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Large-deviation principles of switching Markov
processes via Hamilton-Jacobi equations
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Abstract

We prove pathwise large-deviation principles of switching Markov processes by ex-
ploiting the connection to associated Hamilton-Jacobi equations, following Jin Feng’s
and Thomas Kurtz’s method [13]. In the limit that we consider, we show how the large-
deviation problem in path-space reduces to a spectral problem of finding principal
eigenvalues. The large-deviation rate functions are given in action-integral form. As
an application, we demonstrate how macroscopic transport properties of stochastic
models of molecular motors can be deduced from an associated principal-eigenvalue
problem. The precise characterization of the macroscopic velocity in terms of principal
eigenvalues confirms that breaking of detailed balance is necessary for obtaining
transport. In this way, we extend and unify several existing results about molecular
motors and place them in the framework of stochastic processes and large-deviation
theory.
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1 Introduction

In this paper we investigate large deviations for switching Markov processes that are
motivated by stochastic models of molecular motors. Molecular motors are proteins that
are capable of moving along filaments in a living cell. Molecular motors such as kinesin
and dynein drag vesicles along while moving and thereby transport them within the cell.
For more background on the phenomenon of molecular motors we refer to a number of
reviews [20, 18, 35, 24, 23].

Molecular motors have a directionality: they typically move in one direction only.
A central challenge in the study of such motors is to understand the origin of this
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LDPs of switching Markov processes

directionality, and characterize the speed of movement. In fact, mathematical models
of molecular motors typically show no energetic benefit in moving in one direction or
the other; the directionality arises from a non-trivial interplay between the microscopic
features of such models and the dynamics of the motor. As a result, understanding how
directionality arises as symmetry breaking in a-directional models is somewhat of a
puzzle.

For certain models this puzzle has been solved, at least partially. Hastings, Kinder-
lehrer and Mcleod studied stationary solutions of certain Fokker-Planck equations and
found sufficient conditions for the occurrence of transport [16, 15]. Vorotnikov proved
sufficient conditions for transport in deterministically switching [40] and randomly
switching systems [41]. Perthame, Souganidis, and Mirrahimi developed a dynamic
point of view on systems of molecular motors [31, 32, 29]. In particular, Mirrahimi and
Souganidis prove convergence of solutions of a Fokker-Planck equation to a ballistically
travelling pulse, with a velocity that is characterized by a periodic cell problem.

In this paper we extend the results of [29] to a much broader class of systems, make
explicit the connection to stochastic processes, and place the treatment squarely in the
context of large-deviation theory. In this way we elaborate on the work by Perthame,
Souganids and Mirrahimi, which appears to be inspired by large-deviation theory, as
evidenced by the title of [31] and the use of terms such as ‘Hamiltonian’.

The larger class of stochastic processes that we consider is that of switching Markov
processes in a periodic setting. This class contains different models of molecular
motors as special cases, including the continuum ratchet and discrete stochastic models
(see [23] and Section 2, as well as [31, 32, 29, 16, 15]).

The first mathematical results of this paper (Theorems 4.2 and 4.3; see Figure 1
below) are large-deviation theorems for such switching Markov processes. These gen-
eralize results by Kumar and Popovic [27] by focusing on pathwise large deviations,
while placing more restrictive assumptions on the microscopic dynamics. Furthermore,
instead of assuming the comparison principle to be satisfied as in [27, Lemma 1], we for-
mulate conditions that imply the comparison principle. Faggionato and Silvestri establish
large-deviation principles for fully discrete, ‘pseudo-one-dimensional’ systems [12].

A related line of research focuses on large-deviation principles for switching diffusions
in a setting where the diffusion potentials do not have small-scale oscillations. Typical
results provide large-deviation rate functionals that are simple sums of small-diffusion
(‘Freidlin-Wentzell’) and occupation (‘Donsker-Varadhan’) rate functionals (see e.g. [14,
17, 19, 3, 26]). The rapid-scale oscillation of the potentials in this paper creates a
stronger intertwining between the diffusion and switching dynamics, and consequently
the rate function is not a simple sum but an expression that fully combines the dynamics
of both components.

Theorems 4.2 and 4.3 recover previous convergence results such as those of Mir-
rahimi and Souganidis [29, Th. 1.1-1.2]. While the methods that Mirrahimi and Sougani-
dis apply are inspired by large-deviation theory, they do not explicitly prove large
deviation principles but convergence statements on the level of Fokker-Planck equations.
By proving large-deviation principles instead, we are able to make a clear distinction
between the contributions that come from general large-deviation theory on the one
hand, and the model-specific contributions on the other hand.

For instance, our results explain from a large-deviation point-of-view why the ve-
locity v can be characterized by a cell problem that can be interpreted as defining a
large-deviation Hamiltonian #, through v = #’(0). The Hamiltonian depends on the
specific model, while the relation v = H'(0) is independent of the microscopic details.
This relation then also explains the well-known fact that detailed balance (microscopic
reversibility) forces zero velocity. Indeed, we prove under general conditions (Theo-
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rem 4.8) that detailed balance leads to a symmetric Hamiltonian. By the characterization
of the velocity as v = H’(0), this means that detailed balance has to be broken in order
for transport to occur.

As another example, the numerical results of Wang, Peskin and Elston suggest that
there is no transport in the limit of large reaction rates [42, Section 4.3, Figure 8(a)].
We also recover this result by proving that in this limit regime the Hamiltonian becomes
symmetric (Theorem 4.9).

Overview of the paper

In Section 2, we illustrate the general results by means of a concrete example of a
stochastic molecular-motor model. This provides a ‘running example’ with which to
interpret the general results that follow. We also outline with this example the relation
to the papers of Perthame, Souganidis and Mirrahimi.

In Section 3, we introduce the concepts that we work with in order to rigorously
formulate our results. In Section 4 we present our main results. Figure 1 summarizes
the relationships between the main theorems. Theorem 4.2 provides general conditions
under which the so-called spatial component of a switching Markov process satisfies a
large-deviation principle. We identify the Hamiltonian H(p), a principal eigenvalue, as
the central ingredient. Under the additional assumption that p — #(p) is convex, Theo-
rem 4.3 establishes an action-integral representation. Theorems 4.2 and 4.3 highlight
the arguments that come from large-deviation theory.

We then specialize to a concrete ratchet model of molecular motors. Theorems 4.6
and 4.7 establish the large-deviation theorems for two limit regimes. While Theorem 4.6
generalizes the results in [29], Theorem 4.7 characterizes yet another limit regime. We
include this result to illustrate how the general structure of proof remains unaffected
by the choice of scaling. Finally, we show the symmetry of Hamiltonians under detailed
balance (Theorem 4.8) and in the regime of scale separation (Theorem 4.9).

Finally, we should point out that there is a sizeable literature on piecewise deter-
ministic Markov processes, which are governed by deterministic ordinary differential
equations with flow fields that jump randomly between a finite set of possibilities (see
e.g.[10, 11]). We expect that the results of this paper might be applicable to this class of
systems, but the verification of properties such as the Comparison Principle will require
different methods.

2 Example—large deviations for molecular motors

2.1 Definition of the system

In this example, we consider a two-component Markov process (X", I"™) with values
in T x {1,2}, where T = R/Z is the one-dimensional flat torus. We fix the initial condition
(X™(0),1I™(0)) = (zo, o) for some (zg,ip) € T x {1,2}. Let ¢(-,1) and 9(-,2) be smooth
functions on the torus, and we write ¢/ (z, ) for the derivative of x — ¥ (x,7). We call
these functions potentials. The evolution of (X™, I"™) is characterized by the stochastic
differential equation

1
vn

where B; is a standard Brownian motion. The process I” is a continuous-time Markov
chain on {1, 2}, which evolves with jump rates r;;(-) such that

AX7? = —/ (nXP, 1) dt + — d By, (2.1)
IP(I"(t YA =51 =4, X" (t) = x) = n -1y (nz) At + O(AL?), as At —0. (2.2)
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LDP for switching
Markov processes
(Theorem 4.2)
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(Theorem 4.8) (Theorem 4.9)

Figure 1: Overview of the results proven in this paper. From top to bottom, results
become less general and more specific. Arrows indicate restrictions in passing from one
context to the next.

In summary, the spatial component X" is a drift-diffusion process, the configurational
component I" is a continuous-time Markov chain on {1,2}, and the two are coupled
through their respective rates. For details about the rigorous construction of such
switching drift-diffusion processes, we refer to [43, Chapter 2]. Figure 2 depicts a typical
realization of (X™, I"™), where the trajectory of the spatial component is lifted from the
torus to R.

The specific n-scaling may be motivated by starting from a process (X;,I;) that
satisfies

dX; = ' (X4, I;) dt + d By,
where the jump process I; on {1, 2} evolves according to
P (It+At = ] | It = i,Xt = .’,U) = T’U(z)At + O(At2)7 as At — 0.

The large-scale behaviour of (X4, I1) is studied by considering the rescaled process (X}*,
I7') defined by X[ := 1 X, and I := I,,;, and characterizing the dynamics of (X', I;")
for large values of n. This rescaling may be interpreted as zooming out of the z-t phase
space, which is illustrated below in Figure 3. It0 calculus implies that the process

(X[, If) satisfies (2.1) and (2.2).

2.2 Large deviations for this example

We are interested in the behaviour of the spatial component X" as n — oo. The
behaviour of X” for large n is shown in Figure 3. This figure suggests that X" closely
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Figure 2: A typical time evolution of (X", I") satisfying (2.1) and (2.2). In the left
diagram, the black bullet represents a particle that moves according to (2.1). A red
arrow indicates the dynamics of the spatial component X". A green arrow indicates
a switch of the configurational component ™, which switches the potential in which
the particle is diffusing. In the right diagram, the spatial evolution is shown in an
z-t-diagram. The red dots represent the values of X", while a green bullet indicates
a switch of the configurational component /™. The dynamics of the particle comprises
the following typical phases; 1 and 4: diffusive motion of X” near a potential minimum;
2 and 5: configurational switch of I with the effect of switching to another potential;
3 and 6: flow of X™ towards a minimum of the other potential. In both diagrams, the
spatial trajectory is shown lifted from the torus T to R.

follows a path with a constant velocity. Indeed, when specifying the results of this paper
to the example at hand—the process (X", I") defined by (2.1) and (2.2)—we find that the
spatial component X" satisfies a pathwise large-deviation principle in the limit n — oc.
To describe this fact more precisely, let X := Cr[0,00) be the set of continuous
trajectories in T, equipped with the topology of uniform convergence on compact
time intervals. The spatial component X" is a random variable in X, with a path
distribution P(X" € -) € P(X). We will show that there exists a rate function Z : X —
[0, oo] with which {X "}, < satisfies a pathwise large-deviation principle in the sense of
Definition 3.2 below. The gist of this statement is that for any trajectory «x € X, we have

at least intuitively
P(X" ~ ) Ne_”z(”), n — 00. (2.3)

The notation “X™ =~ z” indicates that X" is close to x with respect to the topology
on X, and “~ ¢ *Z(®)” indicates a dominant contribution of the exponential. The rate
function 7 is given by means of a Lagrangian £ : R — [0,00) as

I(z) = Zo(z(0)) + /O " L(O(t)) dt. (2.4)

Here Z, : T — [0, 0] is the rate function of the initial conditions X™(0); because of
the deterministic initial condition X"(0) = x¢, this functional is given by Zy(xg) = 0
and +oo otherwise. The Lagrangian is the Legendre dual of a Hamiltonian H : R — R,
that is £(v) = sup,[pv — H(p)], and the Hamiltonian is the principal eigenvalue of an
associated cell problem described in a more general context in Lemma 7.1.

Here, we focus on how this large-deviation result confirms the claim suggested by
Figure 3. The rate function (2.4) has the following properties:

(i) Z: X — [0,00] is nonnegative.

