢* cannot be negative, so ¢* =0.

There are two other methods for characterizing ¢*: (iii) ¢* can also be computed

via the min-max problem (cf. [Eva08, Theorem 4.1]),

. inf / / _U —0:
c b, maxy (@)(¢'(z) = U'(x)) =0;
(iv) ¢* can be computed via action minimizing (Mather) measures (cf. [Eva08, Theo-
rem 2.7]): Let Py (R x St) be the collection of probability measures p on R x St that
is invariant under the Lagrangian flow. Then

¢*=— inf / L(s,z)du(s,z) =0.
HE€Pinv JRx St

See also [Man96] for a relaxed minimization which relaxes the invariant Lagrangian

flow condition. The measure achieving the minimum is called the Mather measure.

There are many Mather measures i on R x S for our problem. For instance, we take

w=0(s)d(x — x;), where z; is a steady state, and it is easy to verify the minimum

c¢* =0 is achieved.

3.1.2. Characterization of Peierls barriers h(y;z;) on S'. We point out
that for the above case that the starting point z; is a stable/unstable critical point of
U(x), another important concept, called the Peierls barrier, is defined as

T
3.7 h(y; x;) ;= liminf inf / L(A(t),~(t))dt.
3.7) (yize)i=liminf o wf ) EO@(E)

From the computations for left/right Mané values in (3.10) and (3.12), it is easy
to see for z; being a critical point of U(z), then v(y; x;) = h(y;z;) for any y € S*. Thus
from now on, we use Peierls barrier h(y;x;) instead of v(y;x;) whenever the starting
point is a critical point of U(z).

Copyright (©) by SIAM. Unauthorized reproduction of this article is prohibited.



Downloaded 11/07/23 to 152.3.102.254 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

SELECTION PRINCIPLE FOR WEAK KAM SOLUTIONS 6469

Before we explain explicitly the global energy landscape W*(x) construction, we
characterize the explicit formula for Peierls barriers h(y;x;) with the specific nondif-
ferential point, connection shape, and periodicity; see Figure 5. This will also serve as
a key observation for justifying the weak KAM solution later. In this paper, we always
assume the orientation of 2 € S belonging to an interval x € (a, b) is counterclockwise.

PROPOSITION 3.1. Assume there are k stable local minimums of U(x), interleaved

by k unstable local mazimums indexed as (3.1) and (3.2). Then

(i) the Peierls barrier h(y;x;) >0 is Lipschitz continuous and periodic;

(ii) there exists x* € S! such that h(y;x;) is monincreasing in (x*,z;) to zero
and then nondecreasing in (x;,z* + 1) back to the same level h(z*;x;) =
h(z* + 1;24);

(iii) the only one possible nondifferential point is the connection point x*, where
either an increasing function is connected to a constant or a constant is con-
nected to a decreasing function, that is to say, h(y;z;) is a C1 function cut
off at most once by a constant from above.

(iv) h(y;z;) is the mazimal Lipschitz continuous viscosity solution to HJE

(3.8) H(W (y),y)=h'(h' =U")=0, yeS',

and satisfies h(x;;x;) = 0.

This proposition on the characterization of Peierls barriers is basically known in
the weak KAM theory but here we give detailed properties on the periodicity and
explicit shape of h(y;z;).

Proof. First, we define a right barrier function for y € [z;, z;4x] CR

T
(3.9) hr(y;@:) /0 i|ﬁ+U’(7)|th

T>0,v(0)=z;, v(T)=y

for an exit problem starting from z; to the right until the point z;, passing through
several local minimums x;41,...,2;4x—1 € R. To see explicitly the formula for the
barrier function, from each stable minimum z; to its adjacent critical points, we can
first compute

(3.10)

T
1
hp( 1 x) = inf ~ |5+ U'(y)dt
R(xz+§7 .73) TZO-,'Y(O):i?’ ’Y(T)_xH»%/O 4|7+ (r}/)|

T
1
= inf ~|y=U’ 2+'U/>dt>Ua:i 1)=U(x;).

T>oﬂ(o)_zi,7(T)_mi+%/O (47 M+ >U( +2) €)

Here the equality holds if and only if 4 = U’(v) and y(+00) =z, 1, 50 hp(z;y1; ;) =
U(z;y1) — Ulxi). It is usually referred as the “uphill” path from z; to z;,1; cf.
[FW12]. Similarly, the left barrier from z; to the left to a;_1 is

(3.11)

T
1
hp(z, 1;3):= inf |y + U (Y)Pdt =U(z;_1) — U(x;).
(i g;2i) T>0’7(0)_;3V(T)_zi_;/0 AU (€i—3) = Ul=i)

Conversely, for the “downhill” path starting from x; , 1 along § = =U'(vy) and y(4+00) =
Zi+1, We have
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1
inf / ¥+ U'(y)2dt =0.
)=zi1.Jo 4

hp(@it1;241) =
(3.12) R(Tiy1;@ +§) T20,7(0)==,, 1, 7(T

Thus

319 e ) =l
' hp(xi—1; @) =hp(x
Other barriers passing through multiple wells can be computed repeatedly.

Thus the barrier formula hg for this one-dimensional least action problem (mul-
tiple exit problems) is given by a least action problem for the piecewise C! curve
connecting x; to y € [z;, Titk],

(3.14)
Uly) = Ul(w:), Y€ [wi wiy 1], increase;
U($i+%) —Ul(z:), ye [&EH%,xiH], constant;
hr(y;ei) =4 Uips) —Ulz) +Uy) —U(@it1), Y€ [wiy1, ¢43],  increase;
Z;J;]:il[U(ijF%) —Ul(zj)], Y€ [xi+k7%, Ziyk], constant.

We emphasize U(z) is skew periodic function defined on the whole R, so hgr(y;z;) is
well-defined. It’s easy to see hr(y;z;) is a nondecreasing C1([z;,z;4x]) function.

Similarly, a nonincreasing C([z;_,z;]) function hy (y;x;),y € [k, ;] can be
computed to serve as a left barrier function for the exit problem starting from x; to
the left until the point z;_y,

(3.15)
Z;‘:i—k-l,-l[U(xj—%) —Ul(xj)], Y € [wimks T;_pp 1], constant;
hi(y;xi) = U(zi—%) —U(z)) +U(y) —U(zi-1), yE [Jii_%, i1, decrease;
U(%-%) —U(xi), ye [xi_l,xi_%], constant;
U(y) — U(zs), yE [xi_%, x;], decrease.

For other points, due to screw periodicity of U(x), one can naturally define

hp(y£1,xitrx) =ho(y,z:), hr(yE£1,zitr) =hr(y,x:).

See Figure 2 for the illustration of the left barrier hp(y;x;) and the right barrier

hr(y; z;).
Second, since U’(x) is periodic, for y € S!, we compute the Peierls barrier

T

1
3.16 h(y;x;) := inf / — |34+ U'(7)|?dt.
(3.16) (y;2i) oo )=y | AU

Using hg, hr, we represent h(y;x;), y € [0,1], as

oy min{hr(y;2i), hr(y +1L24)}, vy <y,
(3.17) hly;@s) = { min{hr(y — 1;2:), hr(y; i)}, y >z,

which will be proved below to be a periodic, Lipschitz continuous function. We first
give a key oberservation, which will be used in the characterization of the shape of
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F1G. 2. The construction of the Peierls barrier h(y;x;) via the left barrier hy (y;x;) and right
barrier hg(y;xi). The dashed black line is the skew periodic potential U(x) with three local minimums
1,0,2 in S' = [61,,6]. The solid green line is the left barrier starting from z; = 3 and is nondecreasing
clockwise. The solid purple line is the right barrier starting from x; = 3 and is nondecreasing
counterclockwise. After finding x* such that hy, (z*;x;) = hg(x*+1;;), h(y; ;) is periodic, Lipschitz
continuous with only one cutoff by a constant from the above at the nondifferential point x*.

the global energy landscape as well. Notice [z;, #;; 1] = [%;—k, ©;_p41] + 1 is on the
increasing interval of the ith well U(z), where hp is increasing and hj, is a constant.
Similarly, [@; 1, #;] = [, 1, ®itx] — 1 is on the decreasing interval of the ith well
U(z), where hp is a constant and hy, is decreasing. Below, we characterize h(y;z;).

Step 1. Since hgr(y;z;) is nondecreasing and hr(y;x;) is nonincreasing, there
always exists x* such that hr(z*;z;) = hr(z* + 1;2;). Therefore, for * <y < x;, the
minimum (3.17) is attained at hy(z), while for z; <y < z* 4 1, the minimum (3.17)
is attained at hg(x). Thus the Peierls barriers is given by

oS hoyia), 2t <y<uy,
(3.18) h(y7$z)_{ hR(ZJW%‘), 2 <y<a*+1.

