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Abstract

Macroscopic equations arising out of stochastic particle systems in detailed balance (called
dissipative systems or gradient flows) have a natural variational structure, which can be
derived from the large-deviation rate functional for the density of the particle system. While
large deviations can be studied in considerable generality, these variational structures are
often restricted to systems in detailed balance. Using insights from macroscopic fluctuation
theory, in this work we aim to generalise this variational connection beyond dissipative
systems by augmenting densities with fluxes, which encode non-dissipative effects. Our main
contribution is an abstract theory, which for a given flux-density cost and a quasipotential,
provides a decomposition into dissipative and non-dissipative components and a generalised
orthogonality relation between them. We then apply this abstract theory to various stochastic
particle systems—independent copies of jump processes, zero-range processes, chemical-
reaction networks in complex balance and lattice-gas models—without assuming detailed
balance. For macroscopic equations arising out of these particle systems, we derive new
variational formulations that generalise the classical gradient-flow formulation.

1 Introduction

When studying an evolution equation, it is often helpful to know if it has an associated
variational structure, in order to obtain physical insight and tools for mathematical analysis.
An important example of such a structure is a gradient flow or dissipative system; in this case
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the structure consists of an energy functional and a dissipation mechanism, and the evolution
equation is completely characterised by a corresponding minimisation problem involving
these two objects. From a thermodynamic point of view, such a variational structure is often
related to random fluctuations of an underlying microscopic particle system via a large-
deviation principle — examples include the Boltzmann—-Gibbs—Helmholtz free energy and
the Onsager—-Machlup theory.

It has recently become clear that macroscopic equations are always dissipative (called
gradient flows) if the underlying microscopic stochastic system is in detailed balance.! The
energy functional and the dissipation mechanism for such macroscopic equations are then
uniquely derived by an appropriate decomposition of the large-deviation rate functional
associated to the microscopic systems [1-4]. These observations have provided a canonical
approach to constructing a variational structure for such macroscopic equations. In addition
to having a clear physical interpretation, these variational structures have been used to isolate
interesting features of the macroscopic equations and study singular-limit problems arising
therein.

So far, this approach has largely been limited to particle systems in detailed balance and
corresponding macroscopic dissipative systems. Since a large deviation study is possible far
beyond detailed balance, this leads to the following natural question.

Do the large deviations of the underlying particle systems provide a variational structure
beyond detailed balance?

While this is a hard question to answer in general, considerable progress has been made
in the case of some specific systems in two seemingly independent directions.

One direction that is tailored to allow for non-dissipative effects is the study of so-called
FIR inequalities, first introduced for the many-particle limit of Vlasov-type nonlinear dif-
fusions [5], independent particles on a graph [6] and chemical reactions [7, Sec. 5]. These
inequalities bound the free-energy difference and Fisher information by the large-deviation
rate functional, providing a useful tool to study singular-limit problems and to derive error
estimates [8, 9]. Strictly speaking, these inequalities are not variational structures in the
sense that they do not fully determine the macroscopic dynamics. However, in this paper
we will construct a variational structure which generalises these inequalities and completely
characterises the macroscopic dynamics.

Another direction of generalising dissipative systems is by using Macroscopic Fluctuation
Theory (MFT) [10]. The main idea here is to consider, in addition to the usual density of
the particle system, the particle fluxes at the microscopic level, and to study the large devia-
tions of these fluxes. Consequently using time-reversal arguments, MFT explicitly captures
the dissipative and non-dissipative effects in the system. However, most MFT literature has
been devoted to diffusive scaling of particle systems and corresponding quadratic rate func-
tions. Such rate functions define a Hilbert space with a natural orthogonal decomposition
into dissipative and non-dissipative components. Recently non-quadratic rate functions and
connections to MFT have been explored in the case of independent particles on a graph [11]
and chemical reaction networks [7], but a general MFT for non-quadratic rate functions is
largely open.

Spurred on by these exciting new developments, we provide a partial but affirmative
answer to the question posed above. The basis of our analysis is an abstract action functional

! In this paper we often use the terminology of dissipative systems interchangeably with gradient flows since
in non-equilibrium systems the gradient-flow part arises purely due to dissipative effects characterised by the
symmetric forces discussed below.
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(p,j) — fOTL(,o(t), j(t))dt. This functional will correspond to the large deviations of
random particle systems, but this identification is not necessary for our analysis; in this sense
our approach is purely macroscopic. Inspired by FIR-inequalities and MFT, we set up an
abstract theory whose central outcome will be a series of decompositions of the integrand £
into distinct dissipative and non-dissipative components. These decompositions generalise:
(1) the connection between large deviations and dissipative systems from [3] to include non-
dissipative effects, (2) the known cases of FIR inequalities [6] to a general setting, and (3)
MFT to non-quadratic action functions.

Finally we apply this abstract theory to the density-flux large-deviation rate functional
for various stochastic particle systems without assuming detailed balance, and derive new
variational formulations for the corresponding macroscopic equations.

1.1 Summary of Results

Abstract results. Consider the macroscopic densities and fluxes [0, T] 3 ¢ — (p(2), j (1))
that are evolving according to a coupled system of evolution equations of the form

pt) = —div j(1), (1.1a)
i@ = %p@). (1.1b)

Here “div” will often denote the usual continuous or discrete divergence. In the abstract
content of this paper we replace div by a more general operator, but to keep the presentation
short and intuitive, we simply write div throughout this introduction. The j® is a given
operator mapping densities to fluxes, and is called the zero-cost flux for the following reason.
In addition to the evolution (1.1) we are given an action functional

T
(o, ) '—>/ L(p(t), j(1))dt, (1.2)
0
where the non-negative cost function £ has the crucial property that for any (p, j),

J=i%0 <= L(p,j)=0,

and hence the action (1.2) is minimised by the trajectory (1.1b). Typically, the first equa-
tion (1.1a) is a continuity equation, the coupled equations (1.1) describe the macroscopic
dynamics arising from a microscopic stochastic particle system and (1.2) is the correspond-
ing large-deviation rate functional.

Although writing the flux explicitly in (1.1b) instead of directly studying p(t) =
—div j%(p(¢)) might seem superfluous at first sight, it is motivated by the fact that fluxes can
encode information on non-dissipative, for instance divergence-free, effects in the system.
Consequently, while studying densities is usually sufficient for dissipative systems [3, 12—
15] (see Sect. 1.2 below for more details), the inclusion of fluxes is better suited to describe
non-dissipative effects at the macroscopic level [10, 16].

Our abstract theory requires the existence of three objects: a sufficiently regular density-
flux cost function £(p, j), an operator that will play the role of divergence and as such defines
the continuity equation (1.1a) and a non-negative quasipotential V associated to £. The basis
of our approach will be the decomposition

L(p, j) =¥ (p, ) +V*(p. F(p)) — (F(p), j), (1.3)

where F(p) := —d;L(p, 0) is called the driving force and W and its convex dual W* the
dissipation potentials, see Theorem 2.9 for details. This decomposition is standard in the
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literature [3, 11, 16] and corresponds to a (possibly nonlinear) force-flux response relation
Jj =dV*(p, F(p)) for the zero-cost dynamics; it includes gradient flows as a special case
as discussed in Sect. 1.2.1.

Borrowing ideas from MFT, we uniquely decompose this driving force into a symmetric
and antisymmetric part

F(p) = F¥"(p) 4+ F*™(p).

On a macroscopic level, these notions of (anti)symmetry (defined in Sect. 2.3) are consistent
with the time-reversal symmetry of Markov processes in the context of MFT and large
deviations. In particular, if the microscopic system is in detailed balance, then F(p) =
FSY™M(p) and the (macroscopic) dynamics is purely dissipative, i.e. described by a gradient
flow driven by a quasipotential V [3]. It turns out that even for systems that are not in detailed
balance, the symmetric force F*Y™ always relates to such a )V, which can be defined in terms
of the cost £ (see Definition 2.6) and is a natural Lyapunov functional for the system. In
particular, the symmetric part F*Y™(p) is a conservative force driven by the quasipotential
(energy) V.

More generally, from a physical point of view, a purely dissipative system is thermo-
dynamically closed, so that the work done is related to the free energy or quasipotential
via

T
fo (F¥™(o(1)). j(O)dt = —3V(p(T)) + 3V(p(0)). (1.4)
or formulated locally in time for the power
(F™(0(0)). j (1) = —5 - V(p(0). (1.5)

Thus for non-closed systems one can think of F*¥™(p) as an internally generated force and
the remainder, F*Y™(p), as the force exerted by the system upon the environment. While

(F™(p@), j@) and (F(p@), j(0) o

can be understood as expressions of power or rates of work, in general there is no reason to
expect these to be exact differentials.