(ii) Z(x) = 0 if and only if d;z(t) = v, with v = H'(0).
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Figure 3: Two typical realizations of the spatial component X" of the two-component
process (X™, I") satisfying (2.1) and (2.2). On the left, a realization is depicted for n of
order one, and on the right for large n. Both graphs depict the lifted trajectory of X™ on R.
For large n, realizations of X" closely follow a path with a constant velocity v = H'(0),
wherein the Hamiltonian H = H(p) may be derived from large-deviation theory. A more
detailed illustration of the dynamics is shown in Figure 2 further above.

These two properties together characterize the unique minimizer of the rate function,
and thereby in particular the typical behaviour of X™ for large n. Whenever Z(x) > 0
for a path x € &, then by (2.3), the probability that a realization of X" is close to =
on X is exponentially small in n. In fact, the large-deviation principle implies almost-
sure convergence of X to the unique minimizer of the rate function (Theorem A.1).
Uniqueness of the minimizer, item (ii), follows by strict convexity of H(p). For the
Hamiltonian of this example, strict convexity can be proven as demonstrated in [29,
Step 4 in Appendix A].

With the large-deviation principle we can investigate which sets of potentials and
rates {41, 9, 712,721} induce transport, that means a non-zero macroscopic velocity v =
H'(0). We do not find general sufficient conditions for transport, but can draw some
conclusions if the process (X", I") satisfies detailed balance, that is rige %1 = COrore~¥2
for some constant C' > 0. Detailed balance implies that the Hamiltonian is symmetric
(Theorem 4.8), and therefore v = 0 under detailed balance.

3 Preliminaries

In the previous section we sketched the results of this paper at the hand of an example.
In this section we introduce the concepts that we use in the subsequent sections to
obtain the general results of this paper in a rigorous way.

Large deviations For a Polish space F, let X := Dg[0,00) be the set of trajectories
in F that are right-continuous and have left limits. We equip X with the Skorohod
topology [9, Section 3.5]. We work with the definition of a rate function as given in [2,
Chapter 1].

Definition 3.1 (Rate function). We call a map Z : X — [0,00] a rate function if for
every C > 0, the sub-level set {z € X : Z(x) < C} is compact. O

In particular, a rate function is lower semi-continuous. For a Borel subset A C X, we
write int(A) and clos(A) for its interior and closure.
Definition 3.2 (Large-deviation principle). Forn = 1,2,..., let P,, be a probability mea-
sure on X, and let T : X — [0, oo] be a rate function. We say that the sequence {P,, },en
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satisfies a large-deviation principle with rate function Z if for every Borel subset A C X,

1 1
— inf Z(z) <liminf —logP,(A) < limsup — logP,(4) < — inf Z(z) O
z€int(A) n—oo 1N n—soo N zEclos(A)
A large-deviation principle provides an estimate of the probabilities P, (A) on the
logarithmic scale. At least intuitively,

P, (A) ~ ¢ nfeca Z(@) n — oo.

Illustrating examples of a large-deviation principle can be found for instance in Ellis’
note on Boltzmann’s discoveries [8]. General introductions to the topic are also provided
in [2, Chapter 1] and [13, Chapter 3].

Identifying tractable formulas for a rate function is crucial for drawing conclusions
from a large-deviation principle. In this paper, we shall aim for finding action-integral
representations of rate functions. Let T¢ := R¢/Z¢ be the flat d-dimensional torus, and
let AC([0,00); T?) be the set of absolutely continuous trajectories in T<.

Definition 3.3 (Action-integral form of rate function). We say that a rate function 7 :
Dya[0, 00) — [0, oc] is of action-integral form if there is a non-trivial convex map £ : R% —
[0, 0o] with which

I(x

(z) = Zo(2(0) + [~ L (0px(t)) dt  if z € AC([0, 00); T9),
T 4 otherwise,

where T, : T? — [0, 00| is a rate function. We refer to the map L as the Lagrangian. [

Switching Markov processes in a periodic setting We shall consider Markov pro-
cesses defined by two-component stochastic processes (X", I") taking values in state
spaces E,, that satisfy the following condition.

Condition 3.4 (Setting). Fix J € IN. For n € NN, the state space E, is a product
space E,, .= EX x{1,...,J}, where EX is a compact Polish space satisfying the following:
there are continuous injective maps t, : E;X — T? such that for all + € T¢ there
exists x,, € E;X with which v, (z,) — = asn — oo. O

This condition means that the E;X are asymptotically dense in the torus T¢. The
typical example is the periodic lattice (n~'7Z)?/Z?, where the torus is recovered in the
limit of » to infinity. Another example is simply EX = T¢. When it is clear from the
context, we omit «,, in the notation. In general, for a function f = f(z,) of a continuous
variable = and a discrete variable i, we shall sometimes write f(z,i) = f;(x) to shorten
the notation.

Let X,, := Dg,[0,00). For a distribution 1 € P(E,), we identify an E,-valued two-
component process (X", I™) having initial condition p with its path distribution P €
P(X,). In order to define a path distribution, we shall specify a linear map L,, : D(L,) C
C(E,) — C(F,) on a domain D(L,) and assume well-posedness of the martingale
problem of the pair (L, u).

We refer to [9, Chapter 4, Section 3] for a precise treatment of the martingale problem,
but we briefly recall the martingale problem here. Consider a complete separable metric
space Y, a linear operator A C B(Y') x B(Y) with domain D(A) in the space of bounded,
Borel-measurable functions B(Y'), and a distribution ;1 € P(Y’). A process Z is called a
solution to the martingale problem for (A4, u1) if for all g € D(A), the process

t

g (2(t) - g (2(0)) - / Ag (Z(s))ds

0
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is a martingale and if Z(0) ~ p. Uniqueness holds for the martingale problem for (A4, p1) if
all finite-dimensional distributions of a solution are unique. A martingale problem for A
is well-posed if existence and uniqueness hold for (A4, i) for any initial distribution p €
P(Y).

We shall call a linear map L,, as above a generator if it gives rise to a well-posed
martingale problem. We specify the generators L,, of (X", I") from the following ingre-
dients:

(1) Fori € {1,...,J}, we have a map L, : D(L) C C(EX) — C(EX) that is the
generator of an EX -valued Markov process.

(2) Fori,j € {l,...,J}, we have a continuous map 77, : EX — [0,00).
With that, define the map L, : D(L,) C C(E,) — C(FE,) by

J

Lo f(x,i) = Li f (i) (@) + (@) [f(@,5) — f(x,i)], (3.1)

j=1

where the domain is D(L,) = {f € C(E,) : f(-,i) € D(L%),i =1,...,J}. For any u €
P(E,), we denote by IP]; the path-distribution of the solution to the martingale problem
for (L, p).

Condition 3.5 (Well-posedness). The martingale problem for L,, is well-posed and the
map E, 5> z— Py € P(X,,) is Borel measurable with respect to the weak topology on
P(X,). O
Definition 3.6 (Switching Markov processes in a periodic setting). We call a two-
component Markov process (X™,I") a switching Markov process if it takes values
in E, = EX x{1,...,J} satisfying Condition 3.4 and if it has a generator L,, that is given
by (3.1) and satisfies Condition 3.5. O

Condition 3.5 is the basic assumption on the processes in [13]. We expect the
martingale problem to be well-posed provided that the continuous maps r}; are suf-
ficiently regular. However, we do not investigate conditions on a map L, that imply
well-posedness, but assume it instead. A sufficient condition for the measurability in
Condition 3.5 is given in [9, Theorem 4.4.6]. The book by Yin and Zhu, in particular
Section 2.2, lists a number of references for such existence and regularity properties for
switching hybrid diffusions [43].

4 Main results

In the previous section we introduced the notion of a large-deviation principle and
defined switching Markov processes in a periodic setting. In this section we present our
main results as depicted in the flow-diagram Figure 1 above. First, we formulate general
conditions for a large-deviation principle of switching Markov processes (Theorem 4.2).
Then we find an action-integral representation of the rate function under an additional
convexity assumption (Theorem 4.3). The remaining theorems arise from specifications of
the general setting to specific models. We prove large-deviation principles for molecular-
motor models in two limit regimes (Theorems 4.6 and 4.7), and derive the fact that
detailed balance and separation of scales imply symmetry of Hamiltonians (Theorems 4.8
and 4.9).

4.1 Large-deviation principle for switching Markov processes

We consider switching Markov processes (X™, I") in a periodic setting in the sense
of Definition 3.6, with generators of the form (3.1). The essence of this section is
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Theorem 4.2, which provides general conditions that imply a pathwise large-deviation
principle of the spatial component X". We state the conditions in terms of nonlinear
generators defined as follows.

Definition 4.1 (Nonlinear generators). Let L,, be the map defined by (3.1). The nonlinear
generator is the map H,, : D(H,) C C(E,) — C(E,) defined by

H,f(z):= %e‘"f(w)Ln(e”f('))(x), (4.1)

on the domain D(H,) := {f € C(E,) : e"/) € D(L,)}. O

We shall work under the assumption that the nonlinear generators H, converge
in the limit n — oo. To formulate this convergence assumption, we need to introduce
an additional state space E’ for collecting up-scaled variables. The following diagram
depicts the relation between the state spaces:

(Mn>m) T x Ef
ns 7
En Jprojl
Mn Td

In the diagram, 7, : E, — T? is the projection defined by 7, (z,i) := t,(x), where 1, :
EX — T4 is the embedding of Condition 3.4. The map 7/, : E, — E' is continuous and
injective for every n. We shall assume that the FE,, are asymptotically dense:

(C1) For (z,2') € T¢ x E’ there exists y,, € E,, such that 1, (y,) — = and 7, (y,) — 2’ as
n— oo.

A limit operator of H,, is defined by a graph H C C(T¢) x C(T? x E’), a multi-valued
operator. We shall assume the following convergence condition:

(C2) The domain D(H) satisfies C*°(T¢) C D(H) C C*(T4). For (f,g) € H, there exist
functions f, € D(H,), n € IN, such that as n — oo,

If o = fullLee,y =0 and |[lgo (nu,n,) — HufnllLes(s,) — 0

Frequently, for any f in the domain of H, the corresponding image functions g are
naturally parametrized by a set of functions on E':

(C3) There are a set C C C(E’; R¥) and functions H , € C(T? x E’) with which
H = {(vaf#P) : f € D(H)7<p EC}

Specific examples of models satisfying the above conditions will be discussed in Sec-
tions 4.3 and 7.

Theorem 4.2 (Large deviation principle for switching processes). Let (X", I") be a
switching Markov process in the sense of Definition 3.6, with nonlinear generators H,
of Definition 4.1. Let E' be a compact metric space satisfying (C1), and let H C
C(T?%) x C(T? x E') be a multi-valued operator satisfying (C2) and (C3) from above.
Suppose the following:

(T1) For every ¢ € C there is a map H, : R? x E' — R such that for all f € D(H),

Hyo(x,2) = Hy(Vf(x),2), (z,2') € T? x E'.
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(T2) For every p € RY, there exists a function ¢p € C and a constant H(p) € R such
that H,,(p,2') = H(p) forall 2’ € E'.

Suppose furthermore that {X"(0)},cn satisfies a large-deviation principle in T with
rate function Z, : T¢ — [0, 00]. Then the family of processes { X" },en satisfies a large-
deviation principle in Dya[0, 00) with a rate function Z : Dya[0,00) — [0, 00], and there
exists a semigroup V (t) with which the rate function is given by (5.1).

We give the proof in Section 5. The formula for the rate function 7 is not important
here, which is why we report it only below in (5.1) in the proof section. Condition (T1)
means that the images depend on the variable = € T¢ only via the gradients V f(z). In
the molecular-motor models, Condition (T2) is verified by solving a principal-eigenvalue
problem, in which the constant #(p) is the unique principal eigenvalue of a certain cell
problem.

4.2 Action-integral representation of the rate function

In the previous section, we formulated general conditions that imply a pathwise
large-deviation principle. The rate function of Theorem 4.2 however is still generic
(equation (5.1) below). The following theorem shows that under an additional convexity
assumption, the rate function is of action-integral form in the sense of Definition 3.3
above.