Immediate consequences are that h(y; ;) is a C! function in (z*, 2*+1), nonincreasing
in (z*, ;) to zero, and nondecreasing in (z;,2* + 1) back to the same level

h(z*;2;) =h(z* + 1;x;).

Thus h(y; ;) has continuously periodic extension and the only possible nondifferential
point is x* + Z; see Figure 2 for the construction of h(y;xz;) via hr(y;x;), hr(y;x;).
Hence we obtained conclusions (i) and (ii).

Step 2. We prove the type of the nondifferentiablity for point z*.

First, there exists i —k < ¢ < such that 2* € [z,_1,2,,1]. We only need to
consider three cases. Case (1): ™ =y or x5 1, then I'(z%;2;) = b (¢*) = hip(z*) =0
is differentiable. Case (2): if 2™ € (z¢,2,,1), then from the formula (3.18), we know
b (x%;x;) = Wy (2h;2;) = 0 while b/ (2 ;2;) = hly(a* ;2;) = U’(2*) > 0. This case
implies that an increasing function is connected to a constant at the nondifferential
point z*. Case (3): if 2* € (z,_1,2¢), then the left derivative h'(z*;z;) = 0 while
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the right derivative exists and is negative h/(z%;x;) = U’(2*) < 0. This implies
that a constant is connected to a decreasing function at the nondifferential point x*.
Therefore, we obtained the conclusion (iii).

Step 3. One can directly verify h(y;x;) is a viscosity solution based on the defi-
nition in [BD497, p. 5]. The maximality of h(y;z;) follows [Tra2l, Theorem 2.41] or
[FRF09, Theorem 2.4] only with small modifications. Let @(y) be a Lipschitz contin-
uous viscosity subsolution to (3.8) satisfying u(x;) =0 and thus an almost everywhere
subsolution satisfying H(Vi(z),z) <0 a.e. x €S!. So for any absolutely continuous
curve v(-) with v(0) = x; and ~(t) =y € S!, we have

(y) — fe:) = / Va((s)) -4(s)ds
< / (L), 7(5)) + H(Va(y(s)),7(s))) ds < / L(3(s),(s))ds.
0 0

Then taking infimum w.r.t. v and liminf w.r.t. ¢, we obtain

t=+00 viy(0)=z:i,y(t)=y

(3.19) i(y) <liminf  inf /O L(3(),7(s))ds = h(y: ).

Thus the Peierls barrier h(y; ;) is the maximal Lipschitz continuous viscosity solution
satisfying (3.8). O

Remark 1. The shape of the Peierls barrier h(y;xz;, %) starting from the local
maximums ;. 1 can be characterized with the same arguments. The only difference
is h(y;2;11) =0 for y € [, xi41]. Then outside [, ;41], one can use hr(y; zi+1) and
ho(y;@;) to construct h(y; @, 1).

3.2. Freidlin—Wentzell variational construction for the rate function
W (x) via boundary values W; at stable states and Peierls barriers h(y;x;).
Based on the previous explicit characterization of Peierls barriers starting from each
stable state, in this subsection, we describe and give an alternative proof for the
Freidlin—Wentzell variational formula for determining the boundary values. Those
boundary values are globally defined and are the most crucial ingredient to obtain
the unique, Lipschitz continuous, periodic global energy landscape that can correctly
represent the exponentially small probability in the large deviation principle. After
obtaining the global adjustment of boundary values, the variational construction for
the rate function W*(x) is indeed a local trimming procedure; see section 3.2.3 for
the local representation of W (x).

3.2.1. Determine boundary values W; on stable states. Now we deter-
mine the boundary values W (z;) at stable minimum z;. For any j = 1,...,k, re-
call hr(x;;xj41) defined in (3.14). To compute a counterclockwise path connecting
z;j41 €S to z; €S, we introduce a tilde notation for the total cost of this path on S*,

7 hr(zizj), J<i
3.20 hr(zizip) = IR S Y
( ) R(l‘ $j+1) { hR(xi+k;$j+1), j >

Similarly, using hr(z;; ;) defined in (3.15), the total cost for a clockwise path con-
necting z; € S' to x; €St is

co o ho(wixg),  j=d
3:21) hL(m“xJ)'_{ hr(ziok;z;), Jj<i.
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Fi1G. 3. Two examples for W*(x) computed from the variational formula (3.28) with different
consistent boundary data. (Left) The boundary values Wi, Wa, W3 satisfy the Freidlin-Wentzell
variational formula for boundary data (3.22). The dashed line is the original potential U(z) and one
can see the global adjustment for Wi, Wo, Ws3. The explicit formula for W*(z) in (5.1) is marked
with a gray strip. (Right) W*(z) constructed with W(z1) =W (z2) = W (z3) =0 as boundary data,
which does not satisfy (3.22). If one adds an additional boundary condition W(xH_%) =0, then

one obtains a different solution which vanishes in the interval [z1,x2], shown as dashed line. Both
figures use the same Peierls barriers: h(y;x1) shown in a red line, h(y;x2) shown in a green line,
and h(y;x3) shown in an orange line. At each connection point, only two lifted Peierls barriers turn
on to finish the local trimming procedures, as described in Proposition 3.3.

Then following [FW12, Chapter 6, equation (4.2)], define

(3.22) W= mink(iLR(zi;xj+1)+iLL(xi;mj))7 i=1,...,k

j=1,

We refer to the example in Figure 3 (left) for a globally adjusted boundary data W;,
i =1,2,3, satisfying (3.22) and the construction of W*(z) based on those boundary
data. With these specially adjusted boundary data, W*(z) is proved to be the rate
function of the large deviation principle for invariant measures (2.18) [FW12, Chapter
6, Theorem 4.3]. We also provide a coarse-grained Markov chain interpretation in
Appendix C.

Notice all z; are stable critical points, so the explicit formula for the Peierls barrier
h(z;;2;) in (3.17) is recast as

(3.23) h(zi;xj) = min{fLR(xi;xj), iLL(a:i;xj)}, ,7=1,...,k.

In the following lemma, we prove the boundary data satisfying the variational formula
(3.22) is indeed a consistent data set satisfying the discrete weak KAM problem (3.24).

LEMMA 3.2. Let h(x;;2;) be the Peierls barrier. The values of W;, i =1,...,k,
defined in (3.22) solves the discrete weak KAM problem

J=1
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Proof. To verify (3.24), it is sufficient to verify that for any ¢, there exists m such
that

(3.25) Wi <hr(2i;2me1) + hr(@s2m) <hr(vi2ei1) + ho(zg;20) + bz, ;).

Indeed, taking the minimum in ¢, we have W; < W; + h(z;,z;), and then taking the
minimum in j, we have W; < minj—q _x{W; + h(z;;x;)}. Particularly, the equality
holds for j =1.
Now we prove (3.25) for the case h(zi;x;) = min{hg(zi;z;), hy(ziz;)} =
hi(x;;x;), and the other one has the same argument.
(i) If¢e{j,j+1,...,i— 1} is on the counterclockwise path from z; to z;, then
taking m = ¢, we obtain

(3.26) hr(wi;xei1) + ho(zisze) <hplzj;eea) + hp(zj;ze) +hp(zisa,)

due to hg(zi;zes1) < iLR(l'j;(ﬂg_;,_l) and hp (245 20) < iLL(QEj;l'g) + iLL(xl-;acj).

(ii) If £€ {i,i+1,...,5 — 1} is on the clockwise path from x; to x;, then taking
m=1—1, since hr(z;;2;) =0 and hyp(zi;2-1) < hp(xj;xe) + hp(x;x;), we
have

(3.27) iLR(xi;CL'Z‘) + hL(:L‘i;xifl) < iLR(xj;.’L'Hl) + hL(:L‘j;l'g) + hL(CL'Z';.’L'j).
Thus (3.25) is proved, and so is the lemma. |

3.2.2. Variational construction for W*(x) via boundary values W; on
stable states x;. With the above boundary values W;, i=1,...,k, on all the stable
minima, the global energy landscape is defined as [FW12, Chapter 6, Theorem 4.3]

J=1,

(3.28) W(w)= min {W;+h(z;z;)} vz e St

Later in section 4, we will prove that W (z) is indeed a weak KAM solution to the HJE
(3.48). We also characterize the corresponding projected Aubry set A in section 4.1.
After including the induced boundary values on other critical point (local maximums)
in A, this W(z) satisfies the usual representation (cf. [Tra2l, Theorem 7.4]) via the
boundary data on the projected Aubry set for the weak KAM solution; see Lemma 4.3.

We remark that the boundary values W; to the discrete weak KAM problem
(3.24) are not uniquely determined because W; =0, =1,...,k, are also admissible
boundary values satisfying (3.24); see Figure 3 (right), for instance. Meanwhile, a
constant shift of W; is also a solution to (3.24). We refer to section 5 for examples of
nonuniqueness.