In our main result, Theorem 2.29, we relate the cost function £ to the three powers from
(1.5) and (1.6). The crucial concept here will be the tilted cost L (p, j); these are modified
versions of £ where the driving force F(p) is replaced by a different covector field G(p),
see Definition 2.14. Consequently, the zero-cost flux of L5 will be a modified dynamics,
different from (1.1b). We shall use these to derive the following three dempositions of £, for
any A € [0, 1]

L(p, J) = La—amr(p, j) +Ry(p) —20(F(p), j),

with R%(p) > 0, (1.7a)
L(p. j) = Lr—2npsm(p, J) + Ripsm(p) — 2M{F¥™ (p), j),

with Rhgm(p) > 0, (1.7b)
L(p. j) = Lr_psm(p. j) + Ripasym () — 2L(F*Y™ (p), j),

with Rhaym (0) > 0. (1.7¢)

The parameter A can be used to switch between different forces. Of particular interest is the
case A = %, where the decompositions (1.7b) and (1.7¢) can be seen as two different ways to
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P2 P2 P2

(a) (b) (c)

Fig. 1 Consider the setting of independent and irreducible Markov jump particles on a three-point state
space with generator Q := [[-3, 2, 1], [1, =3, 2], [2, 1, —3)]] and invariant measure 7 = (%, %, %). Phase
portrait for the (zero-cost) trajectories p(¢) associated to a L(p(2), j(t)) = 0; b Lpsym (p(2), j(t)) = 0; ¢
L pasym (p(1), j(t)) = 0. Here p; is the mass at point i and we do not plot p3 since ) ; p; = 1. The zero-cost
trajectories for £ psym and £ pasym follow a purely dissipative and Hamiltonian dynamics respectively

split £ into purely dissipative and purely non-dissipative components. Indeed, the modified
cost Lpsym is related to a purely dissipative system that can be formalised as a gradient
flow (see Sect. 1.2.1). By contrast, we interpret the zero-cost flux of £pasym as purely non-
dissipative. Although the variational structure and physical interpretation of £ pasym remains
an open question (see discussion in Sect. 6), we show for certain examples that its zero-cost
behaviour corresponds to a purely Hamiltonian macroscopic evolution. This idea is clearly
illustrated by Fig. 1, where we plot the phase diagram for the zero-cost flux associated with
L, Lrsym and Lrasym in the case of independent Markov jump particles on a three-point
state space. For details on this example see Sects. 2.6 and 4.

The middle terms in the right hand side of (1.7) are inspired by [6, Def. 1.5], [7, Sec. 5],
and are called generalised Fisher informations. For . € [0, 1] and covector fields G =
F, FSY™ F3YM they are defined as

RG(0) == —H(p, =22.G (), (1.8)

where H is the convex dual of £. The terminology is motivated by the fact that (see Propo-
sition 2.18)

lim S RE(0) = (G(p). [*(0),

which in the case G = F™ is the time derivative or dissipation rate of the quasipotential
along the zero-cost path, i.e. in the limit A — 0, R;‘,Sym coincides with the classical Fisher
information [6]. The non-negativity of the generalised Fisher informations in (1.7) is essential,
since it shows that the three powers in (1.5) and (1.6) are non-negative along the zero-cost
flux, thus generalising the second law of thermodynamics.
Scope. To highlight the minimal underlying structure required to obtain the decomposi-
tions (1.7), analysis will be carried out in a general abstract setting.

This implies that our results can be applied to a broad range of models: the cost function
L does not need to be associated to large deviations, (p, j) do not need to refer to actual
densities and fluxes, and we will replace the div-operator by a general operator ¢ with
minimal assumptions, see Definition 2.3. In theory, after properly setting up the spaces, the
only requirements of analysis will be the cost function £ together with a continuity equation,
which need not necessarily be of divergence-type. However for specific applications, explicit
calculations are restricted to cost functions £ for which the associated quasipotential V is
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known. For the purpose of this paper, we define the quasipotential in terms of a Hamilton-
Jacobi-Bellman equation (Definition 2.6), and solve it for a number of examples. For cost
functions that are derived from large deviations, this definition coincides with the large-
deviation rate functional of the invariant measure (see Theorem 3.7). However we reiterate
that the abstract definition is purely macroscopic and does not require connections to large
deviations.

Application. All three decompositions (1.7) are power balances, split into purely dissipative
and purely non-dissipative powers in a physically consistent way. From a mathematical per-
spective, this generalises ideas from dissipative systems to a larger class of systems which
include non-dissipative effects. For dissipative systems (F2Y™ (p) = 0) these decompositions
coincide with the variational formulation of a gradient flow (see Sect. 1.2.1). However, our
abstract theory only requires a suitably convex cost £ and quasipotential V for the decomposi-
tions (and therefore the corresponding variational ideas) to hold. Lyapunov functions, Fisher
informations and dissipation potentials are central ingredients in gradient-flow theory and
often difficult to discern in non-dissipative systems (for instance the laws of non-reversible
Markov processes). This work provides explicit formulae for these objects in terms of the
cost and the quasipotential.

For the zero-cost dynamics (1.1), our results imply that the three powers (F, j), (F*Y™, j)
and (F#Y™ | j) are always non-positive, and in particular that )V is a Lyapunov functional with
an explicit expression for its decay (rather than merely an upper bound).

By contrast, the decay (1.4) of the quasipotential V is bounded by a FIR inequality, which
connect the cost to the quasipotential and Fisher information. These inequalities are crucial
in studying singular limits in non-dissipative systems, for instance to prove compactness
of densities and fluxes in suitable topologies. However they are only available in a limited
setting. It turns out that since the modified cost functions L in (1.7) are non-negative, the FIR
inequalities naturally arise from these decompositions and therefore we provide a universal
recipe to arrive at such inequalities. In fact, the decompositions (1.7) explicitly characterise
the gap in the FIR inequalities. For more details see Sect. 1.2.3.

The aforementioned gap in the inequalities corresponds to the L£s on the right-hand
side of (1.7). This new term exactly characterises the effects of non-dissipative effects in
the variational structure and the corresponding macroscopic evolution. This is especially
revealing for jump processes where we find that purely non-dissipative systems (F*™(p) =
0) correspond to Hamiltonian-type structures.

From a physical standpoint, the decompositions (1.7) can be interpreted as a novel com-
bination of gradient flows and Hamiltonian systems, in a similar spirit to GENERIC (see
Sect. 1.2.2). However, we stress that all of our examples — apart from the lattice gas model —
cannot be cast into the GENERIC framework. This work also provides a framework to study
physically relevant ‘open-boundary’ jump-process systems (see a recent application in [17]).

Finally these decompositions also have numerical implications since numerical schemes
inspired by gradient-flow structures of evolution equations have gained importance [18]
in recent years. Numerical schemes often add artificial non-reversibility to speed-up con-
vergence to equilibrium, but their analysis is tricky except in special situations [19]. The
decompositions (1.7) explicitly characterise the role of Fisher informations and antisymmet-
ric forces and a natural goal would be to optimise this force to speed up convergence.
Examples. Above we discussed the abstract framework and theory derived from it; this theory
is purely macroscopic in that we do not require any connection to particle systems and large
deviations. In the latter part of this paper we apply this abstract theory to several microscopic
particle systems.
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First, we focus on independent Markov jump particles on a finite graph as a guiding

example throughout this paper, and generalise the results of [11]. Second, we study zero-
range processes in a scaling which leads to an ordinary differential equation (ODE) in the
limit. Third, we study chemical reaction networks in complex balance [20] and generalise the
results in [7]. In all these three examples the macroscopic dynamics are ODEs and the large-
deviation principle yields an exponential rate functional. Finally, we focus on the setting of
particles that hop on a lattice in a diffusive limit, which leads to a drift-diffusion equation
as the macroscopic evolution. These particles can either be independent random walkers or
interact via exclusion. In this setting, the large-deviation principle yields a quadratic rate
functional, and we recover the classical MFT results [10].
Boundary issues and global-in-time decompositions. The decompositions (1.7) do not
involve time, and therefore when considering trajectories ¢ +— (p(t), j(¢)), they should
be considered as local-in-time or instantaneous decompositions of L(p(?), j(¢)) at time 7.
Naively, one would simply integrate in time to obtain global decompositions of the rate func-
tional fOTﬁ(p(t), j(t))dt for arbitrary trajectories (p, j). This argument is formal since,
strictly speaking, the decompositions (1.7) hold only for p, j for which the required terms
are defined. More precisely, it turns out that the forces F, FY™ and FY™ are well-defined
only on a proper subset of the domain of definition for the modified cost functions Lg
and generalised Fisher informations R)(‘;. This issue is often ignored in the MFT litera-
ture.