Theorem 4.3. Consider the setting of Theorem 4.2. For p € R¢, let H(p) be the constant
in (T2) of Theorem 4.2. Suppose further the following:

(T3) The map p — H(p) is convex and H(0) = 0.

Then the rate function of Theorem 4.2 is of action-integral form with the Lagrangian
defined by L(v) = sup,cga [p- v — H(p)].
Theorem 4.3 is proven in Section 6.

4.3 Large deviations for models of molecular motors

In the previous two sections we considered general switching Markov processes in
a periodic setting. In this section we further specify to a class of stochastic processes
motivated by molecular motors.

Definition 4.4 (A process modeling molecular motors). The pair (X", I") is a Markov
process with values in E,, = T? x {1,...,.J} with generator L,, acting on functions f =

f(z,i) as

Luf(2,3) = bi(nw) - Vo fCi)(@) + -5 A 0)(2)

+ ZV(n)rij(nx) [f(.%‘,j) - f(l‘, Z)] , (4.2)
i
where y(n) > 0, 7;;(-) € C°>°(T% [0, 00)), and b;(-) € C>=(T?) , fori,j=1,...,J. O
The process of Definition 4.4 is an example of a switching Markov process with
generators L!, defined on the core C?(T) by

. 11
Lig(w) = bilna) - Vg(a) + = - Ag(a),
and rates r7;(z) = y(n)ry(nz). The domain D(L;,) of the generators L;, contains the

core, but is larger than C?(T%). The domain of L, is the set given by D(L,,) = {f(z,i) :
f(-,i) € D(L})}, and for functions f such that f(-,i) € C*(T¢), the generator acts as
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defined in (4.2). The example of Section 2, a stochastic model of molecular motors,
corresponds to the choices d =1, b; = —¢'(-,4), J = 2 and v(n) = n.

The fact that such a process satisfies Condition 3.5 follows from classical theory of
smooth linear parabolic systems of equations, as in e.g. [28, Sec. VII.8-10].

Definition 4.5. Let J ¢ IN. We call a matrix A € R’*/ irreducible if there is no
decomposition of {1, ..., J} into two disjoint sets J; and J» such that A;; = 0 whenever
iej1andjej2. O

Theorem 4.6 (Limit ). Let (X}*, I}") be the Markov process of Definition 4.4 with param-
eter y(n) = n. Assume that the matrix R with entries R;; = sup, cya 7ij(y) is irreducible.
Suppose furthermore that the family of initial conditions {X"(0)},cn satisfies a large-
deviation principle in T¢ with rate function I, : T¢ — [0, o0].

Then the family of stochastic processes { X"}, satisfies a large-deviation principle
in Cpal0,00) with rate function of action-integral form. The Hamiltonian H(p) is the
principal eigenvalue of an associated cell problem described in Lemma 7.1.

The irreducibility condition is imposed to solve the principal-eigenvalue problem that
we obtain, and is inspired by sufficient conditions for solvability of a coupled system of
elliptic PDEs [38].

The parameter (n) allows to model a time-scale separation of the components. The
following theorem shows that if 7(n) scales super-linearly, then the spatial component
is effectively driven by potentials averaged over the stationary measure of the fast
configurational component, and the large-deviation principle is governed by an averaged
Hamiltonian.

Theorem 4.7 (Limit Il). Let (X}*,1}') be the Markov process of Definition 4.4, with
parameter y(n) such that n~'vy(n) — oo as n — co. Assume that for every y € T<, the
matrix R(y) with entries R(y);; = r;;(y) is irreducible. Suppose furthermore that the
family of random variables {X"(0)},cn satisfies a large-deviation principle in T¢ with
rate function Z : T¢ — [0, oc].

Then {X"},cn satisfies a large-deviation principle in Cya[0, c0) with rate function of
action-integral form. The Hamiltonian H(p) is the principal eigenvalue of an associated
averaged cell problem described in Lemma 7.2.

4.4 Detailed balance implies symmetric Hamiltonians

The large-deviation principles established by Theorems 4.6 and 4.7 can be used to
analyse which sets of potentials and rates induce transport on macroscopic scales. To
that end, we specify to b;(y) = —V,¥:(y) and v(n) = n in the generators defined in (4.2).

We say that the set of potentials and rates {r;;, 1;} satisfies detailed balance if for
alli,j € {1,...,J} and y € T?, we have

Tij (y)e—Qwi(y) — rji(y)e—ij(y)_ (4.3)

Theorem 4.8 (Detailed balance implies a symmetric Hamiltonian). Consider the same
setting and assumptions of Theorem 4.6. Suppose that the detailed-balance condi-
tion (4.3) is satisfied. Then the Hamiltonian H(p) of Theorem 4.6 satisfies H(p) = H(—p)
for all p € R7.

We give the proof of Theorem 4.8 here, since it is solely based on a suitable formula
for H(p).

Proof of Theorem 4.8. We prove in Proposition 8.1 that under the detailed-balance con-
dition, the principal eigenvalue H(p) is given by

H(p) = sup [Kp(1) — R(p)]
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where P C P(FE') is a subset of probability measures on £/ = T? x {1,...,J} specified in
Proposition 8.1, R(y) is the relative Fisher information specified in (8.7), and K, () is
given by

J 1 J
K =it {3 [ | 51900 02 =30 | o

J
£ 3 [ mo) m e  cosh (002, o) do .

ij=1

where 7;;(z) = r;j(z)e~2¥:(*), the infimum is taken over vectors of functions ¢; = ¢(-,i) €
C?(T%), and du;(z) = @;(z)da.

Let u € P. We show that K, () = K_,(p), which implies H(p) = H(—p). The sum in
which the cosh(-) terms appear is symmetric in the sense that

J
Co)i= Y [ (o) @ ) cosh (0(a.5) - ol ) da

satisfies C(¢) = C(—¢). The bijective transformation ¢ — (—¢) together with the sign
change p — (—p) leaves the infimum in K,(x) invariant, and hence symmetry of C(¢)
implies the claimed symmetry K, (1) = K_p(u). O

With a similar analysis, we can study the behaviour of molecular motors under
external forces. Let (X™, I™) be the stochastic process of Theorem 4.6 in dimension d = 1
with drift b;(y) = F — ¢/(y,i), where F is a constant (modeling an external force)
and ¢(-,i) € C°°(T) are smooth periodic potentials, i = 1,...,J. The process (X", I")
is T x {1,...,J}-valued and satisfies

1
vn
where I a jump process on {1,...,J} with jump rates nr;; (nz).

For example, this model predicts a positive force-velocity feedback under detailed

balance: F > 0 implies 9,H(0) > 0, and F < 0 implies 9,74(0) < 0. The positive
force-velocity feedback may be derived from the following properties:

dX] = (F —4¢'(nX], I}'))dt + dBs,

(a) H(—F —p) =H(—F +p) for all p,
(b) H(0) =0, and
(c) H(-) is strictly convex.

Indeed, specializing (a) to p = F, we find H(—2F) = H(—F + F) = H(0) = 0. Since
the Hamiltonian is also strictly convex (c), the Hamiltonian must have a positive slope
at p=0if F' > 0 and a negative slope at p = 0if F < 0.

The symmetry property (a) is a consequence of detailed balance and can be shown
similarly as Theorem 4.8; the only difference is that in the formula for K,(u), the
term |V¢;(x) + p|? gets replaced by the term |V¢;(x) + F + p|?, with which we find

H(—F —p) =sup [K_p_p(p) — R(p)] = sup [K_pyp() — R(p)] = H(—F +p).
nep nep
Property (b) is proven further below in Section 7.1 under Verification of (T3) of Theo-
rem 4.3. Property (c) is proven in [29, Lemma 2.1] in a different but similar context. We
do not include a proof of (c) here.
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Theorem 4.9 (Separation of time scales implies a symmetric Hamiltonian). Let the
stochastic process (X[, I]*) of Definition 4.4, with b, = —V1);, satisfy the assumptions
of Theorem 4.7. Suppose in addition that the rates r;;(-) are constant on T¢. Then
H(p) = H(—p), where H(p) is the Hamiltonian in Theorem 4.7.

Since the derivation of the required formula for H(p) is similar to the derivation
of H(p), we omit the details and only give a sketch of the argument here.

Sketch of proof of Theorem 4.9. The principal eigenvalue #(p) is given by

. 1
H(p) = sup (K1)~ R(w)], Kp(u)= inf 1+ / Ve + P dp,
nep peC>(T4) 2 Td

with P and R specified below. The bijective transformation ¢ — (—¢) leaves the
infimum in K, (x) invariant, and therefore we have K, (1) = K_,(u) for all 4 € P. This
implies H(p) = H(—p).

In the formula for H(p), the set of probability measures P C P(T9) is

P={ueP(T?% : p < dr and du = fidz with V (logfi) € Li(’ﬂ’d)}.

The map R is the relative Fisher information; with the stationary measure v of the jump
process on {1,...,J} with rates r;j,

w5

2

dp, U(z) = Z vi Pi().

O

5 Proof of large-deviation principle for switching Markov pro-
cesses

The main point of this section is to prove Theorem 4.2, the large-deviation principle
for switching Markov processes in a periodic setting. The proof is based on a connection
between large deviations and Hamilton-Jacobi equations that we first make explicit in
Section 5.1 by adapting theorems of [13] to our setting.

5.1 Strategy of proof

Viscosity solutions and the comparison principle We adapt [13, Definitions 6.1
and 7.1] to the compact setting. For a Banach space B, we identify operators with
graphs H C B X B, with domain D(H) := {f : 3(f,g9) € H} and range R(H) :=
{9 : 3(f,9) € H}, and refer to them as multi-valued operators. For the following
definition, E and E’ are compact Polish spaces with metrics dg and dg/, B(E x E’) is the
set of measurable and bounded functions on E x E’, equipped with the uniform norm,
and M (FE x E’) is the set of measurable functions.

Definition 5.1 (Viscosity solutions). Let H C C(F) x M(E x E’') be a multi-valued
operator with domain D(H) C C(FE). Let h € C(F) and T > 0.

i) A functionu, : E — R is a viscosity subsolution of (1—7H )u = h if it is bounded and
upper semicontinuous, and if for all (f,g) € H there exists a point (x,z') € E x E’
such that

(ur — f)(z) =sup(us — f) and wui(x)—71g(z,2") — h(x) <O0.
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ii) A function uy : E — R is a viscosity supersolution of (1 — 7H)u = h if it is
bounded and lower semicontinuous, and if for all (f,g) € H there exists a point
(z,2') € E x E' such that

(f —u2)(z) =sup(f —u2) and wuz(x) —7g(z,2") — h(z) > 0.

iii) A function u; : E — R is a strong viscosity subsolution of (1 — 7H)u = h if it is
bounded and upper semicontinuous, and if for all (f,g) € H and x € E, whenever

(w1 = f)(z) = sup(ur — f),
then there exists a 2z’ € E’ such that
ui(z) — Tg(x,2") — h(z) <0.
Similarly for strong viscosity supersolutions.

A function u € C(F) is called a viscosity solution of (1 — 7H)u = h if it is both a viscosity
sub- and supersolution. O

Let us briefly highlight the adaptations we made with respect to [13]. First, formu-
lating viscosity solutions via sequences as in [13, Definition 7.1] is only required when
working with non-compact spaces, while in the context of this paper we only work in
compact spaces. Second, the product space E x E’ in this paper corresponds to the
set ' in [13].

Definition 5.2 (Comparison Principle). The comparison principle holds for viscosity sub-
and supersolutions of (1 — 7H)u = h if for any viscosity subsolution u; and viscosity
supersolution us, we have u; < us on E. For two operators Hy, Hy C C(E)xC(ExE’), we
say that the comparision principle holds if for any viscosity subsolution u; of (1—7H;)u =
h and viscosity supersolution us of (1 — 7Hy)u = h, we have u; < ug on E. O

If the comparison principle holds, then viscosity solutions are unique, since two
viscosity solutions u, v satisfy v < v and v < w.