However, the construction described above using the uniquely determined bound-
ary data W; and the trimming of W; + h(z;x;) has clear probability meaning via the
large deviation principle for the invariant measure m.(x). From [FW12, Chapter 6,
Theorem 4.3],

(3.29) W*(z) =W (z) — min W(z;)

K3
gives the rate function in the large deviation principle for the invariant measure 7. (z)
to the Langevin dynamics (2.1) on S*. In section 4, we will explore more properties

of W(x) from the weak KAM viewpoint and use the corresponding projected Aubry—
Mather set to give a probability interpretation of the global energy landscape W* ().
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3.2.3. Local representation for W (x). Based on the globally adjusted bound-
ary values W;, the rate function W(z) can be constructed in (3.28). In the following
proposition, we show that the variational formula (3.28) indeed has a local representa-
tion depending only on the boundary values of the adjacent local minima and barrier
functions. This procedure is thus also referred to as a local trimming procedure. We
refer to Figure 3 for an illustration of the local trimming.

PROPOSITION 3.3. Let W(z) be given by (3.28) with boundary values Wj, j =
1,...,k. Assume the boundary values W; satisfy the discrete weak KAM problem
(3.24). Then W(zx) has a local representation that, for any x € [z;,2,11] for some
i=1,...k

(3.30) W(z) =min{W; + hr(z;x;), Wit1 + hp(z;2i41)},

where hg(x;x;) and hp(x;xi41) are the locally defined, right/left barrier functions in
(3.14) and (3.15). Consequently, at each local mazimum x,, 1, there is at most one
flat connection either on the left of Ty 1 oron the right of Tig1.

Proof. Assume W (z) defined in (3.28) is achieved at j, i.e.,

W(x)= nllin k{Wj + h(z;z5)} =W, + h(z; ;).

J=1

Case (1). If h(x;x;) is achieved via a clockwise path, then

(3.31) W, + h(z;z;) =W, + h(zip1, ) + ho(z,xi401) > W, + hp(z, ©is1).
Case (2). If h(x;z;) is achieved via a counterclockwise path, then

(3.32) W, + h(z;z;) =W; + h(zi, z;) + he(z,2) > W, + hp(z, ;).
Therefore, combining both cases, we have

(3.33) W + h(x;25) > min{W; + hp(2;2:), Wipr +ho(z;2401)}

From (3.18), we further know

(3.34)
W(z) = W;+ h(z;z;)
> min{W; + hr(z;x;), Wis1 + hp(z;2i41)}
> min{W; + h(z;2;), Wit1 + h(z;zi41)} > ]=I{11nk{WJ + h(z;z5)}=W(z).

This gives (3.30).

At last, notice that in (2i,2;,1), hr(w;2;) is strictly increasing while hy (2; ;1)
is constant, and likewise in (z;,1,2;) with hp(2;2;41) being strictly decreasing and
hg(z;z;) being a constant. Thus the curves meet at most once and hence there is
at most one flat connection either on the left of z;, 1 or on the right of x;, 1. This
completes the proof.

We remark that this explicit local representation not only is helpful for construct-
ing the global energy landscape W (z) (see Figure 3) but also enables us to identify
whether the least action curves track backward in time or are defined both forward
and backward for the whole time ¢ € R.
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3.3. Consistency check for Freidlin-Wentzell variational formulas when
U(z) is periodic. If the original potential U(z) is periodic with minU(x) = 0,
i.e., b =0, then 7.(x) is a reversible invariant measure given by 7.(x) = C’se’@.
Since minU(x) = 0, by Laplace’s principle [e~ e O(1) as € -+ 0. Thus C. ~
O(1). Following Varadhan’s equivalent definition [Varl6, Definition 2.2] for the large

deviation principle on compact domain, we compute

(3.35)
U(z) <liminflim i(I)lf —clogm.(Bs(x)) < limsuplimsup —elogm.(Bs(x)) <U(x).

=0 e 60 e—0

Thus U(x) is the rate function for the large deviation principle of invariant measure
e ().

As a consistency check, we prove below that the constructed global energy land-
scape W*(x) from (3.28) and (3.29) is exactly the original potential U(x).

PROPOSITION 3.4. Let W*(z) be constructed from (3.28) and (3.29) with boundary
data (3.24). If the potential U(x), x € S is periodic with minU(x) =0, then W*(z) =
U(z).

Proof. Step 1. We prove the Freidlin-Wentzell variational formula (3.22) W; =
U(z;)+ const.
First, define the total right/left barrier in one period as

k

(3.36) Jo=%" (UH% - Ug) .

(=1

Second, for any z;,x; € S', by elementary calculations, we see

L Ul -Ule), A
@37 i) a0 ={ g T e, 10

Similarly, we have

. . (U(@is) = Ulwinn)), 40
(3.38)  hy(zig1;2;) — hp (i 2;) = (U(( ( ;2)[]( ( ;)1)2J j .
- JUH_% - Tit+1 — =1.

Thus we obtain

(339) BR(ZI:¢+1;LEJ'+1) - ilR(iL'i;ij_;,_l) + (BL(%‘H;ZZ?]‘) — EL(%';I]'))
- U(wit1) — Ulzi), j#i
U(wiy1) —Ulxy)+J- —Jy, j=1i.

Third, when U(z) is periodic, it is easy to verify J, — J_ =0. Therefore,
(3.40) hg(@iyi; @) +he(@iris2y) = he(ziwgn) + he (i 2;) + Uzi) = U().
Taking minimum w.r.t. j and using the definition of W; in (3.22), we have
(3.41) Wit1 =W, +U(zit1) — Ul(z;).

This implies
(3.42) W; —U(z;)= const, i=1,... k.
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Step 2. We prove

(3.43) U(x)= ,_I?in i (U(x;) + h(x; ;).
Fix any z € [i — %, 1+ %], on the one hand, from the definition of quasi-potential,
we have

(3.44) U(z) =U(z;) + h(z; ;).
On the other hand, we need to prove for any j #1i
(3.45) U(x) <U(z;) + h(z;z;).

From the property of h(x;z;) in Proposition 3.1, below we only prove the case that
x belongs to the nonincreasing part of h(z;x;). Another case that « belongs to the
nondecreasing part of h(xz;z;) has the same argument.

Since x belongs to the nonincreasing part of h(z;x;) and U(x) is periodic, so a
clockwise path from z; to = can be regarded as » <z, 1 <z <--- <x; 1 < ;.
Thus

2

U(z) U(@is1) + h(z;2i41)
(3.46) < U( t2) F h(zip1;zit2) + h(z;2i1) = U(miza) + h(x; Tit2)
<o < U(xj) + h(w; ;).

Thus, we obtain (3.43). Replace U(x;) by U(x;) +c=W; in (3.43), and then

(3.47) U(z)+c= min (W;+h(x;x;)) =W(x). O

i=1,- .k

3.4. The global energy landscape W*(x) is a viscosity solution. Recall-
ing Hamiltonian (2.5), we now prove the continuous periodic global landscape W (x)
constructed in (3.28) is a viscosity solution to the stationary HJE in S*.

PROPOSITION 3.5. Assume there are k stable local minima of U(z), interleaved
by k unstable local mazima indezed as (3.1) and (3.2). Let W(x) be constructed in
(3.28). Then

(i) W(x) is Lipschitz continuous and periodic;

(ii) there is at most one nondifferential point belonging to each increasing (resp.,
decreasing) interval of the original potential U(x), where W (z) is an increas-
ing function connected to a constant (resp., a constant connected to a de-
creasing function); particularly, W (x) is differentiable at all the critical points
Tiy iy, i=1,...,k;

(ii) W(z) s a mscoszty solution to HJE

(3.48) HW'(z),2)=W'(W' —U")=0, xS,

and satisfies the boundary data W (z;)=Wj at xj, j=1,... k.

Proof. First, from Proposition 3.1, h(y;x;) is Lipschitz continuous and periodic,
so by the definition in (3.28), W (x) satisfies conclusion (i).

Second, similar to the observations for hg(z;z;) defined in (3.14), we characterize
the shape of W (x). For each increasing interval of U(z), h(z;z;) + W; with different
x; have only three possible shapes: constant, increasing part of U(x) + const , or
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increasing function U(x) + const connected to a constant. It is easy to verify that
the minimum among all those h(z;z;) + W; gives W (z) in this increasing interval,
which remains to be one of these three types. Thus there is at most one nondifferential
connection point for W (z), where an increasing function is connected to a constant.
The scenario for each decreasing interval of U(z) is similar, where the only possible
connection point is a constant connected to a decreasing function. This completes
conclusion (ii).