This issue becomes clear in the various examples we consider. For instance when deal-
ing with independent jump processes on a finite lattice X, the large-deviation cost is well
defined for any trajectory in the space of probability measures i.e., p(t) € P(X) (see Exam-
ple 2.1), whereas the symmetric force is only well-defined for trajectories in the space of
strictly positive probability measures, i.e., p(t) € P4 (X) (see (2.29)). This difference in
the domains arises due to the logarithm present in the definition of the symmetric force.
Such issues are typically dealt with by first extending the domains of definition of the forces
involved by appropriately regularising them, second by proving the decompositions on these
extended domains, and finally passing to the limit in the regularisations (see for instance
the proof of [6, Thm. 1.6]). Although we expect that similar arguments can be applied
to (1.7) to arrive at global-in-time decompositions, in this first study we focus on local-in-
time results.

1.2 Related Work

As mentioned earlier, this work connects and generalises existing literature in various direc-
tions. Barring fairly recent works [7, 11, 21] which deal with particular examples, the
connections between MFT, dissipative systems and FIR inequalities have largely been unex-
plored in the literature. Not all of these works consider fluxes, and so we will also make use
of a ‘contracted’ cost function,

L(p,u) :=inf{L(p, j) :u = —div j}, (1.9)

where the velocity u is a placeholder for p(¢) and — div is the abstract operator that maps fluxes
to velocities as in (1.1a). This construction is consistent with the notion of contraction in large
deviations (see Example 2.1). Since ﬁ(,o, —div jo(p)) = 0, werefertou®(p) := — div jo(p)
as the zero-cost velocity.
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1.2.1 Dissipative/Gradient Systems

In the case of dissipative systems F = F™ and F*Y™ = 0, and choosing A = % in the
decomposition (1.7b) leads to

1
E(;O, ]) = CFasym(,O, j)|F“5Ym:O + R]z:sym(p) - (Fsym(p)’ .])
=W(p, j) + ¥ (p, F¥™(p)) — (F¥™(p), j). (1.10)

which also corresponds to (1.3) with F#Y™ = (. This decomposition of L is exactly the
characterisation of dissipative systems in the density-flux setting [16, 21]; see Sect. 2.6 for a
further elaboration.

Using (1.5), F™ = —%Vd V (see Corollary 2.21 for definition) and applying the con-
traction (1.9), we switch to the density setting

Lp,u) =inf {W(p, j) :u=—divj}+¥*(p, FY™(p)) + (3dV(p). u)
= W(p,u) +¥*(p, —5dV(p)) + (dV(p), u), (1.11)

where W is the contraction of W and \il, U* are convex duals of each other (see [21, Thm. 3]
for details).

The identity (1.11) is the standard decomposition of the density cost function that char-
acterises a dissipative system or generalised gradient flow in the following sense. For the
zero-cost velocity, the left-hand side satisfies [E(p, uo(p)) = 0, and the right-hand side
of (1.11) is the Energy—Energy-Dissipation identity (EDI) [22-24], which is equivalent by
convex duality to

u’(p) = de¥* (0, —3dV(p)) , (1.12)

where d is the derivative with respect to the second argument. In the special case when
\il*(,o, &) = %(K(,o)%‘, &) is a quadratic form with an inverse metric tensor K (p) of a man-
ifold, we arrive at the usual gradient-flow representation of the zero-cost velocity on that
manifold

W(p) = =3 K (pdV(p) =t — grad, V(p).

This connection between generalised gradient flows and the symmetry F = FSY™ at the level
of densities has been explored more directly in [3], where it was shown that this symmetry
holds if £ corresponds to the large-deviation principle of a Markov process in detailed balance.
The density-flux formulation (1.10) of a dissipative system with quadratic dissipation has
also been investigated extensively in the literature, see for instance [10, 16, 21]. Since we
derived this decomposition from (1.7a) and (1.7b), these two decompositions can be thought
of as the natural generalisations of the EDI to non-dissipative systems.

1.2.2 GENERIC

The GENERIC framework is specifically designed as a coupling between dissipative and non-
dissipative effects in a thermodynamically consistent way [25-27]. Although originally meant
to describe evolution equations, recent work has also studied the following natural connection
between GENERIC and large deviations from a variational perspective (see (1.11)),

Lip,u) = ¥(p,u = I(p)dE(p)) + ¥* (p, —3dV(p)) + (3dV(p),u),  (1.13)
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where the Poisson structure J and energy £ define the Hamiltonian part of the dynamics, and
additional non-interaction conditions are required to ensure that the zero-cost velocity

u(p) = de¥* (0, —5dV(p)) + J(p)dE () (1.14)

dissipates V and conserves E.

Such a connection is discussed in [28] in the particular setting of weakly interacting
diffusions and more recently in the context of hypocoercivity [29]. More generally, the recent
paper [30] shows that (1.13) can only hold if the underlying microscopic system consists of
stochastic dynamics in detailed balance combined with a deterministic drift. The drift may be
replaced by stochastic fluctuations as long as they appear deterministic on the large-deviation
scale [21], but any larger scale fluctuations that are not in detailed balance will break down the
GENERIC structure. Therefore, the class of large-deviation cost functions with a GENERIC
structure is rather limited.

By contrast, the decompositions (1.7) always hold as soon as the quasipotential V is
identified. The crucial difference is that our decompositions are based on a decomposition
of forces, i.e.

u(p) = —div j%(p) = —divd, W*(p, F¥™(p) + F*¥™(p)),

rather than a decomposition of fluxes or velocities as in GENERIC (1.14). Furthermore,
generalised orthogonality between F*Y™ and F#Y™ (see Sect. 2.4) is a natural analogue of
the non-interaction conditions used in GENERIC.

1.2.3 FIR Inequalities

Using Lr_ojpsym > 0 and FY™ = —%VdV (as above) in the decomposition (1.7b), we find

FLG, ) Z 3 Rpam (0) + (VAV, j).

Since V is the dual of — div, using the contraction principle (1.9) and the definition of the
Fisher information (1.8) it follows that (see Corollary 2.34 for details)

LE(p.u) = —1H(p, 1dV(p)) + (dV(p). u). (1.15)

where 7 is the convex dual of £. This is a local-in-time version of the FIR inequality.
Assume that a smooth trajectory [0, T'] o t +— p(¢) satisfies (1.15) forevery ¢. Substituting

u = p, formally applying the chain rule (dV(p), p) = %V(p), and integrating in time

over [0, T'] we arrive at the F(“free energy”)-I(“rate functional”)-R(‘“Fisher information”)

inequality [6, Thm. 1.6]

1 (7 1T
3 | £0opendi v = vem) - [ Ao aavee)ar. a6

Therefore, the decomposition (1.7b) can be thought of as a generalisation of [6] in vari-
ous ways. First, (1.7b) holds fairly generally (in the abstract framework) and can be applied
to systems well beyond independent copies of Markov jump processes studied in [6]. Sec-
ond, (1.7b) exactly characterises the gap in the inequality (1.15) via Lr_2; psym which we
discarded in this discussion due to its non-negativity. And third, a different version of the
FIR inequality can also be derived from (1.7c).

It should be noted that the FIR inequalities have been used in the literature as a priori
estimates to study singular limits, and we expect that the decomposition (1.7b) and inequal-
ity (1.15) will serve the same purpose for a considerably larger class of systems. However,
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in this paper we limit ourselves to the local-in-time decompositions (1.7b) as opposed to the
global-in-time inequality (1.16) discussed in [6], since moving from local to global descrip-
tions is a nontrivial technical step outside the scope of this work.

1.2.4 MFT and (non-)Quadratic Cost Function

As stated earlier, most MFT literature is concerned with the diffusive scaling of underlying
stochastic particle systems which converge to diffusion-type macroscopic partial differential
equations and corresponds to quadratic cost functions of the form [10]

N ST .
L(p. j) = 51j = j%@)ll. for some Hilbert norm || - .