A general large-deviation theorem Just as in Theorem 4.2, we work with compact
Polish spaces F,, E and F’ that are related via continuous embeddings 7, and 7], by

(11nsm7,) Ex E
s y
En lpr(’jl
n’!L E

such that for any « € F, there exist z,, € E, such that n,(z,) — = as n — co. The
following theorem is an adaptation of [13, Theorem 7.18] to our setting. This adaptation
is obtained by collecting in one place assumptions that are mentioned in several places
in [13], and specializing them to the compact setting.

Theorem 5.3. Let L, be the generator of an FE,-valued process Y" such that Con-
dition 3.5 is satisfied, and let H, be the nonlinear generators defined by H,f =
LleniL,en/ , forn € N. Let the compact Polish spaces E,,,E and E' be related as
in the above diagram. In addition, suppose:

(i) (Condition 7.9 of [13] on the state spaces) There exists an index set () and approxi-
mating state spaces Al C E,, q € @, such that the following holds:

(a) For q1,q2 € Q, there exists g3 € () such that Al U AL C A%,
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(b) For each = € E, there exists ¢ € Q) and y,, € A% such that n,(y,) — z as
n — oo.

(c) For each q € Q, there exist compact sets K{ C F and KI C E x E’ such that

sup inf dp(n,(y), 2) == 0,
ye Al TEKY

and
n— o0

sup inf [dg(1n(y), ©)) + dp: (11, (), 2)] —— 0.
yeA?,, ($7z)EK2

(d) For each compact K C F, there exists q € Q such that K C lim inf 7, (AZ2).

(ii) (Convergence Condition 7.11 of [13]) There exist multi-valued operators H;, Hy C
C(E) x C(E x E') which are the limit of the H,,’s in the following sense:

(a) For each (f,g) € H;, there exist f, € D(H,) such that

sup ((sup 1fulo)] + sup [1,5,(0)]) < .

zeE, xelby,

and for each q € Q, limy, oo SUP,c 42 | fn(y) — f(7(y))| = 0. Furthermore, for
each ¢ € @Q and every sequence y, € A% such that n,(y,) - = € E and
N, (yn) = 2’ € E', we have limsup,, , o Hp fn(yn) < g(z, 7).

(b) For each (f,g) € Hy, there exist f,, € D(H,) (not necessarily the same as
above in (a)) such that

sup ( sup |fn(z)| + sup |ann($)|> < 00,
n z€FE, zelE,

and for each q € Q, lim,, oo SUP,c 41 | fn(y) — f(7(y))| = 0. Furthermore, for
each ¢ € @Q and every sequence y,, € E, such that n,(y,) = « € E and
Nl (yn) = 2’ € E', we have liminf,,_, o Hy, fn(yn) > g(z,2').

(iii) (Comparison principle) For each h € C(E) and T > 0, the comparison principle
holds for viscosity subsolutions of (1 — THy)u = h and viscosity supersolutions of
(1 — THi)u = h.

Let X' := n,(Y;") be the corresponding E-valued process. Suppose that {X"(0)},en
satisfies a large-deviation principle in E with rate function I, : E — [0, 00].

Then { X"}, satisfies the large-deviation principle with a rate function Z : Cg[0, c0)
— [0, 00]. Furthermore, there exists a semigroup V(t) : C(E) — C(E) with which the
rate function is given by

k

I(x) =To(x(0)) +sup sup > Ty, (x(t:)|z(ti-1)), -1
KEN (t1,..5tx) 5—1

where for z,y € E,

Ti(zly) = fesg?E) [f(2) = V() f(y)]- (5.2)

The semigroup V (¢) is defined via the Crandall-Liggett Theorem—for details we refer
to [13, Chapter 5].
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5.2 Proof of Theorem 4.2

We prove Theorem 4.2 by verifying the conditions of Theorem 5.3, which are conver-
gence of nonlinear generators (Proposition 5.4) and the comparison principle (Proposi-
tion 5.5). The rest of this section below the proof of Theorem 4.2 is devoted to proving
the propositions. We point out that the main challenge is to prove the comparison
principle using only (T1) and (T2) of Theorem 4.2. In the following propositions and
lemmas, we assume that conditions (C1), (C2), and (C3) are satisfied, as in the setting of
Theorem 4.2.

Proposition 5.4. In the setting of Theorem 4.2, condition (i) of Theorem 5.3 is satisfied.
Let H C CY(T¢) x C(T¢ x E') be a multi-valued operator satisfying (T1). Then H satisfies
the convergence condition (ii) of Theorem 5.3.

Proposition 5.5. In the setting of Theorem 4.2, let H C C'(T?) x C(T? x E’) be a multi-
valued operator satisfying conditions (T1) and (T2). Then for T > 0 and h € C(T4), the
comparison principle is satisfied for viscosity sub- and supersolutions of (1 — TH)u = h.

Proof of Theorem 4.2. By Proposition 5.4, conditions (i) and (ii) of Theorem 5.3 hold
with the single operator H = H; = H;. By Proposition 5.5, the comparison principle
is satisfied for (1 — 7H)u = h, and hence condition (iii) of Theorem 5.3 holds with
a single operator H = H; = H;. Therefore the large-deviation principle follows by
Theorem 5.3. O

Proof of Proposition 5.4. We recall that with E,, = EX x {1,...,J} and ¢, : EX — T% of
Condition 3.4, the state spaces are related as in the following diagram,

(Nn>my,) T x Ef
nH V
En Jproh
Nn e

where 7, : E, — T is defined by 7, (x,%) = t,,(z) and 7/, : E, — E’ is a continuous map.
In the notation of Theorem 5.3, we have F = T<.

For verifying the general condition (i) of Theorem 5.3 on the approximating state
spaces A%, we take the singleton Q = {¢} and set A% := E,,. Then part (a) holds, and
parts (b) and (d) are a consequence of Condition 3.4 on FE,,, which says that for any
x € TY, there exist x,, € Eﬁf such that ¢, (x,,) — z. Part (c) follows by taking the compact
sets K := T¢ and KJ := T? x E', because then

inf dg(n.(y),z) = inf dg(n.(y),z) =0
zeK] z€Td

foranyn € N and any y € E,,. Hence, foralln € N,

sup inf dg(n,(y),z) =0.
yEE, T€KY{
The other convergence condition in part (c) follows similarly.
We verify the convergence Condition (ii) of Theorem 5.3. By (T1), part (C2), there
exist f, € D(H,) such that

n—oo n— oo

|f o = fullLe(g,) —— 0 and ||Hy 0 (n,n),) — Hufollp(e,) — 0.
With these f,, both conditions (ii)(a) and (ii)(b) are simultaneously satisfied for the

operator H = H; = H;. For example, regarding (ii)(a):
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* The existence of f,, with the required boundedness,
sup (sup £+ sup [, 5,0)]) < .
nelN \yekE, yeE,

follows from the uniform-convergence condition (C2). We have a singleton @ = {¢}
and A¢ = E,, so that

sup [fa(y) = )] = 1 = F oMl e i) == 0,
yEAT

also by condition (C2).

+ Condition (C1) guarantees that for any point (z,2’) € T¢ x E’ there exist y,, € E,,
such that both 7,(y,) — = and 7/ (y,) — 2’ For any such sequence y,, the
bound limsup,, ., Hn frn(yn) < g(z, 2’) follows as well from the uniform-convergence
condition (C2), where g = Hy .

Part (ii)(b) follows analogously. O

For proving Proposition 5.5, we use two operators H;, H, that are derived from a
multi-valued limit H. Define Hy, Hy : C(E) — M(E) by

Hif(z):=inf sup Hy,(x,2") and Hof(z):=sup inf Hy,(z,2"),
¢ ek o #EE
with equal domains D(H;) = D(H;) := D(H). Since the images of H are of the form
Hy o (x,2') = Hy(Vf(x),2'), the operators H, and H, are as well of the form H, f(z) =
H1(Vf(z)) and Hayf(x) = Ha(Vf(x)), with two maps H;,Hs : R? — R. We prove
Proposition 5.5 with the following lemmas.

Lemma 5.6 (Local operators admit strong solutions). Let H C C*(T¢) x C(T¢ x E') be
a multi-valued limit operator satisfying (T1) of Theorem 4.2. Then for any 7 > 0 and
h € C(T%), viscosity solutions of (1 — 7H)u = h coincide with strong viscosity solutions
in the sense of Definition 5.1.

Lemma 5.7 (H;, and H, are viscosity extensions). Let H be a multi-valued operator
satisfying (T1) and (T2) of Theorem 4.2. For all h € C(Td) and T > 0, strong viscosity
subsolutions uy of (1 — 7H)u = h are strong viscosity subsolutions of (1 — 7Hy)u = h, and
strong viscosity supersolutions us of (1 — H)u = h are strong viscosity supersolutions
of (1 —7Hy)u = h.

Lemma 5.8 (H; and H, are ordered). Let H be a multi-valued operator satisfying (T1)
and (T2) of Theorem 4.2. Then H,(p) < Ha(p) for all p € R4.

The lemmas are proven further below.

Proof of Proposition 5.5. Let u; be a subsolution and us be a supersolution of the equa-
tion (1 — 7H)u = h. By Lemma 5.6, u; is a strong subsolution and us a strong super-
solution of (1 — 7H)u = h, respectively. By Lemma 5.7, u; is a strong subsolution of
(1 —7H;)u = h, and us is a strong supersolution of Hy.
With that, we establish below the inequality

max(uy —uz) < 7 [H1(ps) = Ha(ps)] + h(zs) — hlz), (5.3)
with some x5, 75 € T such that dist(zs,2%) — 0as § — 0, and certain p; € R%. Then using
that » € O(T?) is uniformly continuous since T? is compact, and that H;(ps) < Ha(ps)
by Lemma 5.8, we can further estimate as

n%ra;lx(ul —ug) < h(zs) — h(xf) < wy(dist(zs, 25)),
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where wy, : [0,00) — [0,00) is a modulus of continuity satisfying wy(rs) — 0 for rs — 0.
Then (u; — ug) < 0 follows by taking the limit 6 — 0.
We are left with proving (5.3). Define ®5 : T¢ x T¢ — R by

\Il !
Bs(x,2') = uy(z) —uz(a') — (2,2 ),
20
where .
U(x,x') = ZsinQ (m(x; — ), for all 2,2’ € T?. (5.4)
j=1

Then ¥ > 0, and ¥(z,z’) = 0 holds if and only if z = 2/, and
Vi [¥(,2)] (z) = =V [¥(z,)] (2)  forall z,z’ € T (5.5)

By boundedness and upper semicontinuity of u; and (—uz), and compactness of T¢ x T¢,
for each § > 0 there exists a pair (z4,2%) € T¢ x T? such that

Ds5(zs,75) = max Ps(x,z’).
x,x’

Since ®5(z5,x5) < ®s(xs,2%) and us is bounded, we obtain
(s, x5) < 20 (uz(ws) — uz(zs)) < 40||ual| o (Tay = O(9).

Hence ¥(x5,25) — 0 as § — 0. In order to use the sub- and supersolution properties of
u; and u,, introduce the smooth test functions f{ and f{ as

U(x, z5)

U(xs, ')
20 '

and  f3(2) = w(5) - — 2

fi(2) = ua(af) +

Since V¥ is smooth, f{, f§ € C>(T?%) C D(H) are both in the domain of H, and hence in
the domain of H; and H,, respectively. Furthermore, (u; — f{) has a maximum at = = x5,
and (f{ — u2) has a maximum at 2’ = z;, by definition of (z4,2%) and ®s. Since u; is a
strong subsolution of (1 — 7Hy)u = h,

ui(zs5) — TH1 [ (w5) — h(zs) <0,
and since uy is a strong supersolution of (1 — 7Hs)u = h,

up(5) — TH2f3 (a5) — h(z}) = 0.
Thereby, we can estimate max(u; — uz) as

n%ra}ix(ul —ug) = :Ibrgr)g Ds(z, x)

< @5, 75) = w(25) — ua(ag) — Lox8)
< ug(ws) — uz ()
<7 [Hyf} (w5)) — Haf5 (25)] + h(xs) — h(x})

=7 [Hi(V 7 (25)) = Ha(V F3(25))] + h(zs) — h(x}).