Notice the number of nondifferential points are finite and are of the same shape as
in Proposition 3.1, so the verification of the viscosity solution to (3.48) of conclusion
(iii) is exactly the same as that of Proposition 3.1. For the boundary conditions, recall
that from Lemma 3.2, the boundary data satisfies the discrete weak KAM problem
(3.24). Thus W(z;) =minj—y . x{W;+h(z;x;)} =W, for all i =1,..., k. This finishes
the proof. ]

4. The global energy landscape W*(x) is a weak KAM solution. In
this section, we first characterize the projected Aubry set A and uniqueness sets for
the weak KAM solutions. Then in Proposition 4.4 and Corollary 4.5, we prove the
main result that the global energy landscape W (z) constructed in (3.28) is a weak
KAM solution, from which each calibrated curve and the projected Mather set My
can be determined. The projected Mather set Mg is indeed the projected Aubry
set A, which are all the critical points of the original potential U(z). Moreover, the
constructed W(z) is the maximal Lipschitz continuous viscosity solution satisfying
the boundary data W (z;) = W; given in (3.22). These boundary data are chosen
via Lemma 3.2 so that W*(z) = W(x) — minges1 W(x) is the rate function for the
large deviation principle of the invariant measures of the diffusion process on S'.
Hence this gives a meaningful selection principle for weak KAM solutions to (3.48).
In subsections 5.4 and 5, we give more discussions on the probability interpretations
and different selection principles.

4.1. Projected Aubry set A and the uniqueness set. In this subsection,
we first characterize the projected Aubry set A, which is a uniqueness set for the weak
KAM solution to HJE (3.48). We also show that all uniqueness sets must include all
the local maxima/minima of U(x) in Lemma 4.2. This includes the projected Mather
set My, which is also a uniqueness set for the weak KAM solution to HJE (3.48).
Second, we prove the variational formula of W (z) defined in (3.28) can also be rep-
resented via the boundary data on the projected Aubry set A. This representation,
after being extended to the projected Aubry set A, is the usually variational represen-
tation for the weak KAM solution; cf. [Tra2l, Theorem 7.4]. We point out the results
presented in this section are known from the general weak KAM theory. However, for
our simple one-dimensional example, the proofs are explicit and simple, so we only
outline the proofs for completeness.

For the one-dimensional Hamiltonian (2.5), an equivalent characterization for the
projected Aubry set A (4.1) is given by using the viscosity solutions to HJE (3.48).

LEMMA 4.1. Assume there are k stable local minimums of U(z), interleaved by k
unstable local maximums indexed as (3.1) and (3.2). The projected Aubry set for the
Hamiltonian (2.5) is

(4.1) A={zi,z; 15i=1,....k}.

Proof. From [Tra21, Definition 7.32], the projected Aubry set A is all the starting
points = such as the Mané potential v(y;x) is a viscosity solution to (3.48) on S!.
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Indeed, from Lemma A.1 (see also [Tra21, Theorem 2.41] or [FRF09, Theorem 2.4]),
we know the Maiié potential v(y; z) for any = € S! is the maximal Lipschitz continuous
viscosity subsolution. On the one hand, Proposition 3.1 shows that if x is a critical
point, then v(y;z) = h(y; ) is a viscosity solution to (3.48). Thus critical points belong
to the projected Aubry set A. On the other hand, for any x not being the critical
points, then from Lemma A.1, the shape of v(y; ) violates the viscosity supersolution
test for HJE (3.48) and thus A must be a subset of all the critical points. This gives
the characterization of the projected Aubry set (4.1). |

We remark there are also other characterizations for the projected Aubry set
A (see, for instance, [Con01, Fat08]):

(4.2) A={xcS" h(z,z)=0}.

Notice the Lagrangian L(s,z) > 0 and satisfies the property (2.7). Thus (4.2) can also
be used to conclude the same characterization (4.1).

Now we recall that the projected Mather set M, [Fat08, Theorem 4.12.6] is a
uniqueness set for weak KAM solutions. Here a uniqueness set M means that if two
weak KAM solutions v and @ coincide on an M, then they must be the same every-
where. In Lemma 4.2, we prove that the projected Mather set M in our example must
contain all the local maxima {x;,1;i=1,...,k} of U(z). Later in Proposition 4.4,
we will prove the projected Mather set is exactly the projected Aubry set A.

LEMMA 4.2. All the uniqueness sets M C A of the weak KAM solutions to HJE
(3.48) must contain all the local mazima {z; 1 ;i=1,... k} and local minima {x;; i =
1,....k} of U(x).

Proof. Let M C A be a uniqueness set for the weak KAM solutions to HJE (3.48).
We prove for any 4 the maximum point z, 1€ M.

Using the argument by contradiction, we assume if x; 41 ¢ M for some i. Then
we can choose the boundary values W(a*) =0 for all 2* € M. It is easy to see zero
boundary values always satisfy the consistent condition for the discrete weak KAM
problem on M, i.e.,

(4.3) W(x)= Imelrj\l/[{W(x*) +h(x;z*)} Vee M.

Then we use W(z*), z* € M, to construct a weak KAM solution W (z), = € S*.
Particularly, we have

(4.4) Wiwiry) = min {0+ hl@s 3327} > 0.

On the other hand, setting VNV(xH%) = 0, together with zero values in M, we can
verify they still satisfy the consistent condition for the discrete weak KAM problem
on the subset MU{x;, 1 } C A, and thus we can construct another weak KAM solution

(4.5) W(z) = min  {W(2*) + h(z;2*)} VeeSh
x*eMU{wiJr%}

One can see W (z*) = W (z*) =0 for z* € M but W # W at ;1. This contradicts the
definition of the uniqueness set. Similar arguments apply to the local minimums. 0O

Remark 2. One can see an illustration of the uniqueness set in Figure 3 (right).
Indeed, although W(x;) =0, i=1,...,k, W(x) £ 0 in Figure 3 (right). But if we
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add additional boundary values W (z; +%) =0 for i=1,...,k, then the only solution
is W(x) =0. This is because h(y;z;, 1) =0 for y € [;,zi41]; see Remark 1.

Next, we observe W(z) in (3.28) is determined by the boundary values on the
set of all the stable critical points of U(x). Then the variational construction (3.28)
induces the values of W (x) at all the unstable critical points. After including these
induced boundary values, the construction of W (z) can be alternatively extended as
below.

LEMMA 4.3. Assume there are k stable local minima of U(x), interleaved by k
unstable local mazima periodically indezed as (3.1) and (3.2). Let W (x) be defined in
(3.28) and W; be defined in (3.22). Then W (x) has an alternative representation

(4.6) W(z) = miin{Wi +h(z;x), Wz 1) + h(wz 1)}

Proof. Using definition (3.28), at 1, we have

W(mj+%)+h(x;xj+%):nlzjn (Wi+h(a:j+%;xi)+h(x;xj+%)>

(@.7)
> min (Wi + h(a; z:)) = W(z),

where we used the triangle inequality h(z;x) + h(y; z) > h(y; ). Thus we have
(4.8) mjin (W(:cj+%)+h(z;zj+%)) >Wi(x).

This together with ming {W;+h(z;z;), W(z; 1) +h(z;2,,1)} < W(z) implies (4.6). O

4.2. The computation of the calibrated curves and the projected Mather
set M. After all the preparations above, we now prove W (x) constructed via (3.28)
and boundary data (3.22) is a weak KAM solution of negative type.

Recall the definition of weak KAM solutions of negative type; cf. [Fat08, Defini-
tion 4.1.11]

DEFINITION 1. We say a continuous function u € C(S') is a weak KAM solution
of negative type to HIE (3.48) if
(1) w is dominated by L (denoted as w < L), i.e., for any absolutely continuous
curve v € AC([a,b];St),

b
(4.9) umw»—uwwng"umWMm

(1) for any x, there exists a continuous, piecewise C1 curve v : (—00,0] — S with
~v(0) =z such that for any a <b<0

b
(4.10) uyO) ~ulr(@) = [ L)t

Remark 3. Such a curve v in condition (II) is called a calibrated curve, or a
backward characteristic; see examples in Figure 4 for two calibrated curves associated
with W (z).

PROPOSITION 4.4. Assume there are k stable local minimums of U(x), interleaved
by k unstable local mazimums indexed as (3.1) and (3.2). Let W(x) be defined in
(3.28). Then
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Wix)
Y "z (xl) -
U(X) b M (x;_1/2) =1
\\
Wxufp-------- > \
>

=0

t = —oo t

S
7

-
Xi—1/2 X1 Xi X

FI1G. 4. An illustration of the weak KAM solution W (x) and two calibrated curves starting from
z1 and x2 backward in time. The solid black line is the original potential U(x) while the solid red
line is the weak KAM solution W (z), which serves as the global energy landscape in the zero noise
limit. The calibrated curve (green arrow) starting from x1 solves “downhill” ODE 4 = —U’(~) (4.11)
backward in time and tracks back to x,_1 with the same level in the global energy landscape W (zx).