Crucial arguments in MFT are based on the fact that the dissipative and the non-dissipative
effects are orthogonal in this Hilbert space, i.e.

(FY™(0), F*™(p)) , = 0.

However, even the simple example of independent particles on a finite graph (see Exam-
ple 2.1) yields a non-quadratic cost function £, and the aforementioned orthogonality
arguments break down. In [11] (for independent jump processes) and [7] (for chemical
reactions) these ideas are ported to the non-quadratic setting by introducing a generalised
notion of orthogonality, where the pairing is no longer bilinear, and rather satisfies a relation
of the form

0, (F¥™(p), F*"™(p)) = 0. (1.17)

By contrast, the abstract theory that we develop is not necessarily based on such orthog-
onality relations, although we do borrow many notions such as time-reversed cost-functions
and forces from MFT. However we will show that within our framework, one can also con-
struct a generalised orthogonality pairing 6, (fully characterised by £) that satisfies (1.17),
and coincides with the bilinear pairings (-, -), in case of quadratic cost functions and with
0, (-, ) from [7, 11] in the case of specific non-quadratic cost functions. This will be the
content of Sect. 2.4.

1.3 Summary of Notation and Outline of the Article

In Sect. 2 we present the abstract framework and theory. In Sect. 4 we analyse the zero-cost
velocity for the antisymmetric L-function in the setting of independent particles on a finite
graph. In Sect. 5 we apply the abstract theory to various stochastic particle systems and
conclude with discussion in Sect. 6. In Sect. 3 we connect (and thereby motivate) the abstract
ideas developed in Sect. 2 to large deviations.

2 Abstract Theory

In the introduction we worked with the large-deviation cost; we now work with its abstraction,
the so-called the L-function?. In what follows we first introduce the L-function and other

2 We use the terminology “L-function” from [3, Def. 1.1] as opposed to ‘Lagrangian’ or ‘cost’, since in practice
L need not correspond to a large-deviation principle, and it often plays a different role as the Lagrangian in
mechanics.
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X Finite graph with strict ordering Ex. 2.1
X2/2 Half the edges on a finite graph X’ (22)
s(:]) Relative Boltzmann function (integrand/summand in relative entropy) 2.7)
ZW, ¢ State-flux triple Def. 2.3
TZ,T*Z Tangent and cotangent bundle associated to Z
T Z, T;‘Z Tangent and cotangent space at p € Z
L,H L-function and its convex dual Def. 2.5
Li, H Contracted L-function and its convex dual (2.40)
% Quasipotential Def. 2.6
dF Gateaux derivative of a functional F
X' transpose or adjoint operator x| : M* — N* for x : N' — M
Dom(A) domain of an operator A
F Driving force Def. 2.10
W, @ Dissipation potential and its dual Def. 2.10
AR Contracted dissipation potential and its dual (2.42)
Lg, Hg Tilted L-function and its convex dual Def. 2.14
Domgymdiss (A) Subset of Dom(A) where the dissipation potential is symmetric (2.18)
Ri& Generalised Fisher information Def. 2.17
([_l, ﬁ Reversed L-function and its convex dual Def. 2.19
FSym_ pasym Symmetric and antisymmetric force Cor. 2.21
M(X), My(X) Space of signed measures on X (with total mass a) 2.8)
P(X) Space of probability measures on X’
P+ (X) Space of strictly positive probability measures on a discrete state space X’
vV, div Continuous gradient and divergence

(Throughout introduction: general operator div = d¢,)
V., div Discrete gradient and divergence 2.4)
1y Indicator function associated to {x}

key ingredients of the abstract framework in Sect. 2.1. Using these objects we introduce
dissipation potentials, tilted L-functions and Fisher information in Sect. 2.2. Using time-
reversal-type arguments from MFT, in Sect. 2.3 we introduce time-reversed L-functions,
symmetric and antisymmetric forces, and in Sect. 2.4 we introduce a generalised notion of
orthogonality satisfied by these forces. Section 2.5 contains various decompositions of the L-
function and in Sect. 2.6 we study the symmetric and antisymmetric L-function. Throughout
this section we will use the guiding example of Independent Markovian Particles on a Finite
Graph (IPFG), which we now introduce.

Example 2.1 (IPFG) Let X be a finite graph with strict ordering, i.e., a complete order on
the nodes in which no two nodes are equal. Consider n independent Markovian particles
X1(t), ... X, (2) on X, with irreducible generator Q € RY*Y The empirical measure (also
called discrete particle density), defined as p® () := n1 Zle 8x,(1)» is a Markov process
on R¥ with generator

QNP =n Y3 pQu[fp -1+ 11y - f(0)],

(x,))eX XX

where 1, is the indicator function for x € X’. With a suitable initial condition, Varadarajan’s
Theorem implies that the random process p™ converges in the many-particle limit n — oo
to the deterministic solution of the ODE

61 = Q" p(1). 2.1)
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In addition to the empirical measure, we will also track the number of jumps through each
edge, which characterises the flux over an edge. For reasons that will be clarified in Sect. 2.2,
it is important to consider net fluxes (over the usual one-sided fluxes), defined on half of the
edges (for this purpose we impose an arbitrary ordering < on the finite set X)

X2 ={, ) eX x X x <y} (2.2)

More precisely, the so-called integrated net flux W}';) (t) over the edge connecting x,y €
X, is defined as the difference between the number of jumps from x — y and in the
opposite direction from y — x in the time interval [0, ¢], all rescaled by % Then the pair

(p™ (1), W™ (1)) is again a Markov process, now in R x RY*/2 with the generator
QA wy=n Y > pQuy[flp— 31+ 21y, w+ +10) = fp, w)]
(x,y)€X?/2

+ 0y Oy [f (o = 1y + 1w — 1 1iy) = f(p, w)].

This process converges as n — oo to the solution of the macroscopic system

{wxy (1) = pe (1) Qry — Py (1) Oys (x,y) € X2)2, 03

Pr (1) = —divy w(r), x € X,

where the operator

Exj = Z jxy - Z jyxa (24)

yeX: y>x yeX: y<x

is the discrete divergence for net fluxes. Indeed the system (2.3) is of the form (1.1).

In the many-particle limit (n — 00), the random fluctuations around the mean behaviour
decay fast due to averaging effects. The unlikeliness to observe an atypical flux for large but
finite n is quantified by the large-deviation principle, formally written as

Prob ((p(n), W(n)) ~ (p, w)) n—00 e—nIo(p)—nJ(p,w)’

ST L(p@), w@)di, p=—divib,
o0,

J(p,w) = (2.5)

otherwise,

where the £ is given by [31, 32] (the flux j is a placeholder for w)
Lip.j)yi= inf D (G 1oc0u) +5Gh — iy I 2y0)], (26)
JTeRL ™ (x,y)ex?)2
which uses the Boltzmann function
alog% —a+b, a,b>0,
s(a|b):=1b, a=0,b>0 2.7

00, otherwise.

Here 7y is the large-deviation rate functional corresponding to the initial distribution of
0™(0). Indeed L(p, j) is non-negative and minimised by (2.3). Due to the contraction prin-
ciple [33, Thm. 4.2.1], the infimum is taken over all non-negative one-way fluxes ( jjy) x<y

and (.];:r - jyx)x>y-
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Applying the contraction principle, the empirical measure satisfies the following large-
deviation principle, where L is related to £ via (1.9),

o0

T
Prob (0 & p) "< exp[ ~ nZo(p(©)) — f Lp). 5 dt]
0

2.1 Abstract Framework

Although at first sight the general setup in this section may seem heavy, it appears naturally
in various specific systems. We illustrate this via our guiding example.

Example 2.2 (IPFG) There are two natural manifolds associated to the example of indepen-
dent particles on a finite graph X which we now introduce. Let

Mo(X) = {p e RY: Y,y py = al. 2.8)

including vectors with negative coordinates. The states/densities p lie in the manifold Z :=
M1 (X). Due to the constraint on total mass, Z is a (]X| — 1)-dimensional hyperplane in
R, with corresponding local tangent, cotangent spaces and Euclidean pairing between them
given by

Ty Z = Mo(X),
T,2= R*Y /span{(1,1,..., D} = {{§ +c(l,...,1) : c € R} : £ € RY}, (2.9)
T2 u)r,z :==§ - u,

where a - b is the usual dot product in Euclidean spaces. Cotangents are defined modulo
the orthogonal space (Mo(xX))t = span{(1,1,..., )}, and lead to (§ + c(1, ..., 1),u) =
E-u+c) . cpux =& u. The integrated net fluxes w simply lie in the Euclidean “flux
space” manifold W := R¥ 22 (recall (2.2)) with local tangent and cotangent spaces T, W =
W =R¥ i 2, again paired together with the Euclidean inner product.