By (5.5), Vf{(z5) = Vf3(z%) = ps € RY, which establishes (5.3), and thereby finishes
the proof. O

The rest of the section, we prove lemmas 5.6, 5.7 and 5.8. Regarding Lemma 5.6, a

proof for single valued operators is given in [13, Lemma 9.9].

EJP 29 (2024), paper 88. https://www.imstat.org/ejp
Page 18/39


https://doi.org/10.1214/24-EJP1144
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

LDPs of switching Markov processes

Proof of Lemma 5.6. Let 7 > 0, h € C(T¢). We verify that subsolutions are strong
subsolutions. Let u; be a subsolution of (1 — 7H)u = h and (f, Hy,,) € H, and let x € T¢
be such that (u1 — f)(z) = sup(u1 — f).

The function f defined by f(z') := U(a/,2), with U(2/,z) defined by (5.4), is smooth
and therefore f is in the domain D(H). Then z is the unique maximal point of (u; —(f+f)),

(w1 = (f + N)(x) = Sqlrlf(m —(f+ 1)
Since u; is a subsolution, there exists a point 2’ € E’ such that
ur(v) = 7H; 7 (x,2") = h(z) < 0.
Using V f (z) = 0 and that H depends only on gradients by (T1), we obtain

Hy, g ol@,2) = Hy ((f + V) (@),2) = Ho(V (@), 2') = Hy ol 2).

Hence

uy(z) — 7Hy y(z,2") — h(z) <O0.
Thus u; is a strong subsolution. The argument is similar for the supersolution case,
where one can use (—f).

Vice versa, when given a strong sub- or supersolution u; or us, for every f € D(H),
(u; — f) and (f — uy) attain their suprema at some 1,75 € T? due to the continuity
assumptions on the domain of H, the semi-continuity properties of u; and us, and
compactness of T¢. By the strong solution properties, the sub- and supersolution
inequalities follow. O

Proof of Lemma 5.7. Let u; be a strong subsolution of (1 — 7H)u = h, that is for any
(f,Hypp), if (ug — f)(x) = sup(uy — f) for a point = € TY, then there exists a point 2’ € E’
such that

uy(z) — 7Hy o(z,2") — h(z) <O0. (5.6)
Let f € D(H,) = D(H) and = € T¢ be such that (u; — f)(z) = sup(u; — f). For any ¢ there
exists a point 2z’ € E’ such that the above subsolution inequality (5.6) holds. Therefore
for all z,

uy(z) — h(z) <7 sup Hy,(z,2").
2B
Since the point z € T? is independent of ¢, we obtain
uy(z) — 7Hy f(x) — h(x) Lt uy(z) — 7inf sup Hy ,(x,2") — h(z) < 0.
¥ Z'€E’

The argument is similar for supersolutions. O

Proof of Lemma 5.8. By assumption, for every p € R¢ there exists a function ¢, € C(E’)
such that for all 2’ € F’,
Hy,(p,%') = H(p).
Thus
sup Hy, (p,2') =H(p) = inf H, (p,2').

ey 2 EE’
Taking the infimum and sif)remum over ¢, we find
Hi(p) = igf sup Hy(p, ')
2
< sup H, (p,7')=M(p) = iil/f H, (p,2)
< supinf Hy(p, 2') = Ha(p),
o z

which finishes the proof. O
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6 Proof of action-integral representation

In this section we prove Theorem 4.3, the action-integral representation of the rate
function of Theorem 4.2, by following the strategy outlined in [13, Chapter 8]. We first
briefly summarize the strategy in Section 6.1, specialized to our setting.

6.1 Strategy of proof

Let H = H(p) be the Hamiltonian of Theorem 4.3 and let £ = £(v) be the associated
Lagrangian defined by
L(v):= sup [p-v—H(p)]. (6.1)
pER

Define Vxs(t) : C(T?) — C(T9) by

t
VsOf@) = s [160) - [ £oanas). 62)
YEACq[0,00) 0
Y(0)=z

where ACqya[0, 00) is the set of absolutely continuous paths in the torus. The map Vys(t)
is the Nisio semigroup with cost function £. In Definition 8.1 and Equation (8.10)
in [13], the Nisio semigroup is defined by means of relaxed controls in order to cover
a general class of possible cost functions. Since the Lagrangian £(v) is convex, the
semigroup Vys(t) equals the semigroup given in (8.10) of [13], which can be seen by
using that Ay = d5_,(s) is an admissible control and by applying Jensen’s inequality. Such
an argument is given for example in Theorem 10.22 in [13].

The rate function Z of Theorem 4.2 is given in terms of a limiting semigroup V'(¢) as
shown in equations (5.1) and (5.2). The desired action-integral representation follows
if the semigroup V(¢) of Theorem 4.2 is equal to the Nisio semigroup Vys(t) defined
by (6.2). In [13, Chapter 8], the equality of semigroups is traced back to conditions on
their generators. In our case, the generator of the limiting seimgroup is the limiting
multi-valued operator H of Theorem 4.2, and the generator of the Nisio semigroup is an
operator H defined by the Hamiltonian #(p). We summarize in Proposition 6.1 below
that the generators satisfy the required conditions of [13, Chapter 8] and show that
these conditions suffice to prove the action-integral representation.

6.2 Proof of Theorem 4.3

In this section, we first prove Theorem 4.3 by means of Proposition 6.1 below. The
rest of the section is then devoted to proving Proposition 6.1.

Proposition 6.1. Under the same assumptions of Theorems 4.2 and 4.3, define the
operator H : D(H) C C'(T%) — C(T?) on the domain D(H) = D(H) by setting Hf (z) :=
H(Vf(z)). Let T >0 and h € C(T). Then:

(i) The Lagrangian (6.1) and the operator H satisfy Conditions 8.9, 8.10 and 8.11
of [13], with the set of controls U = RY, operator Af(x,u) = Vf(z) - u, cost
function L(z,u) = L(u), and H; = H; = H.

(ii) The comparison principle (Definition 5.2) holds for viscosity sub- and supersolutions
of (1 —TH)u = h.

(iii) Every viscosity solution u of (1—7H)u = h is also a viscosity solution of (1 —7H)u =
h.

Proof of Theorem 4.3. Let V (t) be the semigroup obtained in Theorem 4.2 and let Vs ()
bet the Nisio semigroup (6.2). We shall verify that V(¢t) = Vys(¢). Then by [13, The-
orem 8.14], the rate function of Theorem 4.2 (given by (5.1)) satisfies the control
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representation (8.18) of [13]. The action-integral representation follows from this control
representation by applying Jensen’s inequality.

By [13, Theorem 8.27], we obtain Vys(t) = V(t), where the semigroup V(¢) is defined
by

—_17m
V(t) = lim [(1 - tH) ] . (6.3)
m— oo m

The conditions of Theorem 8.27 are satisfied since Conditions 8.9, 8.10 and 8.11 of [13]
are satisfied by Item (i), and since the comparison principle holds by Item (ii).

By [13, Corollary 8.29], we obtain V(¢) = V(t). The conditions of Corollary 8.29
are satisfied: Item (iii) above corresponds to Item a) of Corollary 8.29, the conditions
of [13, Theorem 6.14] are satisfied under the assumptions of our Theorem 4.2, the
conditions of [13, Theorem 8.27] are satisfied for the same reasons as mentioned above,
and D, = D(H). O

Proof of (i) in Proposition 6.1. We first show that the following Items (a), (b), (c) imply
Conditions 8.9, 8.10 and 8.11 of [13], which are formulated in order to cover a more
general and non-compact setting.

(a) The function £ : R¢ — [0, oc] is lower semicontinuous and for every C' > 0, the level
set {v € R? : L(v) < C} is relatively compact in R9.

(b) For all f € D(H) there exists a right continuous, nondecreasing function ; :
[0,00) — [0, 00) such that for all (z¢,v) € T¢ x R4,

IVf(zo) v <¢p(L(v)) and lim r(r) =0.

r—oo T

(c) For each 2y € E and every f € D(H), there exists an absolutely continuous path
x :[0,00) — T¢ such that

/ H(V (x(s))) ds = / (VF(x(s) - (s) — L((s))] ds. 6.4)
0 0

Regarding Items (1)-(5) of [13, Condition 8.9], the operator Af(z,v) := V f(z) - v defined
on the domain D(A) = D(H) satisfies Item (1). For Item (2), we can take I' = T? x R¢,
and for zy € TY, take the pair (z,\) with 2(t) = z9 and \(dv x dt) = &y(dv) x dt. Item (3)
is a consequence of the above Item (a). Item (4) holds since T is compact. Item (5) is
implied by the above Item (b). Condition 8.10 is implied by Condition 8.11 and the fact
that H1 = 0, see Remark 8.12 (e) in [13]. Finally, Condition 8.11 is implied by the above
Item (c), with the control A(dv x dt) = 09,4+ (dv) x dt.

We turn to verifying Items (a), (b) and (c). Since H(0) = 0, we have £ > 0. The
Legendre-transform £ is convex, and lower semicontinuous since the map #(p) is convex
and finite-valued, hence in particular continuous. For C > 0, we prove that the set
{veR?: L(v) < C} is bounded, and hence is relatively compact. For any p € R? and
v € R?, we have p-v < L(v) + H(p). Thereby, if L(v) < C, then |v| = SUpjp =1 p - v <
sup|p|=1 [L(v) + H(p)] < C + C1, where C exists due to continuity of H. Then for
R:=C+0Cy, {v: L) <C}C{v: |v] <R} thus {£ < C} is a bounded subset in R%.

Item (b) can be proven as in [13, Lemma 10.21]. We give the proof here. Let f € D(H).
There exists a constant Cy such that for all (z¢,v), we have

V(o) - v| < Cy - [ol.
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For s > 0, define the map ¢(s) by

Let ¢¢(r) := Cy - ¢~ (r) with ¢! (r) = inf{w : p(w) > r}. By monotonicity of ¢,

P(CFHIV f(@o) - v]) < @(Jv]) < L ().

Hence by monotonicity of ¢y, we find |V f(zo) - v| < ¢;(L(v)). The map L(v) is su-
perlinear, because H(p) is convex. Therefore s~!¢(s) — +oo as s — oo, and conse-
quently r~'¢(r) — 0 as r — oo.

We finish the proof by verifying Item (c). This is shown in [25, Lemma 3.2.3] under
the assumption of continuous differentiability of #(p), by solving a differential equation
under a global-boundedness assumption. Here, we verify Item (c) under the milder
assumption of convexity of H(p) by solving a suitable subdifferential equation. For pg €
R?, define the subdifferential 9H(py) at po as the set

OH(po) = {€ € R | Vp € R? : H(p) = H(po) + (&, p —po)}-

We shall solve for any f € C*(T?) the subdifferential equation & € dH(Vf(x)). This
means we show that for any initial condition z, € T¢, there exists an absolutely continu-
ous path x : [0, 00) — T satisfying both x(0) = z¢ and i(¢) € OH(V f(z(t))) almost every-
where on [0, 00). Then (6.4) follows by noting that H(V f(y)) > Vf(y)-v— L(v) forally €
T< and v € R%, by convex duality. In particular, H(V f(z(s))) > Vf(z(s)) - #(s) — L(Z(s)),
and integrating gives one inequality in (6.4). Regarding the other inequality, since
i € OH(Vf(z)), we know that for almost every ¢ € [0,00) and for all p € R¢, we have
H(p) > H(Vf(x(t))) + z(t) - (p — Vf(x(¢))). Therefore, a.e. on [0, 00),

H(Vf(2(1))) < V() - @(t) — sup [p-@(t) — H(p)]

pER
= Vf(a(t) - i(t) — L((t)),

and integrating gives the other inequality.

For solving the subdifferential equation, define F : R? — 2B by F(z) := dH(V f (),
where the function f € C'(T9) is regarded as a periodic function on R?. We apply
Lemma 5.1 in [4] for solving # € F(z). The conditions of Lemma 5.1 in the case of R?
are satisfied if the following holds: sup,cga ||F(z)| is finite, for all z € RY, the set F(z) is
non-empty, closed and convex, and the map = — F(x) is upper semicontinuous.