The ratio of the probabilities at x1 and its reference point x,_1 equals one, which indicates these
P

two states appear with the same probability in the zero noise limit. The calibrated curve (orange

arrow) starting from x2 solves “uphill” ODE v =U’(vy) (4.13) and tracks back to its reference point

x;. The probability ratio %, in the zero noise limit, is smaller than 1 and indicates state xo
€ 3

appear less likely than x;.

(i) for each x € S', there exists a calibrated curve tracking back to a critical point
of U(x);

(ii) the projected Mather set Mg is same as the projected Aubry set A= {x;, Tigi
i=1,...,k}.

Proof. Recall the explicit characterization for the shape of W(x). Given any
x €S, we first assume x locates on a decreasing interval of U(x), i.e., x € [ 1, @]
for some ¢. Then from conclusion (ii) in Proposition 3.5, we know that there exists
az* € [x;_ %,xi} such that either (a) x belongs to a constant interval such that
W(z)=W(z;_1) for z;_1 <x <z~ or (b) z belongs to a decreasing interval such
that W(z) =U(z) + const for z* <z < z;; see Figure 4.

For case (a), we solve the following downhill ODE backward in time:

(4.11) y==U'(7), t<0;  ~(0)==z.

Then we obtain a unique ODE solution v(t) with y(—o00) =«

1 Along this ODE
solution, we verify that for any a <b<0

?

b b
: 1.
@2 [ L= [+ U)PdE=0=WOm) - W),
For case (b), we solve the following uphill ODE backward in time:
(4.13) S=U'(y), £<0;  A(0)=z.
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Then we obtain a unique ODE solution 7(¢) with y(—o0) = z;. Along this ODE
solution, we verify that for any a <b<0

b b
[ qrevera= [ (G -vopeve)
— U3 (8) ~ U(3(a)) = W) ~ Wi (a).

Therefore, for both cases, we verified W(x),x € [xi_%,xi], satisfies condition (IT).
Similarly, if « € [z, x;, 1 ] for some %, one can also repeat the same argument to verify
W(z),x € [xi,2;, 1], satisfies condition (II).

In summary, calibrated curves have three types: Type (1) For any differential
point = € S! located on a strictly increasing or decreasing part, there exists a unique
backward characteristic solving (4.13) such that v(0) = x, y(—o0) tracks back to a
unique local minimum (attractor) z; in the same basin of attraction as xz. Type (2)
For any differential point # € S! located on a constant part of W (x), there exists a
unique backward characteristic solving (4.11) such that v(0) =z, v(—o0) tracks back
to the local maximum x;_, at the end of the constant segment of W(z). Type (3)
For any nondifferential points o € S!, there exist two backward characteristics either
solving (4.13) or (4.11) and thus they track back to one of the adjacent critical points.

Consequently, based on the Aubry—Mather theory (cf. [Eva08, Fat08]), a Mather
measure concentrates on one of those extremes y(—o00) for the above calibrated curves
and s =0, i.e.,, p=d(x —v(—00))d(s). In detail, one can define pr for fixed T as
(f,pr) =+ f_OT F(%(t),7(t))dt. Then taking the limit we have

f(s,x)pu(ds,dz) = lim f(s,x)ur(ds,dz) = J(5,2)05(—o0) ® 0ry(—o0)-
TSt T—+oo TS1 TSt

Thus the Mather set is given by
(4.15) M =U support = {(z,0), (iy1,0);0=1,...,k}.

Hence we conclude (i) and (ii). 0

Recall W (z) is a viscosity solution to (3.48) proved in Proposition 3.5. Notice
the weak KAM condition (I) can be directly implied from W (z) € Lip(S') being a
viscosity subsolution satisfying H(W’(z),z) < 0 a.e. x € S'; see Proposition 3.5.
Indeed, for any absolutely continuous curve «(-) with v € AC([a,b];S!), we have

(4.16)

b
W (3(b)) — W (7(a)) = / W (y(s)) - 4(s)ds
b
<

< [ @66 AV G ds < [ LEs)A(s)ds.

The maximality of W (z) is the same as Proposition 4.8, where the boundary data W
is given only on a subset of the projected Aubry set. Thus we refer to the proof of
Proposition 4.8. This, together with Proposition 4.4, yields the following.

COROLLARY 4.5. Assume there are k stable local minimums of U(x), interleaved
by k wunstable local mazimums indexed as (3.1) and (3.2). Let W(z) be defined in
(3.28). Then W(x) is a weak KAM solution of negative type to HJE (3.48). And
W (z) is the maximal Lipschitz continuous viscosity solution to (3.48) that satisfy
boundary data W(z;)=W; atz;, j=1,... k.
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We point out that we only need the boundary data on the local minima of U, i.e.,
a subset of the projected Aubry set, to select a meaningful weak KAM solution which
serves as the rate function in the large deviation principle for invariant measures. On
the other hand, given any boundary data in a subset of the projected Aubry set, one
can construct a maximal Lipschitz continuous viscosity solution; see Proposition 4.8.

Remark 4. From (4.12), it is easy to see that for any curve v : R — S which
solves the ODE 4 = +U’(v),t € R, is a least action curve. This gives the projected
Mané set

U{7(t);y solves ¥ = £U’(v),t € R} =S'.

The Mané set itself is the collection of the Lagrangian graph (v, +U(7)) of those least
action curves. Furthermore, in this simple example, it is easy to see the Mather set
(4.15) is a compact Lipschitz graph and is invariant under the Euler-Lagrange flow.
This is the essence of the celebrated Mather graph theorem that characterizes the
graph property of the Mather set.

4.2.1. Invariant solutions of the Lax—Oleinik semigroup. In this section,
using the equivalent characterization of invariant solutions of the Lax—Oleinik semi-
group [Fat08, Proposition 4.6.7], we give a direct corollary that W (z) defined in (3.28)
is an invariant solution for the Lax—Oleinik semigroup S; associated with the dynamic
HJE Oyu+ H(Oyu(z),z) =0, i.e., for t >0,

v (0)=z,v(t)=y

(4.17) (Spur)(y) := ir;f (uT(x) + inf /0 L(ﬁ,'y)d7) Yur(z).

COROLLARY 4.6. Any weak KAM solution w(z) to HJE (3.48) is an invariant
solution of the Laz—Oleinik semigroup S; and satisfies the representation

(4.18) wly) = inf (w(z) + vy ) = ik, (w(z:) + by ).

zeSt z;€A
Particularly, W (x) defined in (3.28) is an invariant solution of the Laz—Oleinik semi-
group Sg.

Proof. First, from [Fat08, Proposition 4.6.7], any weak KAM solution w(z) is an
invariant solution of the Lax—Oleinik semigroup S;. Thus

w(y) = inf (w(m) v i /0 t L(m)df) .

z ¥:v(0)==,v(t)=y

Taking infimum w.r.t. ¢ and exchanging inf, and inf;, we obtain w(y) = inf,
(w(z) +v(y;2)).

Second, take the boundary values w(x;) on the projected Aubry set A. Since the
projected Aubry set is a uniqueness set for the weak KAM solution [Fat08, Theorem
4.12.6], these boundary values can uniquely define a weak KAM solution. Meanwhile,
from Corollary 4.5 w(x) =inf,,c4 (w(z;) + h(y;z;)) is a weak KAM solution and thus
the representation (4.18) holds uniquely. d

Remark 5. We remark that for a compact domain, the existence of invariant
solutions of S; and the convergence from a dynamic solution to an invariant solution
were proved in [Fat08, NR99]. However, the invariant solutions are not unique. The
weak KAM solutions are also not unique; see examples in Figure 3 and [FRF09].
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4.3. Generating a set of consistent boundary data and constructing a
maximal Lipschitz continuous viscosity solution. In this subsectiton, given any
nonconsistent boundary data on a subset of the projected Aubry set, we can first use
it to generate a set of consistent data satisfying the discrete weak KAM problem.
Then based on these consistent data, we prove the variational formula W (x) is the
maximal Lipschitz continuous viscosity solution to the HJE satisfying the generated
boundary data.

4.3.1. Nonconsistent boundary data induce a set of consistent data
satisfying (3.24). Now given any boundary data

(4.19) {We}  at D:={a}; £=1,2,....,m} C A,

which may not satisfy the discrete weak KAM problem (3.24), the following procedure
can be used to obtain a set of consistent boundary data satisfying (3.24). For any
j=1,...,m, define

(4.20) W(z)= Z:rlr}?gm{Wz + h(z;ap)}.