Between the two manifolds above we define the map ¢ : W — Z as

dlw] := p° —divw, with differential
d¢, = —div and adjoint operator d¢wT =V,

where div is the discrete divergence from (2.4), ny & =&y, — &, and py € Z is an arbitrary
but fixed reference measure. Hence the continuity equation can be abstractly written as
u=deoyj € Ty Z for j € T, W. It will be important that the operator ¢ is surjective. For
an arbitrary u € M/ (X), the difference pu — 0 € Mo(X).

Note that the underlying dynamics (2.3) as well as any path with 7 (p, w) < oo conserves
the total mass as well as the non-negativity of p(¢), so that the states will in fact be restricted to
the simplex P(X) C M (X) C R of probability measures on X’ (i.e., coordinate-wise non-
negative vectors in R which sum to one). However, we always work with the full manifold
M (X) so that derivatives and the (co)tangent spaces are well defined without needing to
worry about boundaries, boundary points etc. Instead we set L(p, j) = oo whenever p lies
on (or outside of) the boundary 9P(X’) and the flux j € T,,)V pushes the state in the outward
direction. Indeed, the functional 7 (o, w) and cost L(p, j) from Example 2.1 are defined for
all p € Z = R¥, but for any path with 7 (p, w) < oo, the densities are contained in P(X).

For the above example d¢,,, d¢], and the (co)tangent spaces T, W, TV do not depend
on w. In practice, d¢y,, dqﬁ) and T, W, T,;)V might depend on w, but only through the
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corresponding state p = ¢[w], as for example in a contuinity equation of the form v =
—div(pj). By a slight abuse of notation we shall therefore write d¢,, d¢; and T,V, T; w
for p € Z. In particular, this allows us to write £ : TW — R U {00}, so that L = L(p, j)
for (p, j) € TW.

Inspired by these observations we now introduce the state-flux triple, L-function and the
quasipotential, which are the key ingredients in the abstract framework.

Definition 2.3 ([21, Sec. 4.1]) A triple (Z, W, ¢) is called a state-flux triple if

(i) The state-space Z and the flux-space W are differentiable Banach manifolds, with
corresponding local tangent Banach spaces T, Z and T,,W.
(i1) ¢ : W — Z is a surjective differentiable operator ¢ : W — Z.
(iii) TV depends on w only through p = ¢[w], so that by a slight abuse of notation we
can replace T,V by T,V and write TW = {(p, j) : p € Z,j € T,WV}.
(iv) ¢ has a linear bounded differential that depends on w only through p = ¢[w], so that
by a slight abuse of notation we write d¢, : T,V — T,Z.

The Banach structure should be seen as a reference norm only, that we use to define
Gateaux derivatives, the Banach dual spaces T;‘W, T;‘Z and the duality pairings T} Z (1,2,
T;«W(-, ‘)1, (wWhere we omit the indices since it will be clear to which spaces the ele-
ments belong). Analogously we write T*W = {(p,¢) : p € Z,{ € T;‘W} and
T2 = {(p,§) : p € 2,§ € T;Z}. The differential d¢, corresponds to a continuity
equation u = d¢, j, where d¢, is usually minus a divergence operator or some generali-
sation thereof. The assumption that d¢ is bounded, ensures the existence of a well-defined
adjoint. In order to avoid confusion with convex duality, we will denote adjoint operators by
T,e.g. d¢>pT : T;‘Z — T;‘W.

Remark 2.4 Our state-flux triple is essentially identical to the framework of [34]; there Z
is called the ‘base manifold’, TV is called the ‘total manifold’, and the differential d¢ :
TW — T Z is called the ‘anchor map’. O

Definition 2.5 For any S C Z define

TsW :={(p,j)eTW:peS}tand
TEW :={(p,0) e T*W: p € S}. (2.10)

A mapping L : TsW — R U {oo} is called an L-function on S, if for all p € S:

(@) inf L(p,-) =0,
(ii) there exists a unique jo(p) e T,W, called the zero-cost flow, which satisfies
L(p, j%p)) =0,
(iii) L(p, -) is convex and lower semicontinuous (with respect to the Banach norm on 7, V).

While this definition allows for flexibility in the domain, throughout this paper we will
reserve the symbol £ for L-functions on the full space S = Z. From Sect. 2.2 onwards we
will encounter functions L¢ that are only defined on proper subsets of Z (see Remark 2.8
below). The inclusion of co in the codomain of L is essential to encode forbidden fluxes as
discussed in Example 2.2.

By lower semicontinuity and convexity, £(p, -) is its own convex bidual with respect to
the second variable [35, Prop. 3.56], i.e. there exists an  : T¢W — R U {00} such that

H(p, &)= sup (¢, j)—L(p,j) and L(p,j)= sup (¢, j)—H(p,¢). (2.11)
JET,W ceTyW
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It is easy to see that £ is an L-function if and only if for any p € Z, H(p,0) = 0, H(p, -)
is convex, lower semicontinuous, proper and bounded from below by an affine function.
Typically L(p, 0) < oo, so that H(p, -) is bounded from below.

We are now ready to introduce the following notion of the quasipotential.

Definition 2.6 A functionV : Z — R U {oo} is called a quasipotential (corresponding to L)

if
(1) infy =0,
(i) for any p € Z where V is Gateaux differentiable, we have

H(p, de,"dV(p)) = 0. (2.12)

We stress that this notion of a quasipotential is only related to the convex dual H of some
abstract function £, where a priori no stochastic particle system is involved. Both nowhere
differentiable functions and the zero function are quasipotentials by definition, and our results
are true but mostly trivial in this setting. In all the examples we consider, (2.12) will have at
least one non-trivial solution and in fact this definition is consistent with the usual definition
from statistical physics when large deviations are involved (see Sect. 3.2). We envisage that
(2.12) should be understood in the sense of viscosity solutions, however it is not clear how
one can define a viscosity solution in the general setup of this section.

Example 2.7 (IPFG) In Example 2.1, the processes X1(t), X2(z), ... are irreducible and X
is finite which ensures the existence of an invariant measure 7 € Py (X) (the space of
strictly positive probability measures). Consequently, the n-particle density o™ (¢) admits an
invariant measure I[1® € P(RY), where

n
N = (i 7)om ' Mmoo oxm) =1 D &
i=1

By Sanov’s theorem, the large-deviation rate functional corresponding to TT1™ is

erXS(pX | T[x)v 1% € P(X)7
0, ,0 ¢ 7D(‘X‘)’

where s(- | ) is defined in (2.7), and hence V is indeed the quasipotential corresponding to
L in the classical large-deviation sense (see Theorem 3.7).

This can also be checked macroscopically by verifying (2.12), without invoking any
connection to large deviations of a microscopic particle system. To check this, we first
calculate the convex dual of the L-function (2.6):

Hp, 0) = Y > [prQuy(e = 1) + py Oy (e = 1)].

(x.y)eX?/2

V(p) = {

Note that while V() would be nowhere differentiable as a functional on R¥, itis differentiable
at all p € P4 (X) (which is a subset of the manifold M (X) introduced in Example 2.2)
since w, > O for every x € X with Gateaux derivative

dV(p) = {(0g(px/mx) + C)xex 1 c €R} € T} Z,

so that dg,dV(p) = VdV(p) = (log(py/my) — log(px /nx))m, € T;W. In fact by the

chain rule, V dV(p) can also be interpreted as the (classical) derivative of V(¢p[w]) with
respect to w € R i 2; this also explains why the constants ¢ do not play a role after taking
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the discrete gradient. We then check that V is a quasipotential by concluding that at all points
of differentiability of V (i.e. for p € P (X)) using Q"7 =0and Zy QOyy =0 we find

(p d¢PTdV(p) ZZ </Ox Oxy I:P\ - ] + prny:w — 1])

PxTy
(x.y)eX2/2

= ZZ py va”x - Qy,\ﬂ'y)

x,yeX
XF#Y

—ZZQMX( ) @', 2 =0,

x,yeX yeX

where the third and fourth equality follows by interchanging the indices in the second terms
of the summation.