For ¢ € F(x), note that forallp € R? ¢ (p— Vf(z)) < H(p) — H(V f(z)). Therefore, by
shifting p = p’ + Vf(x), we obtain for all p’ € R? that ¢ - p’ < H(p' + Vf(z)) — H(V f(z)).
By continuous differentiability and periodicity of f, and continuity of #, the right-hand
side is bounded in x, and we obtain

sup sup [{]= sup sup sup &-p’
2€Re £EF(x) 2€Rd £EF(2) |p']|=1

< sup sup sup [H(p'+ Vf(z)) — H(Vf(z))] < .
w€Re (EF (x) [p!|=1

For any = € R, the set F(x) is non-empty, since the subdifferential of a proper convex
function 7(-) is nonempty at points where #(-) is finite and continuous (see e.g. [36,
Th. 23.4]). Furthermore, F'(z) is convex and closed, which follows from the properties of
a subdifferential set.

Regarding upper semicontinuity, recall the definition from [4]: the map F : R? —
2"\ {0} is upper semicontinuous if for all closed sets A C R¢, the set F~1(4) C R is
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closed, where F~1(A4) = {z € R? | F(z) N A # (0}. Let A C R be closed and z,, — =
in R?, with z,, € F~1(A). That means for all n € IN that the sets OH(V f(z,)) N A are
non-empty, and consequently, there exists a sequence §,, € F(z,,) N A. We proved above
that the set F(y) N A is uniformly bounded in y € R?. Hence the sequence &,, is bounded,
and passing to a subsequence if necessary, it converges to some £. By definition of F'(x,,),
for all p € RY,

En(p — Vi(zn)) < H(p) = H(Vf(2n)).

Passing to the limit, we obtain that for all p € R,

§(p— Vi(x) <H(p) — H(VS(2)

This implies by definition that ¢ € OH(V f(x)). Since &, € A and A is closed, we have
¢ € A. Hence z € F~!(A), and F~!(A) is indeed closed. O

Proof of (ii) in Proposition 6.1. The comparison principle for the operator H follows from
the fact that Hf = H(Vf) depends on z only via gradients. Indeed, for subsolutions
w1 and supersolutions us of (1 — TH)u = h, we have max(u; — uz) < 7[H (V fi1(zs)) —
H (V f2(zf))] + h(zs) — h(xf), with test functions fi, fo € D(H) satisfying V fi(zs

Vf2(2f), and dist(zs,2%5) — 0 as & — 0. Therefore H (Vfi(xs5)) — H (Vfa(xf)) =

and max(u; — ug) < 0 follows by taking the limit 6 — 0.

ool

Proof of (iii) in Proposition 6.1. Let u € C(T%) be a viscosity solution of the equation (1—
TH)u = h. By Lemmas 5.6 and 5.7, u is a strong viscosity subsolution of (1 — 7H;)u =h
and a strong viscosity supersolution of (1 — 7Hs)u = h. In the proof of Lemma 5.8 we
obtained H; < H < Hs,, which in particular implies the inequalities —H; > —H > —H,.
With that, we find that w« is both a strong viscosity sub- and supersolution of (1 — TH)u =
h. O

7 Proof of large deviations for molecular motors

In this section, we consider the stochastic process (X", I") of Definition 4.4 and
prove Theorems 4.6 and 4.7. The generator L,, of (X", I") is given by

J

Lof(@3) = S AFC @) + bilna) - VA 0)@) + 3 A [, ) — F(a, )],

j=1
with state space E, = T? x {1,...,J} = {(x,i)}, drifts b; € C°°(T%), jump rates
rij € C°(T4[0,00)), and v(n) > 0. We frequently write f(z,i) = fi(x). The nonlin-

ear generators defined by H,, f = e "fL,e"/() are given (for f € C*(T?) C D(H,))
by

Hyf(,0) = - SAfi(e) + VA + bi (02) Vi)

J
1 n(f (w,5)— F (1))
—_ iq T ’ —1.1. 7.1
+ 3 0 3m () E (7.1)
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7.1 Proof of Theorem 4.6

Verification of (T1) of Theorem 4.2. We have the scaling v(n) = n. Choosing the func-
tions f,(z,i) = f(z) + L ¢ (nx,1), we find

Hyfn(z,i) = %%Af(x) + %Aycpi (nz) + %|Vf(x) + Vi (nx) |2
J

+b; (nz) (Vf(z)+ Vypi (nx)) + Zrij (nx) [eW(m’j)_“"(m’i) — 1} )
j=1

where V, and A, denote the gradient and Laplacian with respect to the variable y = nz,
instead of the variable x. The only term of order % that remains is %A f(z)/2. This
suggests to take the remainder terms as the definition of the multi-valued operator H.
In the notation of Theorem 4.2, we choose £/ = T¢ x {1,...,J} as the state space of the

macroscopic variables, and define
H:={(f Hy,) : f€C*T%, Hy, € C(T? x E') and € C*(E')}, (7.2)

with the image functions Hy, : T? x E’ — R defined by

Hyp(oy,) == 3 Ayily) + 5|VI @) + Tyl + bin) (V@) + Vyoily)

J
+3 ri(y) {em,j)—w(y,i) —1], (7.3
j=1

where we write ¢ = (1, ..., ;) via the identification C?(E’) ~ (C%(T%))’. O

Verification of (C1), (C2) and (C3). For verifying (C1), define the maps 7, : F,, — E' by
1. (x,i) := (nx,i), and recall that the maps 7,, : F,, — T? are the projections 7, (z,1) := .
For any (z,v,i) € T¢x E’, we search for elements (y,,,,) € T¢x {1,...,.J} such that both
M (Yn,in) — @ and ), (yn, in) — (y,i) as n — oo. For d = 1, the point y,, := *(|nz| + y)
satisfies y,, — « and ny,, = y in T (i.e. modulo 1). For d > 2 this construction can be
done for each coordinate. Therefore, (C1) holds with y,, = 1 (|nz| + y) and i,, = i.

Regarding (C2), let (f,Hy,) € H. The function f, defined by f,(z,i) := f(z) +
L o (na, i) satisfies

. 1 n—00
1fonn = fallLe(m,y = sup [f(@) = ful@, i) = = - @l Lo (m,) — 0,
(z,i)EE, n

and
HHfW o (Umﬁ%) - ann||L°°(En) = ( SglpE |Hf7¢(x,mc,i) - ann(xal)l
z,t)EE,

n—oo

11 11
=—— sup |Af(x)|§ﬁisup|Af|~——%0.
Regarding (C3), the fact that the images Hy , depend on z only via the gradients of f,
can be recognized in (7.3). O

Verification of (T2) of Theorem 4.2. Let f be a function in D(H) = C%(T¢) and » € T
We establish the existence of a vector function ¢ = (¢1,..., ;) € (C?(T?))’ such that
for all (y,i) € B’ = T x {1,...,J} and some constant H(V f(z)) € R, we have

Ho(Vf(x),y,1) = H(V f ().
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For the flat torus E = T¢, this means that for fixed Vf(x)=pc€ R4, we search for a
vector function ¢, such that ﬁ% (p,y,i) = H(p) becomes independent of the variables
(y,i) € E’. We can find this vector function by solving a principal eigenvalue problem.
We prove Item (T2) by the following lemma.

Lemma 7.1. Let ' = T% x {1,...,.J} and H be the limit operator (7.2). Then:
(a) For f € D(H), the limiting images H,(V f(x),y, i) are of the form
H,(Vf(x),y,i) = e ¥ [(Bp +V, + R)e*] (y,1),

with p = Vf(x) € R?, and operators B,,V,, R: C*(E') — C(E') defined as
. 1 . .
(Bph)(y, 1) := 5Ayh(y, 1) + (p + bi(y)) - Vyhly. )

Vo) = 50+ 000 ) Hl)

J
(Rh)(y.i) =Y rij(y) [y, 4) = Ay, )]
j=1

(b) For any p € R, there exists an eigenfunction g, = (gy,...,g;) € (C*(T?))” with
strictly positive component functions, g; >0onT? fori=1,...,.J, and an eigen-
value H(p) € R such that

[Bp +Vp + R g, = H(p) gp- (7.4)
Now (T2) follows by (a) and (b) in Lemma 7.1, since with ¢, := log gy,

Hy, (p,y,1) @ e~ ¥r(v:0) (B, +V, + R| e?r(¥:1)

=20 i@
= ol Pt Vet Blaply,i) = Hp).

Proof of Lemma 7.1. Writing p = V f(z), Item (a) follows directly by regrouping the
terms in (7.3). Regarding Item (b), [B, +V, + R] g, = H(p)g, is a system of weakly-
coupled nonlinear elliptic PDEs on the flat torus. They are weakly coupled in the
sense that the component functions g; are only coupled in the lowest order terms by
means of the operator R, while the operators B, and V,, act solely on the diagonal. By
Proposition B.2, there exists a A(p) and g, > 0 such that [-B, —V, — R] g, = A(p)gp.
Thereby, (B, + V, + R] g, = H(p)g, follows with the same eigenfunction g, > 0 and the
principal eigenvalue H(p) = —A(p). This finishes the verification of (T2). O

Verification of (T3) of Theorem 4.3. We prove that the principal eigenvalue #(p) of Lem-
ma 7.1 is convex in p € R? and satisfies #(0) = 0. By Proposition B.2, the eigenvalue
H(p) = —A(p) admits the representation

H@=—mﬂﬂ{£wWﬂr%—m%Wﬁ

9502/ EE/

. 1 /
= inf sup {g(z’) (Bp +V,+R)g] (= )}

g>0 2 cE’
= inf sup {e_“"(z/) [(Bp +V, + R)e?] (z’)} =:inf sup F(p,¢)(7),
P 2EE ® 2eE
EJP 29 (2024), paper 88. https://www.imstat.org/ejp

Page 25/39


https://doi.org/10.1214/24-EJP1144
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

LDPs of switching Markov processes

with a map F defined by

L1 1
Fp,2)(y:7) = 5Ay0i(y) + 51Vyi(y) +pI? + b (v) (Vyei(y) + p)
J
+ Zrij (y) [ew(y)—w(y) — 1} .
j=1

The map I is jointly convex in p and ¢. For the eigenfunction ¢ = ¢, equality holds
in the sense that for any z € E’, we have H(p) = F(p, ¢,)(z). Therefore, we obtain for
7 € [0,1] and any p;,p» € R? with corresponding eigenfunctions g; = e¢#! and gy = e¥?
that

H(rp1+ (1= 7)p2) = infsup F (rp1 + (1 = 7)p2, ¢)
< SlElpF(Tpl + (1 = 7)p2, 701 + (1 = T)p2)
< sup [TF(p1, 1) + (1 — 7)F(p2, p2)]
< TSEIPF(plaSOI) +(1=7) S}El,pF(pzwpz)
= H(p1) + (1 — 7)H(p2).

Regarding the claim #H(0) = 0, we choose the constant function ¢ = (1,...,1) in the
variational representation of #(p). Thereby, we obtain the estimate 74(0) < 0. For the
opposite inequality, we show that for any ¢ € C?(E’)

A(p) :== sup {e_“’(zl) [(Bo + Vo + R)e¥] (z’)} >0,

z'eR’

which then implies H(0) = inf, A(¢) > 0. Let p € C?(E’); the continuous function ¢ on
the compact set £’ admits a global minimum z,, = (ym,im) € E’. Thereby, noting that
Vo =0, we find

—o(z 2 1 ‘ 1 ,
A(p) 2 ™5 (By + R)e? ™) = S Aoy, im) +5| Vi Yms im) |
N———

>0 =0
+ bi”l (ym) . vygo(yn“ Zm) _|_ Z Tij (ym) [ew(ymvj)_sa(ywuimr) _ 1 Z 0.
oy #
- >0
This finishes the verification of (T3), and thereby the proof of Theorem 4.6. O

7.2 Proof of Theorem 4.7

In this section, we consider the process (X", I") of Definition 4.4 in the limit
regime %y(n) — 00 as n — oo. As above in the proof of Theorem 4.6, we start with
the nonlinear generator H,, given by (7.1), and verify conditions (T1), (T2) and (T3)
of Theorems 4.2 and 4.3. Conditions (C1), (C2) and (C3) can be shown similarly as in

Section 7.1.