Then Wy := W (x}) is a set of consistent data satisfying discrete weak KAM problem

(4.21) W; :er%}_i”r{m{ﬁ/g +h(alsal)}, j=1,...,m.
PROPOSITION 4.7. Given any boundary data {W,} on a subset {x}; £=1,2,...,m}
of A, then

(4.22) W; ::Z:rlninm{Wngh(z;;:c})}, j=1,....m,

satisfy the discrete weak KAM problem (4.21).

Proof. Given boundary data {W¢}, £=1,...,m, let W(x) be defined in (4.20).
On the one hand, W; := W (2’) <W; for any j=1,...,m. Thus

(4.23) W(z)= min {W;+ h(z;2})} <W(x).

{=1,...,m

On the other hand, from Proposition 3.5, W (z) is a Lipschitz continuous viscosity
solution, while from Proposition 3.1, Wy +h(z; x}) is the maximal Lipschitz continuous
viscosity solution. Thus from W (z,) = W,, we have

(4.24) W(zx) < é:rlr}‘i.r.l,m{VT/g + h(z;x))} =W ().

Therefore, we conclude W(z) = W(z). Particularly, W(z}) = W(x}) = W, for
£=1,...,m and thus W, is a consistent boundary value satisfying (4.21). ]

We point out in the above proposition that the subset {z; £ = 1,2,...,m} is
not necessarily a uniqueness set. Indeed, in the next subsection, we will prove that
as long as the boundary values W, satisfy the discrete weak KAM problem (4.21),
then we can use those data to obtain a maximal Lipschitz continuous viscosity solu-
tion. Particularly, the weak KAM solution in Corollary 4.5 is the maximal Lipschitz
continuous viscosity solution satisfying boundary data (3.22).
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4.3.2. Maximal Lipschitz continuous viscosity solution based on con-
sistent data. In the next proposition, given any boundary values Wy, for D :=
{zp; £=1,...,m} C A if {Wy; £=1,...,m} satisfies the discrete weak KAM problem
(4.21), we prove W (x) with the representation

(4.25) W(z)= ,min {Wi+ h(z;2))}

=1,....m
is indeed the maximal Lipschitz continuous viscosity solution to the HJE satisfying
given boundary values Wy, i.e.,

(4.26) HW'(z),2)=W'(W -U")=0, ze€S'; W(z))=W, for 2, € D.

Consequently, W (x) constructed in (3.28) is not only one of the weak KAM solution
satisfying a given boundary condition on all local minimums but also the maximal
Lipschitz continuous viscosity solution to H(W'(x),z) = W'(W'—U’) =0 with those
given boundary conditions.

PROPOSITION 4.8. Given any boundary values Wy on D ={zj; {=1,...,m} C A,
the solution W (x) constructed via (4.25) is the mazimal Lipschitz continuous viscosity
solution to (4.26).

Proof. From Step 4 in the proof of Proposition 3.1, we know that for any ¢ =
1,...,m, the lifted Peierls barrier W, + h(x;x}) is the maximal Lipschitz continuous
viscosity solution to W'(W' —U’) = 0 satisfying the boundary value W (z;) = W,.

Civen any Lipschitz continuous viscosity solution W (z) to (4.26), since W (z) is a
Lipschitz continuous viscosity subsolution, we know

(4.27) W (z) < Wy + h(z; 2)

for any 2/, € D. Notice W (z) satisfies all the boundary values W (x,) = Wy for z, € D,
hence taking the minimum for all 2}, € D, we obtain

(4.28) W(a) <, min (W +h(z:z)} =W ().

Thus, together with Proposition 3.5, W(z) is the maximal Lipschitz continuous vis-
cosity solution satisfying all the boundary values W (z}) =W, on D. ]

5. Selection principles for weak KAM solutions and probability inter-
pretation. In this section, we discuss the selection principle given by the global
energy landscape in the large deviation principle for invariant measures and also com-
pare it with another selection principle via the vanishing discount limit. It is well
known that the dynamic HJE has a unique viscosity solution and the long time limits
exist but are not unique. That is to say, a selection principle is needed for viscosity
solutions to stationary HJE, even when the Hamiltonian is strictly convex. Among
all the viscosity solutions, the weak KAM solutions are the maximal Lipschitz contin-
uous viscosity solutions satisfying specific boundary conditions on a uniqueness set.
Hence a weak KAM solution serves as a natural candidate for the selection principle
and the key point to select a meaningful weak KAM solution is the determination
of boundary data on a uniqueness set of the weak KAM solutions. The variational
formula for those boundary data W (z;) obtained in (3.22) gives a unique determina-
tion that captures the asymptotic behaviors of the original stochastic process at each
local attractor. Equivalently, we summarize it as a selection principle for those weak
KAM solutions by exchanging the double limits for ¢ and . That is, we first take the
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long time limit lims—, 4 o0 pe(2,t) which is unique due to ergodicity and then take the
zero noise limit € — 0 due to the large deviation principle for invariant measures. In
general, the vanishing viscosity limit is an approximation method for stationary HJE,
but the limit is only in the subsequence sense and is not unique. Our selection princi-
ple provides a special viscosity approximation to the stationary HJE whose vanishing
viscosity limit is unique. The probability interpretations via the Boltzmann analysis
of the global energy landscape from the weak KAM perspective are also discussed.

5.1. Examples for nonuniqueness. In the proof of Corollary 4.5, we did not
use the explicit values of W(x;) at the local minima ;. Indeed, given any boundary
values W (z;) for any subset of (not necessarily all) those local minima z;, as long as
those boundary values are consistent with the associated discrete weak KAM problem
(3.24), then W (x) determined by those given boundary values though (3.28) is a weak
KAM solution.

Furthermore, we use a classical example, which appeared in the first edition of
the book [FW12, section 6.4] in 1979, to illustrate the boundary values consistent
with the discrete weak KAM problem (3.24) are not unique.

Choose a skew periodic potential U(z) such that U has three local minima
x1,%2,23 with values 1,0,2 and has four local maxima T1,Ty4 1,09, 1,03, 1 with
values 7,5,10,11. In Figure 3, the original skew periodic potentlal Uz ) is the same
as the one in Figure 5, and two plots for W*(z) with different boundary values based
on (5.1) and (5.2) are shown for comparison.

One has a set of boundary values computed from (3.22), W(z1) = 13, W (x2) =
12,W(xz3) = 11. Tt is easy to verify that this set of boundary values satisfies the
discrete weak KAM problem (3.24). Then from (3.28) and (3.29), W(z) is given by

4 5y 61, 1 2 3 4 5 6 1® 2® kL

FI1G. 5. The comparison between the Peierls barrier h(y;z2) and a general Marié potential
v(y;2**). The dashed black line is the skew periodic potential U(x) with three local minimums 1,0,2
in S' = [61,,6]. The solid green line is a Peierls barrier h(y;x2) starting from a local minimum
xo = 3, which is periodic with one constant-cut from above and only one nondifferential point z*.
The left slope is larger than the right slope at x*, so h(xz*;x2) satisfies the viscosity solution test.
The solid purple line starting from x** is the left half of the Ma7ié potential v(y;x**), which has
an additional constant-cut from below at the nondifferential point x**. The left slope is smaller
than the right slope at x**, so v(z**;x**) violates the viscosity supersolution test (i.e., violates the
entropy condition).
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- 1+U(z), z € [zy,22];
G W)= W) = § TR e

min{U(x) — 2,8}, z¢€ [9337373+%],

which satisfies Proposition 3.5.

Another set of boundary values can be chosen as W (z1) =W (z2) = W(x3) =0. It
is easy to verify that this set of boundary values also satisfy the discrete weak KAM
problem (3.24). Then from (3.28), W (x) is given by

Uz) -1, zelry,xy 1]

min{U (), 4}, S [x1+%7$2}§

(5.2) W*(z)=W(x)= min{U (x), 8}, T € w2,y 1];
U(x) -2, xe[x%_%,zg};

[ ]

min{U(z) — 2,6}, € [x3,73,

which also satisfies Proposition 3.5. From Corollary 4.5, both sets of boundary values
give a weak KAM solution to (3.48), so weak KAM solutions are not unique.

5.2. Exchange limits € —+ 0, £t -+ 400 in two large deviation principles.
Below we discuss a special case for which the long time behavior limit ¢ — +o00 and
the zero noise limit € — 0 for the diffusion process (2.1) can be exchanged. Notice
that in general, it is not exchangeable.

Recall the Fokker—Planck equation on S (2.3) and WKB reformulation p.(z,t) =

e~ The viscous HJE associated with e is

(5.3) O (x,t) + H(Opthe (,t),2) = £ (Oputhe (2, 1) — U"(x)), 2€S', t>0.

In general, the two limits for 9. (x,t) as € — 0 and ¢ — +o00 cannot be exchanged. But
with special initial data, we have the following result.