Remark 2.8 Most of the analysis that follows will be carried out locally for fixed p. Therefore
the p-dependencies in L(p, j) and d¢,, do not play a role in the calculations. We however
include the dependency for two reasons. First, for almost all practical applications, £ and d¢,
will depend on p, either explicitly or implicitly through the domains of definition T,\W, T, Z.
Second, even though writing the p-dependency is standard in the literature, so far practically
all literature on the topic completely ignores the problems at the boundaries, where V may
cease to be differentiable due to the appearance of log 0. Our paper is one of the first to make
completely precise claims in regards to domain of definitions for various objects involved
by very carefully identifying all points p for which our results hold; this also motivates the
definition of L-functions on subsets S. O

2.2 Dissipation Potentials, Tilted L-Functions and Fisher Information

While the concept of a dissipation potential is standard [36—38], the connection to convex
analysis [3] and the application to flux spaces is more recent [11, 21, 31, 39, 40]. Classically,
a dissipation potential W(p, j) is convex, lower semicontinuous in the second variable, and
satisfies inf W(p,-) = 0 = W(p, 0). To define the dissipation potential in our context, we
first present the following basic result on £, which was originally derived in the context of
gradient flows [3, Lem. 2.1 & Prop. 2.1], where the driving force is the derivative of a certain
free energy. As in the literature [7, 11, 31, 39-41], the setting with fluxes allows for more
general driving forces. We first focus on a driving force ¢ e TyW for a fixed p; and later
introduce it as a p-dependent force field F (p).

Theorem 2.9 ([3, Prop. 2.1(i)]) Let L be an L-function on Z and fix p € Z. For any {Ae T;W
and convex lower-semicontinuous W(p, ) : T,V — R U {co} with convex dual V¥, the
following statements are equivalent

(i) inf W(p, ) =0=W(p,0), andforany j € T,V
Lo, ) =¥(p, )+ ¥ (0. O) = (. ). 2.13)
(i) —¢ € aL(p, 0) with
(0, &) = H(p, ¢ — &) — H(p, —C). (2.14)
We would like to define the driving force as F(p) = ¢ and the dissipation potential

W(p, j) as above. However these exist uniquely only if the subdifferential d.L(p, 0) consists
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of a singleton, i.e. £(p, -) is Gateaux differentiable at 0, which motivates the following
definitions.

Definition 2.10 Let £ be an L-function on Z. Define
Dom(F) := {p € Z:jr L(p,J)is Gateaux differentiable at j = 0},

and recall the definition of the restricted (co)tangent spaces (2.10). The driving force F and
dissipation potentials (corresponding to £) are defined as

F(p) := —d;L(p,0) € TyW for p € Dom(F), (2.15)
W (p,0) :==H(p, L — F(p)) —H(p, —F(p)),  for (p, ) € TyompWs
Y(p, j) = sup (¢, j)— ¥ (p,¢) for (p, j) € Toom)W.  (2.16)
ceTyW

Note that, W* as defined in (2.16) indeed satisfies inf ¥*(p, -) = 0 = W*(p, 0), since —F is
a minimiser of H(p, -) by (2.15), and consequently inf W (p, -) = 0 = W (p, 0) which makes
W a dissipation potential. Furthermore combining Theorem 2.9 with Definition 2.10, for any
(p, j) € Toom(ryW we have the decomposition

L(p, j)=V(p, j)+¥*(p, F) = (F, j). .17
In what follows we will make use of
Doty maiss (F) = {p € Dom(F) : H(p. ¢ +d;L(p, 0))
=H(p, —¢ +d; L(p, D) forall (9, ¢) € Tiom(p)V}. 2.18)
The following lemma states that the dissipation potential is indeed symmetric in Domgymdiss (F).

Lemma 2.11 ([3, Prop. 2.1(ii)]) Let L be an L-function on 2. For p € Domgymdiss(F') the
following statements are equivalent

() H(p.¢ = F(p)) =H(p, —¢ = F(p)) forall ¢ € TYW,
(i) L(p, j) = L(p,—]) = 2(F(p), j) forall j € TyWV,
(i) W*(p,¢) = V*(p, =¢) forall§ € T;W,

(iv) W(p, ) =W(p,—j) forall j € TWV.

Example 2.12 (IPFG) In practice the force (2.15) is more easily calculated via the equivalent
statement d; H(p, —F (p)) = 0. Since £ = J log ¢ minimises & > c(ef — 1) +d(e™5 — 1),
we find

Px Oxy
Py Qyx '
This definition of the driving force has been introduced in [11, Sec. 2.2]. Using (2.16), the
dissipation potentials are given by

U (p,¢) = ZZ 2/ Px Q)cy)oy ny(COSh(gxy) - 1)7

Fuy(p) = 3 log Dom(F) = Py (X).

(x,)ex?/2
. jXV
Wi )= Y.y 2 prxypryx<cosh* <72 pXQ;ypry)“)' (2.19)
(x,y)€X?/2
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These dissipation potentials are indeed symmetric (since cosh is even), and therefore
Domgymgiss (F) = Dom(F). Note that, while a priori W and W* are only defined for strictly
positive probability measures, they can easily be extended to the full space Z = P(X). For
instance, the observation that lim,_, g a cosh*(%) = 0 if x = 0 and +o00 otherwise, offers
a trivial extension of W to Z, which also reflects the idea “vanishing jump rates guarantee
vanishing fluxes”.

‘We note that the Hamiltonian corresponding to one-way fluxes is given by

HOY (0, 8) i= DY pu Oyl = 1),
X, yEX XX
Xy

for which the corresponding driving force does not exist at all, i.e., Dom(F°"%®) = ¢ (also
see [31, Rem. 4.10]). Hence one can only construct a meaningful macroscopic fluctuation
theory for net fluxes. This further justifies the net-flux approach used in this paper, as opposed
to the one-way fluxes typically used for Markov jump processes.

Remark 2.13 In the IPFG example above and all the examples considered in Sect. 5,
Domgymdiss(F) = Dom(F), i.e., the dissipation potential is symmetric. However, in general
Domgymgiss (F) may be an (empty) subset of Dom(F") as the following construction shows.
Consider Z = W = R and ¢ = id. Let H(p, ) = —¢ + ¢* — 1, which corresponds to a
real-valued Markov process with generator (Q™ f)(p, w) := =8, f(p, w) — 3y f (p, w) +

n(f(p+%, w+%)—f(p, w)). Then F = Oandclearly H(p, —¢ — F(p)) # H(p, L —F(p)),
which implies that Domgymdiss (F) = 9. o

So far we have dealt with L-functions on Z. Using (2.14), we now introduce L-functions
defined on subsets of Z. For a given £ and an appropriate cotangent field G (p), using (2.14)
we can define a (G-tilted) L-function L defined on a subset of Z. We call this a ‘tilted” L-
function since its definition is motivated by tilted Markov processes (see Sect. 3.1). Although,
technically G is a cotangent field, in this paper we will often refer to it as a force field due to
physical considerations.

Definition 2.14 Let £ be an L-function on Z. For any G : Dom(G) — Om(G)W with
Dom(G) C Z, the tilted function Hg : TDom(F)mDom(G)W — R U {00} is defined as

Ha(p, ¢) ="H(p. ¢ + G(p) — F(p)) — H(p, G(p) — F(p)), (2.20)
and L : Tpom(F)npom(G) W — R U {00} denotes its convex dual in the second variable.

Lemma 2.15 Let L be an L-function on Z. The tilted function Lg is an L-function on
Dom(F) N Dom(G), and satisfies the decomposition

La(p, j) = L(p, j) + H(p, G(p) — F(p)) + (F(p) — G(p), j)
= W(p, j) + ¥*(p, G(p)) — (G(p), ). 2.21)

The two equalities follow by using convex duality and (2.13), (2.14) with g: = F. For
special choices of G(p) we obtain

Lrp, j)=L(p,j) and Lo(p, j) =V (p, ). (2.22)
Example 2.16 (IPFG) For any force field G(p) € RX?/2 we have
Lolp. = inf ZZ (i 1/ Px Oy py Qye )

(x y)EX?/2
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45 = Jry | V/Px Qxypy Oyre™ o)),
HG(IO’ {) - ZZ W[QG”(M(EC‘W — 1) + e_ny(,U)(e—Cx)' _ 1)]

(x,y)eXx?2/2

We now define the notion of generalised Fisher information which was introduced in
Sect. 1.1.