Verification of (T1) of Theorem 4.2. We choose functions f, (z,i) of the form

) = fx l nT L nT,1
i) = S(@) + 3 o (na) + s € (i),
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We abbreviate y = nx in the following equation. Computing H,, f,, results in

. 11 1 n
Hofolo) = 25000 + 5 |y0(0) + 18,60
1 n 2 n
VI + Vyp0) + mm«y)\ +hi() (me V0 + V)

Z”J [ Y.d) =€) /7 (n) _ 1}.

The n/~(n) terms vanish as n — oco. The last term satisfies

Zw ) [enemeontn _q] Zr” ~ &)+ 00 (1):

Therefore, we choose again E’ := T? x {1,...,.J} as the state space of the macroscopic
variables, and use the following limit operator H,

H:={(f Hfy¢) : f€C* T and Hy, ¢ € C(T? x E')}, (7.5)

with functions ¢ € C*(T?) and ¢ = (&,...,¢;) € C*(E') ~ (C*(T?))’. In the notation
of (C3), with k = 2, the set C C C(E';R*) is

C={acO(E R : alr.i) = (p(a),E(x.1)) , ¢ € CH(TY), £ € CP(E")} .

The image functions Hy ¢ : T¢ x E/ — R are

Hipel,9,1) = 5 8,0(0) + 5[V () + Vy0(u) +biy) (V@) + Vyol)

J
+ Z ri5(y) [€(y,5) — &y, 3)] . (7.6)

Then H satisfies (T1), which is shown by the same line of argument as above in the proof
of Theorem 4.6, with the same maps 7, and 7,,. The image functions depend only on

gradients, Hy , ¢(z,y,i) = Hy ¢ (Vf(2),y,1). H

Verification of (T2) of Theorem 4.2. For any p € RY, we establish the existence of func-
tions ¢, € C?(T9) and ¢ € C?*(E’) such that H,¢(p, ) becomes constant on E' =
T¢ x {1,...,J}. To that end, we find a constant H(p) € R and ¢, and ¢, such that
for all (y,7) € E’, we have

H%D;ufp(pv:%i) = H(p)
We reduce the problem to finding a principal eigenvalue.
Lemma 7.2. Let ' = T% x {1,...,J} and let H be the operator (7.5). Then:

(a) For f € D(H), the images H, ¢ are given by
Hye(p,y, 1) = e ?W (B pi T Vi )+ ZTU —&(y,1)],

where p = Vf(x) € R, Bpi = 38, + (p+bi(y)) - Vy, and V,,;(y) = p*/2 4+ p - bi(y)
is a multiplication operator.
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(b) For any ¢ and y € T, there exists a function ¢(y,-) on {1,...,.J} such that ¢ €
C?(E') and foralli =1,...,J,

J
e 2 [(Bpi + Vpi)e?]l () + D> i (1) £y, 5) — £y, )] = e ?W) [B, + V] e#),
j=1

— 2 _ —
where B, = %Ay +(p+b(y)) - Vy, Vu(y) = & +p-b(y). In the operators, b(y) :=
Z;.le ty(i)b;(y) is the average drift with respect to the stationary measure p, €
P{1,...,J}) of the jump process with frozen jump rates r;;(y).

(c) There exists a strictly positive eigenfunction g, and an eigenvalue H(p) € R such
that

[Bp + Vpl gp = H(p)gp- (7.7)

By (a), (b) and (c), taking ¢, = log g, and the corresponding £(y, ), we obtain (T2) via

N (@) _ . . .
Hy, e(py,i) = e er(y) [Bp,i + Vp.i] e?r) 4 Z i (y) [€(y, ) — €y, 1)]
jeJ
) _ c
2 (B, +V,)e?) (1) £ Hip).
Proof of Lemma 7.2. Regarding (a), writing £(y,i) = &,(i) and p = Vf(z) € RY, for all
(y,1) € E’ we find

1 1 4
Hee(py,i) = 5800 + 5|+ V| +bip+ Vo) + > ri () [y, 5) — E(y, )],

Jj=1

— ¥ . A%
— Bt e = Ry )0
with a generator R, of a jump process with frozen jump rates r;;(y).

For (b), let ¢ € C?*(T¢) and y € T?. We wish to find a function &,(-) = &(y,-) €
C({1,...,J}) such that

e % [Bpi+ Vpile? + Ry&, (i)

becomes constant in ¢ = 1,...,J. By the Fredholm alternative, for any vector v €
C({1,...,J}), the equation R,{, = v has a solution {,(-) € C({1,...,J})ifand only ifv L
ker(R;). Since R, is the generator of a jump process on the finite discrete set {1,...,J}
with rates 7;;(y), the null space ker([;) is one-dimensional and spanned by the unique
stationary measure p, € P({1,...,J}), which exists by our irreducibility assumption of
Theorem 4.7 (e.g. [22, Theorem 17.51]). Hence e~ ¥ [B,,; + V,, ;] €¥ + R &, (1) = h(p,y) is
independent of i € {1, ..., J} if and only if

J
> iy (@) [(h(p,y) — € [Bpi + Vp.il €?] = 0.
i=1
This solvability condition leads to
J
>y () [(Mpy) = €2 (Bpi + Vpi) 9] = h(p,y) — e ?W) (B, + V) e#¥) = 0.
i=1

Hence for h(p,y) := e~*W) [B, + V,] e#¥), there exists £(y, i) solving the equation R,¢(y, -)
= h. Furthermore, since the stationary measure is an eigenvector of a one-dimensional
eigenspace, and the rates r;;(-) are smooth by assumption, the eigenfunctions ¢, depend
smoothly on y as well, and (b) follows.
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For proving (c) in Lemma 7.2, we note that Equation (7.7) corresponds to a principal-
eigenvalue problem for a second-order uniformly elliptic operator. By Proposition B.1,
the principal eigenvalue problem [—-B, —V,]g, = A(p)g, has a solution g, > 0, with
eigenvalue \(p) € R. The same function g, and the eigenvalue #(p) = —A(p) solve (7.7).

O

Verification of (T3) of Theorem 4.3. The principal eigenvalue #(p) is of the form

H(p) = inf sup F (p,¢) (y),
¥ yE"JFd

with F' jointly convex in p and ¢. Convexity of H(p) and #(0) = 0 follow as above in the
proof of Theorem 4.6. O

8 Proof of symmetry of Hamiltonians

Theorem 4.8 shows that detailed balance implies symmetric Hamiltonians. The proof
was based on a suitable variational representation of the Hamiltonian. In this section,
we show in Proposition 8.1 how to obtain this representation.

Before giving the rigorous proof, we sketch the argument. To that end, we recall
the setting. We work with E/ = T? x {1,...,J} and denote by P(E’) the set of prob-
ability measures on E’. The Hamiltonian #(p) is the principal eigenvalue of the cell
problem (7.4) described in Lemma 7.1, and satisfies

o) = s | [ Vi aute) - ) ®.1)
HEP(E") E'

In this formula, we have the continuous map V), given by

. 1
Vp(z,4) := §p2 —p - Vipi(z), (8.2)
and the Donsker-Varadhan functional
Lyu
I = — inf - .
o)== int [ Fa 8.3)

where the infimum is over strictly positive v € C?(E’) and the operator L, is

J
Lyu(z,i) := %Awu(@i) + (p— Vi(2)) - Vau(z,i) + Zrij(x) [u(z,j) — u(z,i)]. (8.4)

j=1

The variational representation (8.1) is a special case of Donsker’s and Varadhan’s
representation theorem on principal eigenvalues [6]. Under their general conditions,
the infimum is taken over functions that are in the domain of the infinitesimal generator
of the semigroup generated by L,. Pinsky showed that the infimum can be taken
over C? functions if the coefficients appearing in the operator L, are sufficiently regular
(Theorem 1.4 in [33], Equation (3.1) in [34]).

Since it is not clear from (8.1) that #(p) is symmetric under the detailed-balance
condition, we shall perform a suitable shift in the infimum of the functional (8.3) to obtain
a suitable representation. Rewriting in (8.3) the strictly positive functions as u = exp(p)
(with ¢ = logu, so ¢ has the same regularity as u), we find

. 1 1 .
Ip(p) = — inf Z/ <2A<Pi + §|V<Pi|2 +(p = Vi)Vepi + > g (€979 1) )dui-
5 ;
(8.5)
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Suppose that du; = i, dz with a function 7, that is bounded away from zero, where dz
is the Lebesgue measure on the torus. Then shifting in the infimum by setting ¢; =
®; + ¥; + % logfi;, we find by calculation that

) = RGw) + [ Vi Ky, (8.6)

o

where R(u) is the Fisher information given by

Z/T (log

dpss, (8.7)

and K,(u) is given by

J
. 1
203 M CLTEENES o) R
i—1 7 T?

+Z / Je—20i(@) ui(m)uj(x)ewj<x>+w,:<x)e¢<w,j>—¢<m>dm}. 8.8)

i,5=1

Plugging formula (8.6) into the variational representation (8.1) leads to the desired
representation of the Hamiltonian as used at the beginning of the proof of Theorem 4.8
in Section 4.4. The transformation we used is equivalent to shifting by (1/2) log(%;/7;),
where 7; = e 2% is the stationary measure up to multiplicative constant. This transfor-
mation is reminiscent of a symmetrization discussed in Touchette’s notes [39, Eq. (36)].
Also when formulating the detailed-balance condition with additional constants in (4.3),
that is when not shifting the potentials by constants to renormalize, one can include
these constants in the shift to arrive at the same conclusions.

In order to make the strategy as outlined above rigorous, we prove that we can
restrict to measures p having the required regularity properties. The central step is to
exploit the fact that I,,(11) is finite since H(p) is finite. By a result of Stroock [37, Theorem
7.44], finiteness of the Donsker-Varadhan functional implies certain regularity properties
in case the generator is reversible. Since the generator L, is not reversible, we further
bound I, by a suitable Donsker-Varadhan functional /., corresponding to a reversible
process in order to be able to apply [37, Theorem 7.44].

Proposition 8.1. The Hamiltonian H(p) given by (8.1) satisfies the following:

(a) The supremum in (8.1) can be taken over a smaller set P of measures, that is

H(p) = sup [/ Vpdp — fp(u)} ;

pnepP
where P C P(E') are the probability measures u = (1, ..., ps) such that:

(P1) Each p; is absolutely continuous with respect to the uniform measure on T¢.
(P2) For each i, we have V(logfi;) € L7 (T?), where dy;(x) = 1;(x)dz.

(b) We have

H(p) = sup [Kp(p) — R(p)], (8.9)

with the maps R and K, given by (8.7) and (8.8) above. In K,(u), the infimum
should be taken over vectors of functions ¢; = ¢(-,i) in C?(T?).
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(c) Under the detailed balance condition (4.3), for any u € P,

1nf{Z/ \V@ )+ o2 — Zr” x) | dui(z)

+ Z / Je= 2V (@) () Vs (T cosh(qb(x,j)—«é(a:,i))dx}-

3,j=1

(8.10)

The representation (8.10) follows from (8.8) by rewriting the sums appearing therein
as ., aij = : >_i;(aij +aj;), where

4y = / rije 20T ()1 () (D @) 9w =0 ) 4g
Td
This leads to the cosh(-) terms in (8.10), and proves (c). We now give the proof of (a) and
(b) of Proposition 8.1.