PROPOSITION 5.1. Let W*(x) be the rate function given by (3.29) and assume

U(z) have finite local extremes. Assume pe(x,t) is a solution to the Fokker—Planck
W* ()

equation (2.3) and the initial distribution is given by ps(x,0)=C.e” "= . Then

(5.4) Ell_I}?(lJ (—Elogtl}gloopg(x,to ="W*(z)= lim lim —elogp.(z,t).

t——4o00e—0

Here “=" is in the large deviation principle sense (2.20).

Proof. On the one hand, for fixed ¢, the ergodicity lim; o0 pe(x,t) = 7 () is
a standard result for overdamped Langevin dynamics on S'. Thus from the large
deviation principle (2.20) [FW12, Chapter 6, Theorem 4.3], we have

65) tig (—<10g Tim_p.(,0)) *= W (a),
where “=" is in the large deviation principle sense (2.20).

On the other hand, ¢.(z,t) = —clogp.(z,t) is the solution to the HJE (5.3)
with initial data W*(z) — elogC.. Since minW*(z) = 0, by the Laplace principle
fe_wsm ~O0(1) ase—0. Thus C. ~O(1) and as € = 0, W*(x) —elog Cc — W*(x).

From the [CL83, CL84] vanishing viscosity method, we know the convergence from
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the solution 9. (x,t) of (5.3) to the viscosity solution 1 (x,t) of the limiting first order
HJE

Op(w,t) + H(Opp(z,t),2) =0, o(x,0)=W"(x).
Then by the Lax—Oleinik semigroup representation
(5.6) V(1) = (SeW) () =W (2),

where we used that W*(x) is an invariant solution due to Corollary 4.6. Thus we
know

W)= Jim W)= T T —clog (s, ]
We remark that the exchanging of two limits on the left- and right-hand sides is
in general incorrect. Indeed, the limits in the left-hand side of (5.4) are unique. This
is because the invariant measure for ¢ — 400 exists and is unique. Then the rate
function of the large deviation principle for invariant measures is unique. However,
the right-hand side first finds the rate function for the large deviation principle as
e — 0 at finite time, which solves a dynamic HJE. Then the long time limit ¢ — +o0
for the dynamic solution exists [BS00] but in general is not unique. Therefore, a
selection principle is needed, and particularly the limits on the left-hand side provide
a meaningful selection principle for stationary HJE via the large deviation principle
for invariant measures. Below, we discuss two selection principles: large deviation
principle versus vanishing discount limit.

5.3. Two selection principles: Large deviation principle versus vanish-
ing discount limit. A selection principle gives a meaningful principle to determine
boundary values on the projected Aubry set .A. The global energy landscape W (z) in
(3.28), particularly the globally adjusted boundary values on the local minima (3.22),
is constructed so that W (x) is the rate function for the large deviation principle
of the invariant measure for the diffusion process on S! [FW12, Chapter 6, Theo-
rem 4.3]. That is to say, the large deviation rate function W(x) for the diffusion
process serves as a selection principle for weak KAM solutions. This selection prin-
ciple could also apply to other Hamiltonian dynamics with an underlying stochastic
process and a large deviation principle. We formally describe this framework below
for a chemical reaction process with a random-time changed Poison representation;
cf. [AK15, GL22|. For any fixed time 0 < t < 400, the large deviation principle for
the chemical reaction process in the thermodynamic limit was proved in [GL23] by
using the convergence from the Varadhan’s discrete nonlinear semigroup we(x,t) to
the viscosity solution w(z,t) of the dynamic HJE, which has a Lax—Oleinik semigroup
representation. If this Lax—Oleinik semigroup has an invariant solution, denoted as
w(z), then this invariant solution is a weak KAM solution and has the representation
w(z) = infycpa(w(y) +v(z;y)) via the Maiié potential v(x;y); see [Tra21, Proposition
6.11, Theorem 7.5], [Fat08, Proposition 4.6.7] for proofs for a periodic domain. Notice
these invariant solutions are in general not unique. However, the Lagrangian L(s,x)
in the least action problem v(x;y) is always nonnegative and it is proved in [GL23]
that the zero-cost flow (a.k.a. the dynamics following the law of large numbers) is
given by & = 8, H (0,z). Thus the projected Aubry set A, which is assumed to contain
only finite many points, can be characterized by using the roots of 9,H(0,z) = 0.
Then the weak KAM representation can be reduced to w(z) = infye 4(w(y) + h(z;y))
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[Tra21, Theorem 7.40]. Assume furthermore w(z),x € A, is chosen such that w(z) is
the rate function for the invariant measure of the chemical reaction process; then this
gives a selection principle to those weak KAM solutions.

We comment on the stationary HJE (5.3) for ¢, with viscosity terms can be one
nontrivial viscosity approximation for the stationary HJE. In general, we know the
nonuniqueness for the vanishing viscosity limit of stationary HJE. How to construct
a vanishing viscosity approximation to stationary HJE which has a unique limit for
all vanishing ¢ is still an open question [Tra21]. In our example, thanks to the inho-
mogeneous term eU”(z) in

(5.7) H(Oe (2,1),2) = £ (Duatfe(2,1) — U”(2))

one has a nontrivial solution but also has a uniform limit as € — 0; see (5.5). This
serves as a meaningful vanishing viscosity approximation but in general, we do not
have an answer.

In another direction, a selection principle is given by choosing the boundary
values on the projected Aubry set A so that the weak KAM solution W(z) is the
unique viscosity solution which is the vanishing discount limit of the solution )
to My + H(Via(x),x) = 0 as A — 0. This direction has been widely studied in
both compact and noncompact domains [Con01, Gom08, DFIZ16, IS20]. We refer
to [CGMT15, MT17], which include a degenerate diffusion term in the vanishing dis-
count limit problem, and to [IMT17] for a duality framework in the vanishing discount
problem for fully nonlinear, degenerate elliptic Hamiltonian. The vanishing discount
limit method is different from the vanishing viscosity limit we constructed. Partic-
ularly, for our one-dimensional example on S!, the vanishing discount limit of the
discounted HJE with the same Hamiltonian

(5-8) APA+YA(WA —U") =0

is trivial. For A > 0, there is a unique viscosity solution 1y =0 due to the comparison
principle. Thus its vanishing discount limit limy_,o+ 1) =0 is the selected weak KAM
solution to (3.48) via the vanishing discount limit.

Based on the discussions above, we can see at least for the diffusion process on
S!, the vanishing discount limit and the rate function in the large deviation principle
are two different selection principles which result to different weak KAM solutions.
This is analogous to the idea that in general the two limits ¢ — +o00 and € — 0 for
(5.3) are nonexchangeable.

5.4. Boltzmann analysis for the weak KAM solution W*(x) selected
via large deviation principle. In this section, based on the weak KAM solution
W*(x) defined in (3.28) with boundary data W(z;) = W; constructed in (3.22), we
elaborate some probability interpretations that can be explained or computed via the
weak KAM solution properties.

The classical Boltzmann analysis in statistical mechanics shows that in an equi-
librium system, the probability for a particle being at a certain state x is a function
of the state’s energy F(z) and the temperature T,

(5.9) m(z) xe F5T.
Then the ratio of the probability between any two states is
(w) = E(z1)
(5.10) m(@1) _ Eegpen
W(SCQ)

Copyright (©) by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 11/07/23 to 152.3.102.254 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

6490 YUAN GAO AND JIAN-GUO LIU

However, for a nonequilibrium system, for instance, the irreversible diffusion example
on S! (2.8), this ratio cannot be computed directly from the original potential energy
U(z).
Indeed, the weak KAM solution W (z) provides the answer, which not only serves

as the good rate function of the large deviation principle of invariant measure 7. (z)
but also allows one to find a calibrated curve for any x tracking back to a critical
point in the projected Aubry set A. This calibrated curve allows one to compute the
ratio of the probabilities between the starting point v(0) = 2* and its reference point
7(700)7

m(z*) W (a(=oo) =W (a*)
me(w(—00)) '
The value of this ratio, depending on the explicit calibrated curve starting from z*, is
either 1 or e E . These ratios of probabilities w.r.t. different reference points
due to different calibrated curves are shown in Figure 4.

(5.11)

Appendix A. Remarks on Mané potential not being a viscosity solution
on S!. Regarding the conclusions (iii) and (iv) in Proposition 3.1, we emphasize that
the nondifferential point cannot result from a C' function cut off from below by a
constant; otherwise it is not a viscosity solution to HJE. Indeed, from the proof of (iv),
if a O function is cut off from below by a constant, then at the nondifferential point,
a constant is connected to an increasing function, where DTh(z*) = 0, D™ h(z*) =
{g:0<q<h/(2%)=U'(2*)}. Then it’s easy to verify (¢ —U’(x)) <0 does not satisfy
the viscosity supersolution test; see Figure 5 for the comparison of the shape of the
Peierls barrier h(y;z;) and a general Mané potential v(y;x**).