Definition 2.17 Let £ be an L-function on Z. Forany p € Z,¢ € T;‘W, and A € [0, 1], the
generalised Fisher information is

R (p) = —H(p, =245).
As discussed in Sect. 1.1, it is important to choose A and ¢ such that Ré‘ is non-negative,
as this guarantees that the corresponding powers are non-negative along the zero-cost flux.
The following result explores the set of force fields for which this is true (also see Fig. 2).

Proposition 2.18 Let £ be an L-function on Z. For any p € Z we have

1
(1) The set {¢ € T;‘W : Rf (p) = 0} is convex and includes ¢ = 0.
(i) In particular, if ¢ € TyW such that

1
R;(p) =0, (2.23)
then for any A € [0, 1]
RA (P = 0. (2.24)
2
(iii) Forany¢ € T; W we have
lim 3 R; (o) = 2041 (p)). (2.25)

where jO is the zero-cost flux for L (see Definition 2.5).

Proof (i) Since L is an L-function, H(p, -) is convex with H(p, 0) = 0 and the assertion
follows.
(ii) Using convexity, —Riz(p) =H(p, —1) = H(p, =2 + (1 — 1)0) < AH(p, —¢) +
(1—MH(p.0) <0.
(iii) By definition of L-functions, £(p, -) has unique minimiser j 9(p), which is equivalent to
oH(p,0) = {jo(p)} = {d:H(p, 0)}. The claim then follows from the definition of the
Gateaux derivative.

m}

Note that [6, Thm. 1.7] is a special case of this result for the IPFG example. Following
[6], we call R* the generalised Fisher information since it generalises the classical notion of
Fisher information as the dissipation rate of free energy along the solutions of the zero-cost
flux of the L-function. This property follows b)ll using (2.25) with appropriate choices for ¢.

In the next section we construct ¢ for which 7257 (p) = 0 and the above result can be applied.
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2.3 Reversed L-Function, Symmetric and Antisymmetric Forces

Inspired by the notion of time-reversibility in MFT we now introduce the reversed L-function
which will then be used to define symmetric and antisymmetric forces. From now on we
assume that V is a quasipotential associated to £ in the sense of Definition 2.6.

Definition 2.19 Let £ be an L-functionon Z. Forany p € Z where V is Gateaux differentiable
and any j € T,V, we define the reversed L-function as

L (p, J) = L(p, —)) + (de,"dV(p), j).

This notion of the reversed L-function is motivated by the large-deviations of time-reversed
Markov processes (see Sect. 3.3 for details). Note that we use the name reversed L-function as
opposed to time-reversed L-function since there is no time variable in this abstract framework.

The following result states that (Z is indeed an L-function, and discusses the driving force
and dissipation potential associated to it.
Proposition 2.20 Let L be an L-function on Z. For any p € Z where V is Gateaux differen-
tiable we have
. <~ L~ T
(1) The convex dual of L(p, ) is H(p,¢) = H(,o, do, dV(p) — ;‘).
(i) 1f 70(,0) is the zero-cost flux in the sense that (Z(p, (To(p)) = 0, then —(]_O(p) €
B’H(,o, d¢pTdV(p)), and it is unique if H(p, -) is Gateaux differentiable at a’¢pTdV(,0).
Furthermore <Z is an L-function on {p € Z :V is Gateaux differentiable in p} and V is

a quasipotential corresponding to L .
(iii) Additionally, if p € Dom(F) (recall Definition 2.10), then the driving force and dissipa-

tion potentials corresponding to L are given by
<~ T < . . =t *
F(p) = —F(p) —dd, dV(p), W(p.j)=W¥(p,—j), ¥ (p.)=¥"(p,=0).

Proof (i) Follows by a straightforward calculation of the convex dual.

(i) Using the Fermat’s rule 0 € 8(2(,0, <]_0(,0)), and therefore <]_0(,0) € 3(77(,0, 0). Using
Definition 2.19 and sincg_ L is an L-function, £ is convex, lower semicontinuous and
using (2.12) satisfies inf L (p, -) = 0. Consequently £ is an L-function on Dom(F$Y™)

(see (2.26) below) and V is a quasipotential associated to (Z
(iii) Using (2.15) we find

by <~ T T
—F(p):=d L(p,0) =—d;L(p,0) +d¢, dV(p) = F(p) +d¢, dV(p)
and using (2.16) we find
U (p. ) == H(p. ¢ — F(p)) — H(p, — F(p))
T <~ T <~
=H(p,de, ' dV(p) + F(p) = t) = H(p,d¢, dV(p) + F(p))
=H(p,—F(p) —¢) — H(p. —F(p)) = V*(p, —0).

Consequently V(p, j) = Wip, —j).
O

Motivated by this result, we decompose the driving force F (recall (2.15)) into a symmetric
e
and antisymmetric part with respect to the reversal, i.e. FY™ = %(F + F)and F3™ =

%(F - (17). The following result summarises these ideas.
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Corollary 2.21 Let L be an L-function on Z. Define

Dom(F*™) := {p € Z : V is Gateaux differentiable at p}, and

Dom(F*™) := Dom(F) N Dom(F™), (2.26)
and
F¥™(p) 1= —3d¢,"dV(p) for p € Dom(F¥™),
F™™ (p) := F(p) + 3d¢p dV(p) for p € Dom(F™™). (2.27)

Then for any p € Dom(F*Y™),
F(p) = F¥™(p) + F"(p), and F (p) = F¥™(p) — F*™(p).  (228)

Note that while we make use of the reversed L-function to construct the symmetric and
antisymmetric force, it does not explicitly appear in their definition. In the case of zero

antisymmetric force, i.e. F*Y™(p) = 0, the driving forces satisfy F (p) = (F(p) = F%M(p),
which is the setting of dissipative systems (see Sect. 2.6).

Example 2.22 (IPFG) We have

(ﬁ(p» C) = ZZ px ny(e{xy - 1) + ,0) QXV(E_{” — 1)

(x.y)eX2/2

2_(,0, J)= inf ZZ (jxy | :Ox Q)x) + S(jxy Jx) | py Qxy)

1+€R (x V)eX?)2

<~ 1 Px*"va
Fx,v(/)) = 51 = 0
)’71) Xy

The expressmn Q xy is the generator matrix for a single time-reversed jump process [42,

Thm. 3.7.1]. Agam, beware that a priori H and L are only defined on Z = Dom(F), but
can be continuously extended to P(X) in a straightforward manner.

The symmetric and antisymmetric (with respect to the reversal) components of the driving
force are (also see [11])
Ty Px
TTx Py
TTx Qxy
T y Q yx ’
with Dom(F) = Dom(F%™) = Dom(F*Y™) = P, (X). Note that for reversible Markov
chains, i.e., those satisfying detailed balance, F*¥™ = 0.

and

1
sym 1
(p) = 5 log

F5™(p) = 3 log (2.29)

Recall the generalised Fisher information Ré‘ from Definition 2.17, and that we are looking

1
for force fields that make this quantity non-negative. The following result shows that R; (p) =
Ofor¢ =2F(p), 2F%™(p), 2 F*Y™(p). This will be crucial to derive the key decompositions
of £ in Sect. 2.5.
In this result we make use of (analogous to (2.18)),

Domymaiss (F*™) 1= {p € Dom(F™™) 1 H(p, ¢ +d;£(p, 0))
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r—y

oM

g .gF(p)

Fig.2 Contour lines of a possible concave function ¢ +— RZ (p) for a fixed p, where the superlevel set {{ €

1 1
TP*W : ’R{Z (p) > 0} is depicted in gray. By Definitions 2.10 and 2.17, F (p) is a maximiser for ¢ +— ’Rg (p),
and assuming p € Domgymdiss (F**Y™), Lemma 2.23 says that 2F (p), 2FY™(p) and 2 F#Y™ (p) all lie on
1

the O-contour line. By the convexity of the superlevel set {’R{7 (p) > 0} (see Proposition 2.18), any convex
combination ¢ between 0 and 2F (p), 2FSY™ (p) or 2F3Y™(p), drawn by the three lines, yield non-negative
1