Proof of (a) in Proposition 8.1. Let p € Re. The supremum in (8.1) can be taken over
measures £ such that I,,(u) is finite, because 7 (p) is finite and V,,(-) is bounded. We show
that finiteness of ]p(u) implies that ;4 must satisfy (P1) and (P2). To that end, define the
map Lrey : D(Liey) € C(E') — C(E') by setting D(Lyey) := C?*(E’) and

Lrevf('r7 Z) = %Awf(x,z) - V'(/)z(x) : vif(x’ Z) +WZ 5”(1}) [f(xaj) - f(l‘,’t)] )
J#i

with jump rates s;; defined as s;; = 1 and s;; = €?¥72¥i, for i < j, and with 5 :=
suppa (ri;/8:5) < oo, where r;;(-) are the jump rates appearing in L,. Furthermore,
define I, : P(E’) — [0, 0] by

[ () = = weé‘gEE’)/, € Lyev(€) dp. (8.11)

We shall prove two statements:
(I) If Ir, ,(u) is finite, then the measure p satisfies (P1) and (P2).
(IT) If I,(p) is finite, then I, (u) is finite.

The two statements combined finish the proof.
Regarding (I), suppose 1, (x) is finite. Since s;;e~ 2% = s;;e72%4, the operator Lyey
admits a reversible measure vrey in P(E’) given by

rev )

1 i —2y,
Viev(41,...,A)) = Z Z Vi (Ay), wheredvi, = dz and Z = Z vy
The measure v, is reversible for L., in the sense that for all f, g € D(Lyey),
(Lrevf: Qvree = (f, LievG) v,  Where (f, )y, = — Z (2) dyﬁev(x)'

By Stroock’s result [37, Theorem 7.44],

I, (n) = {<f“,LrEVf#>Dmv’ i = € D' :=D (\/Trev) and g, = d(i,;:vv

00, otherwise,
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where dp/dvrey is the Radon-Nikodym derivative. In particular, since I, (x) is finite,
we find that p < 4oy and that I, (1) is explicitly given by

ILreV (M) = _<fa Lrer>VreV

Z / ‘Vfl | dl/rev +’VZ/ SZJ ‘f] ( )|2dl/rev( ) ’ (812)

where we write f; = (du'/dvi,,)'/?. Furthermore, ;' is absolutely continuous with
respect to 1! = e 2¥idz. Since e~ ?¥idr <« dz, we find that x is absolutely continuous
with respect to the volume measure on T¢. Hence (P1) holds true.

We verify (P2) by showing that the integral de [V(log )| dy' is finite. Let g, :=
dp’ /durev be the density of u' with respect to 1/,,. Then the densities i’ = du’/dx
satisfy g/, = i'e?¥?, because

i dui dyﬁev _ d:u’i e~ 2
dvi, dz dvi '

rev rev

Let f := \/gi. By (8.12), [1.. |V f}|?dV},, is finite for every i = 1,...,.J. Hence with the
estimate

. , , , 1 |Vg |2
/ |vf;zt|2dV;ev > / |Vf;i|21{ﬁi>0}dV;ev = 1/ 1{/L >0}dVrev
Td Td Td

95
1 |2V + 20 Vipe?Vi |2,
— 1/]I‘d ﬁl e w’l{ﬁ1‘,>0}d$
1 B :
= Z/Td [V(log ') + 2Vl *1 5650y dpe’
1 —1 1 7
> g/ [V (log 71") *1 5.0y dpe —/ Vi P Lz s oy i’
T T

we find V(log i) € L2,(T?).

Regarding (II), we start from I,(u) as given in (8.5). Suppose that I,,(x) is finite. We
estimate r;;/s;; from above by 7 = supya(r;;/s;;) to find

)2y [~ [580:@) + 3190 + 0~ Tusta) Veto)

+7 D si(@) (eI TP@D 1)L dp — so(p),
i

where so(u) = >, [pa [75ij(x) —rij(2)] dp’ is finite.

For p = 0, this means that Io(u) > Ir,., (1) — so(p), which follows from writing out the
definition of I, (u) given in (8.11). Hence, I (u) is finite.

For p # 0, the additional p-term can be dealt with by Young’s inequality applied as
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—p- V¢ > —p?/(2¢) — £|V¢'|* , with € > 0. Thereby,

L zswY [ - an@ + S Ta@P - Vi@ id)

2

D DI | E S

3w [ -[5a0@ + 5IVa@P + Vi@ T

. . 2
N M%: 515 (2) (el ~e(eN /A _ 1)] a7~ o),
VE

where the last equality follows by rescaling ¢ — ¢/\, with A =1+¢ > 1.

Therefore, apart from the factor 1/ in the exponential term and the multiplicative
factor Ay, we obtain the same estimate as above in the p = 0 case. Denoting the
supremum term in the last line by [ i\ we found the estimate

1
L(p) = X]Lrev(l'l') — sp(), (8.13)

where s, (1) = (2¢)~'p* + so(u). Hence I} (p) is finite.

We show that this enforces finiteness of I (i), by proving that I (u) = oo im-
plies I} (p) = oo.

So, suppose that I, (#) = oco. Then by definition of I;_, in (8.11), there exist
functions ¢,, such that

a( : Z/ { Ap! + 7|Vgon|2 Vz/;chpn+’stlj (e“"" :3)=en (@) _ )]dui(:c)

J#i

diverges, that is a(p,) — o0 as n — oo. Write
Plon) == 3 [ S+ 5V — VTl
e — J1a 2" 2 " Lo

TS iy (elenmd—enmin/A 1)} Ay ()
J#i
for the according evaluation of ¢, in I} (u). By definition, I} (n) > (gpn). We shall

prove that with a finite constant C' = C(u) and sequences an and @), we have the
estimates

n’

Q_ @ _, 6 |
alpn) < @, < @, < a’(pn)+C.

That finishes the proof, since then

n— oo

I (1) > a*(en) > [a(pn) — O] 2222 400,

Define the sequences a@,, and @, by
d D ,
-3 [ 586+ 5Ive - Ve
i=17T4

+ WZ Sij (e(p"(a:7j)7¢”(a:’i)l{gpn(x,j)—tpn,(ﬁfvi)zo} — 1) :| dul(l'),
J#i
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and
== Z/ LAGE + 2|V - ViV
" — Jpa 2770 T 20T n
073 s (e(son(m,j>—w(w,n)/xI{WR(IJ)_%W)ZO} B 1) ] i ().
J#i
Define the constant C' by

Ci=x7 Y [ sy (o)

15574
Regarding inequality (1),
ay, — a(spn) =7 Z / Sijesﬂn(amj)—sﬂn(x,i) [1 _ 1{90”(1:,]_)790”(1’71_)}} dﬂi(w) >0.
igiii? T
Regarding inequality (2), writing d¢,,(z, 7,1) := ¢n(z,7) — pn(z, ), we find
a—a, =7 Z /d $i; [ewn(z,j,i)16%(%],71,)20} _ 1] A (z)
igsii 0

- > /d Sij [eéwn(Lj’i)/)\l{&pn(m,j,i)zo} B 1] A ()

ivjsi#i T
=5 /T s [efon 20 _ xBon @] Lo, (oorsop dii (@)
1,555 7%
#0-0 Y [ i)
iggi T

>0

9

using in the last estimate A = 14 ¢ > 1 and e* — A\e*/* > (1 — \) for z > 0.
Regarding inequality (3), using e*/*(1,5¢ — 1) > —1 for z € R, we find

M) — Ty =27 D /Td sijel @D =@ 0 ey — 1] A’

(N
> —)\7 Z / Sij d/j,l =-C
iz’ T

O

Proof of (b) of Proposition 8.1. 1t is sufficient to show that for any p € P the Donsker-
Varadhan functional I,,(u) satisfies (8.6). Integrating by parts in (8.5) gives

. 1 1
B0 == i, Y [ |- 590 tonm) 4 5IT0l + (- V0 Ve
i
+ D iy (e97F = 1) | dut,
J
where we write du’ = fi'dz. Now shifting in the infimum as ¢; = ¢; + 1 log(*) + ¥;, we
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find after some algebra that

2

. 1 1 1_.
L(p) = — inf Z/Td [2|V¢i +pl* — 5‘(19— Vi) — §V10gu

$€—3 log i+C?
+ ZTU “ %ewjiw’l’e(ﬁjidn -1 :| d,ul.
J

The term containing the square roots is not singular since it is integrated against du’.

By using the usual methods of approximation by truncation in Sobolev spaces (see
e.g. [1, Prop. 9.5]) the infimum above can be replaced by an infimum over all ¢ €
—% log i + C? that are bounded, and by subsequent regularization by convolution the
infimum can be taken over C?.

Now writing out the terms and reorganizing them leads to the claimed equality. O

A Large-deviation principle implies almost-sure convergence

It is a well-known fact that a large-deviation principle implies a strong type of
convergence of random variables [5, at the end of Section 1.2]. We provide a proof
here since we know of no reference in the literature providing an explicit proof of the
well-known fact. Let Z : X — [0, co] be a rate function. We denote by {Z = 0} the set of
its global minimizers.

Theorem A.1l. Forn = 1,2..., let X" be a random variable taking values in a Polish
space (X,d). Suppose that {X"},ecn satisfies a large-deviation principle with rate
function Z. Then d(X",{Z = 0}) — 0 almost surely as n — cc.

We point out that as specified in Definition 3.1, the rate function in Theorem A.1 is
assumed to have compact sub-level sets.

Proof of Theorem A.1. For k,n € IN, let A} be the event
po={dX" {ZT =0}) > 1/k},

and write

L io. = ﬂ U Ay,

N>1n>N

Let £ € IN. By the large-deviation upper bound, there exists a § > 0 such that for all n
sufficiently large,

P (A7) <e ™.
Therefore Y, P (A}) is finite, and by the Borel-Cantelli Lemma,
P (A} i.0.) = 0.

With that, almost-sure convergence follows by noting that

P ({d(X”, {Z =0}) === 0} is not true) < ki_o:lIP( ri0.)=0.
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B Principal eigenvalues
In this section we collect results on principal-eigenvalue problems that we encounter
in the proofs of the molecular-motor models.
Proposition B.1. Let P be a second-order uniformly elliptic operator given by
02 4

d
0
P—_k£:1akf(')m“v‘;bk(')W'FC('% (B.1)

with smooth coefficients ayy, by, c € C°°(T?). Then there exists a strictly positive func-
tion u € C>°(T9) and a unique A € R such that Pu = \u, and \ is given by

P P
A =sup inf [ g(:z:)} = inf sup [/ -9 du} . (B.2)
g>0z€Td | g(z) REP(T?) g>0 |JTd g

Here p is the unique stationary measure.

The existence of the principal eigenvalue A and the associated positive eigenfunction
u for second-order elliptic operators on closed manifolds, such as the torus T¢, is given
for instance by Padilla [30, Th. 6.1]; note that we do not assume a sign on ¢, and therefore
we do not obtain a sign on A either. The characterization (B.2) is given by Donsker and
Varadhan [6, 7].

Proposition B.2. Let L : C?(T%)’ — C(T9)’ be a J x J diagonal matrix of uniformly
elliptic operators,
(1)
L 0 . .

d
L= L0 =% a;g(.)m+zb;>(.)w+c<>(-), (B.3)
0 L(J) k=1 k=1

with a{’) (-),b (), () € C>(T4), and let R = R(y) be a J x.J-matrix-valued function
with non-negative off-diagonal elements,
R >0
R = 5 RijEOforaHi;éj.
>0 Ry

Suppose that the matrix R with entries R;; := sup,cya Ri;(y) is irreducible. Then for
the operator P := L — R, there exists a unique A € R and a vector-valued function u €
(O‘”(Td))J, u'(-) >0 foralli=1,...,J, such that Pu = \u. Furthermore, ) is given by

A =sup inf [Pg(z)} = inf sup [/ Pgdu} .

9>02€E" | g(2) HEP(E’) g>0 g

(recall that E' = T x {1,...,J}).

Kifer proves this result in [21, Lemma 2.1 and Proposition 2.2], for the case in which
all off-diagonal elements R;; are strictly positive. Sweers [38, Th. 1.1] proves a similar
result, relaxing R;; > 0 to the combination of R;; > 0 with irreducibility, but for domains
with Dirichlet boundary conditions. The method of Sweers also applies to the case of
periodic boundary conditions as for T¢. We omit the details.
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