As a byproduct, we also characterize the shape of the Mané potential v(y;z**)
and explain why we do not use the Mané potential to construct a global energy
landscape.

LEMMA A.1. Let the Mané potential v(y;z**) be defined in (3.4) and assume x**
is not a critical point of U(x).

(i) The Mané potential v(y;x**) is Lipschitz continuous and periodic.

(ii) The starting point x** must be a nondifferential point where either a constant
is connected to an increasing function or a decreasing function is connected
to a constant. That is to say, v(y;x**) is a C* function cut off at least once
by a constant zero from below.

(iii) Another possible nondifferential point is same as that for the Peierls barrier.

(iv) v(y;x;) is the maximal Lipschitz continuous viscosity subsolution to HJE,

(A1) H(v'(y),y)=v'(v' -~ U")=0, yeS',

satisfying v(x**;x**) = 0, but it does not satisfy the viscosity supersolution
test at x**. In other words, p(y) :=v'(y; x**) is not a stationary entropy shock
at x** to the corresponding Burgers transport equation

(A.2) Bep + 8y (p*) = 9,(U'p) =0.
Proof. First, we consider the ith well of U(z) containing the starting point z**.
Assume 2™ € (2,2, 1), then

ey U(y) —U(i), Y€ (T;_1,m);
(A.3) v(y,x )—{ max{U(y)fU(SC**),O}, yG(Iul’H%)-

N
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This means at 2™*, a constant 0 is connected to an increasing function U (y) — U (a™*).
Similarly, if 2" € (z;_1,;), we obtain at 2™, a decreasing function U(y) — U(z*") is
connected to a constant. This proves conclusion (ii).

Second, for y outside ith well, the construction is the same as the Peierls barrier.
Thus conclusions (i) and (iii) follow.

Third, we only need to verify the viscosity solution test at the nondifferential point
x**. If the nondifferential point is a constant 0 connected to an increasing function
U(y) — U(@™), then D*u(@™*) = 0, D-v(a™) = {g:0 < ¢ < v/(z}") = U'(a")}.
Then it’s easy to verify q(¢ — U'(z)) < 0 satisfies the subsolution condition but does
not satisfy the viscosity supersolution condition. Again, from Step 4 in the proof
of Proposition 3.1, we know the Mané potential v(y;x**) is the maximal Lipschitz
continuous viscosity subsolution to (A.1).

Last, we take p(y) =v'(y; 2**), and then the solution to (A.1) is equivalent to the
stationary solution p(y) to Burgers’ transport equation (A.2). The stationary shock
solution p(y) at the jump point z**, with the left limit p_ and right limit p,, satisfies

pr = U (@ )py =p> = U'(z")p_.
The entropy condition for a shock solution is that for any convex entropy function
n(p),

(A.4) dimn(p) + 0y (2(p) = U'n(p)) + (n(p) — pn'(p)) U" <0

in the distribution sense. Here ®'(p) = 2pn’(p). For scalar equations, one can just take
n(p) = p* and thus ®(p) = 3. Then the entropy condition (A.4) for the stationary
shock p(y) at «** becomes

(A.5) O(ps) = U'(a")n(p4) — ((p-) = U'(x™)n(p-)) = %(p+ —p-)’ <0,

which implies p(y) only has jump discontinuity at «** and the left limit p_ is larger
than the right limit p,. Back to v(y;x™*), the entropy condition is violated at x**
since v'(z}*;2**) > v (2**;2**). This entropy condition violation argument is equiv-
alent to the violation of the viscosity supersolution condition for the Mané potential
v(y; ™). |

Appendix B. Remark on the weak KAM solutions of positive type.
One can also define a weak KAM solution of positive type; the only difference in the
theory is a time direction. That is to say, the calibrated curve is defined on [0, +00)
and for any 0 < a < b the least action is achieved,

b
(B.1) e (Y(B)) — s (y(a)) = / L(3,7)dt.

Moreover, the weak KAM solution of positive type uy can be equivalently charac-
terized as a invariant solution to the Lax-Oleinik semigroup S;" associated with the
dynamic HJE [Eva08],

(B.2) Owu — H(Opu(z),z) =0, z€S', u(r,0)=u.

The viscosity solution to (B.2) is represented as the backward semigroup S;', i.e., for
t>0,

(B.3) (S;Fuo)(y) == sgp (uo(x) - inf / L("y,y)dT) , yesh

77(0)=y,v(t)=z Jo
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Then w4 is the invariant solution of S;‘ satisfying

(B.4) u+ (y) = (S us ) (y)
and it is a viscosity solution to the stationary HJE [Eva08, Theorem 3.1],
(B.5) —H(Opuy (z),2) =0, xS

It worth noting that the weak KAM solution of positive type u () is not the same
as the negative ones in general. But the weak KAM solution of positive type uy (x) can
be constructed via the negative type ones with a time reversed Hamiltonian. Precisely,
define the time reversed Hamiltonian as H (p,z) = H(—p,x) and the corresponding
time reversed Lagrangian is L(s,z) = L(—s,z). Then it is easy to see the weak KAM
solution of negative type, denoted as 4_(x), for the HJE

satisfies the relation

(B.6) i (@) = uy (),

where uy (2) is a weak KAM solution of positive type for the HJE,
—H(Dyus (@), () = 0.

Apparently, at nondifferential points, the viscosity solution test is different for the
above two stationary HJEs. For instance, in our S! Langevin dynamics example,

H(p,z)=p(p+U’), and thus by Proposition 3.3, i_(x) can be expressed as the local
trimming from above of —U, i.e.,

(B.7) 4 (z) =min{-U,const} for x € (z;,_1,x;) or x € (xi,z;,1).
In terms of u,, this is a local trimming from below of U, i.e.,
(B.8) uy () = —i_(x) = —min{—U, const} = max{U, —const}.

However, when the potential U is periodic, i.e., the Langevin dynamics is reversible, no
cutoff from above/below is performed, and thus the positive type weak KAM solution
uy(x) given by (B.6) is same as the negative type u_(z) constructed via the large
deviation principle (see Corollary 4.5). Indeed, H (p,z) = p(p+U’) and i_ (z) = —U ()
is a weak KAM solution of the negative type associated with H (8,4 (z),(z)) = 0,
which is actually solved in the classical sense. Thus uy(z) = U(x) = u_(x). This

argument is no longer true for the irreversible process, i.e., U(x) is not periodic.

Appendix C. Freidlin—Wentzell variational formula. In this section, we
give a coarse grained Markov chain interpretation for Freidlin—-Wentzell variational
formula (3.28).

To study the multiwell exit problem, the essential idea follows Kolmogorov’s con-
struction of a Markov chain induced by the continuous process X; in (2.1). Denote

the collection of all the local minimums as I' := {z;,4=1,...,k}. Denote the stopping
time 7; :=inf{t > 7,_1; X; e \X,,_, } and Xy :=X,, , €T for ¢t € [1;_1,7;) is defined
by the sequence of 7;, ¢ =0,1,.... This is the induced continuous time Markov chain
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on I'. The transition probability for X can be approximated by the large deviation
principle for exit problems,

(C.1) Py =P{X=i+1|X=i}mce =

U, 1-U;
£

This defines an approximated @Q-process with
1=1,...,k,

Similarly, define P;;_; oce™
transition probability matrix (P;;). Then the invariant distribution v§,
satisfies

(C.2) viPii1+ViPrivi=v; 1 Pi1i+vi 1 Py

One can directly verify the closed formula for v} is given by

k - _
_hR(“’i:zj+1)+hL(f‘i?1j>
(C.3) Vi = E e < .
Jj=1

Indeed, this formula is the principal left eigenvector v7@Q = 0 of a cyclic stochastic
matrix

—a1—by ay b1

bz —a2=b2as i+j—1  itj—1

k
Q= - . . ViZE H be H am,
. .. j=1 ft=i—1 m=i+1
Q-1
ay by, —ar—0by

where a; = P; ;41 and b; = P; ;1 with k-periodic index.
Then as € — 0, by the Laplace principle for (C.3), we have
(C4) —clogv; =W, = nllin k(ﬁR(a:i;:EjH) + hp(wixy), i=1,...,k
J=1

This is the variational formula for boundary data W; in (3.22).

Based on the invariant measure v;, i = 1,...,k, for the induced Markov chain,
one can recover the original invariant measure m. by the celebrated ergodic result by
Khasminskii [Km60]. This, together with boundary data W;, i=1,...,k, can recover
the Freidlin-Wentzell variational formula (3.28).
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