RZ(p) 20

= H(p, —C +d;L(p,0)), V¢ € T;‘W}. (2.30)
Note that Domgymdiss (F*¥™) € Domgymgiss (F) since Dom(F*¥™) € Dom F.
Lemma 2.23 Let L be an L-function on Z. We have
(i) Vp € Dom(F) : Ré(p) > 0andVp € Domgymdiss(F) : Rz%p(p) =0,
(i) Vp € Dom(F*™) : RéFsym (,01) =0,
(iii) Vo € Domgymdiss (F*™™) : R pasym (p) = 0.
Proof (i) Since —F minimises H, it follows that H(p, —F) = inf H(p, ) < H(p,0) =
—inf L(p,-) = 0, and therefore Ré(p) = —H(p,—F) > 0. If the dissipation

potential is symmetric, the choice ¢ = —F(p) in Lemma 2.11(i) gives RZ%F (p) =
H(p, —2F(p)) = H(p,0) = 0.
(ii) The claim follows since (2.12) holds for all p € Dom(F*¥™).
(iii) With¢ = <I*T(,o) = FYM(p)—F*Y™(p)inLemma?2.11(3) weﬁndH(p, —2Fa5ym(,o)) =
H(p, —2FY™(p)) = 0.
O

Figure 2 is a schematic diagram of force fields ¢ for which Ré‘ is non-negative. Note that,
while there are various possibilities for such ¢, we focuson ¢ = 2F(p), 2F™(p), 2F*Y™(p)
since they correspond to the physically relevant powers defined in (1.5) and (1.6).

Remark 2.24 For all p € Dom(F*Y™), we can write the reversed function as a tilting in the
sense of (2.20)

<«
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Using (2.21), the corresponding reversed L-function then satisfies
L(p.))=L_s(p.—)) = L(p, —)) +H(p.dgp}dV(p)) — (dppdV(p). j)
. * < < .

where we have used F + (I*T = —d¢pTdV(p). O

2.4 Generalised Orthogonality

Before we continue with deriving the main decompositions (1.7) of the L-function, we elab-
orate further on the decomposition of the driving force F into the symmetric force FY™
and antisymmetric force F*Y™, and investigate the natural question whether these forces
are orthogonal in some sense. It turns out that they are indeed orthogonal in a generalised
sense, and using this notion of orthogonality we can already derive decompositions (1.7) for
A= % As discussed in the introduction, in MFT the dissipation potentials are often squares
of appropriate Hilbert norms || - || ,, and in that setting one can write

W, ¢+ ¢%) =5l + 210 = Sl 4+ 6 e, + 5123
=W (p,¢") + (¢! %), + W (p. 27,

where (-, -), is the inner product induced by the norm. Typically F*™ and F#Y™ are orthog-
onal in the sense that (F¥™, F3Y™) - — (. We reiterate these ideas in Sect. 5.3 which deals
with the classical MFT setting of lattice gases. However this orthogonality relation is spe-
cific to the quadratic setting. A generalised notion of orthogonality was introduced in [11]
for non-quadratic dissipation potential (2.19) corresponding to independent Markov chains
which have cosh-type structure (see Example 2.12) and this principle was further generalised
to chemical reaction networks in [7] (see Sect. 5.2 for details). Based on these results, we now
provide a notion of generalised orthogonality which applies to arbitrary dissipation poten-
tials arising within the abstract framework of this section (and does not require any specific
structure).

Definition 2.25 For any p € Dom(F) and ¢? € T:W, define the modified dissipation
potential \IJE‘2 : T;,WW — R U {oo} and the generalised orthogonality pairing 6, : TyW x
TyW — RU {oco} as

(o ¢ = [Hp. ¢+ 82 = F(o)) + H(p. —¢" +¢* = F(p))] = H(p. £ = F(p)),
¢
=3 [¥ 0. ¢+ )+ W (o~ D] - W (o, D),
0," . ¢D) = S [H(p. t' +¢2 = F(p)) —H(p. —¢' + &% — F(p))]

=5 [ 0. ¢+ D = o, =" + )],
where we have used (2.16) to arrive at the equalities.

The following result collects the properties of W, and 0, clarifying the notion of orthog-
onality in the abstract framework. Recall the definition of Domgymdiss (F*Y™) from (2.30).

Proposition 2.26 Let L be an L-function on Z. For any p € Dom(F), \IJ;“Z (p, -) is convex,

lower semicontinuous and inf \IJ;“2 (p,)=0= \112‘2 (p, 0). Furthermore, for any ¢!, ¢? €
TyW, the dissipation potential W* admits the decomposition

W0, ¢ 403 =W (0, ¢ + 6,7 ) + Wi (o, 6
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= W0, £ + 6,6, ¢ + V(. .
Moreover the generalised orthogonality pairing satisfies

0,(F¥™(p), F*¥™(p)) =0 for all p € Dom(F*Y™),
ep(Fasym(pL Fsym(p)) =0 forall p € Domsymdiss(Fasym)y

and therefore we have
V¥ (o, F(p)) = ¥* (0, F*™(0)) + WEasym(,) (FY™(p))  forall p € Dom(F*Y™),

\Ij*(pv F(P)) = ‘I/*(,O, FHm (P)) + \D;sym(p) (Fasym(p)) Jorall p € Domsymdiss(Fasym)~
(2.31)

Proof The convexity, lower semicontinuity of \I/;2 follows from the convexity, lower semi-
continuity of W* and W¥, (p, 0) = 0 follows from the definition. Using convexity of ¥* we
find ‘

n

a6 = W (o, 561+ 8D + 55! +6%) = V(e ¢H) =0,
and therefore inf \112‘2 (p, -) = 0. The two decompositions follow immediately by adding \Il;z
and 0,,. Using Lemma 2.23 we find
20,(FY™(p), F*™(p)) = H(p, F¥™(p) + F*Y™(p) — F(p))
—H(p, —F™(p) + F*™(p) — F(p))
=H(p,0) —H(p — 2F¥™(p)) =0,
20,(F™(p), F¥™ (p)) = H(p, F¥™(p) + F*'™(p) — F(p))
—H(p, F¥™(p) — F™™(p) — F(p))
=H(p,0) — H(p —2F*¥™(p)) = 0.

where the second decomposition additionally requires that p € Domgymdiss (F*¥™). o

From the general decomposition (2.17) and the generalised orthogonality result above,
we can already provide two distinct decompositions of £, as derived in [7, Cor. 4.3] for the
case of chemical reactions.

Corollary 2.27 Let L be an L-function on Z. Then for all (p, j) € Tpom(raym)WV,

L(p, j) =W (p, j) +¥*(p, F¥™(p)) — (F*™(p), j)
+ Wam (0, F¥™(0)) — (F¥™(p), j),

and for all (p, j) € TDomsymdiss(FaSym)W,

L(p, j) =W (p, j) +¥*(p, F¥™(p)) — (F¥™(p), j)
+ Whan (0, F™(0)) — (F™™ (), ).
Inboth decompositions, we may interpret the first three terms as an L-function with a modified

force, the fourth term as a Fisher information, and the last term as a power (see Remark 2.32
for details).
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Example 2.28 (IPFG) Using Definition 2.25 we have (see also [11])

Wh(p, £ =2 D" /e Qxypy Oyr cosh(gfy)(cosh(g)y) — 1),

(x,y)€X?/2
0,c' ¢ =2 D 3" \/pcQuypyQyu sinh(z]) sinh(g),).
(x,y)eX2/2

2.5 Decomposing the L-Function

We now present decompositions of the L-function, which are the main results of the abstract
theory presented so far. Using G = F, F™, FY™ in (2.21) and encoding convex combi-
nations via the parameter A, we arrive at three distinct decompositions of £; this corresponds
to all the points on the three lines depicted in Fig. 2.

Theorem 2.29 Let L be an L-function on Z. It admits the following decompositions
(i) For any p € Domgymgiss(F), j € TyW and ) € [0, 1],
L(p, j) = La-amF(p. J) + Rp(p) — 2(F(p), j)
with R’ (p) = 0. (2.32)
(ii) For any p € Dom(F*™), j € T,WW and A € [0, 1],
L(p. j) = Lr—2psm(p, J) + Ripsym (0) — 21{F¥Y™(p), j)
with Rim (p) > 0. (2.33)
(iii) For any p € Domgymdiss(F*Y™), j € TyW and A € [0, 1],
Lp, j) = Lr-2apsm(p, ) + Rpaym (0) = 20(F*™ (p), j)
With Riasym (p) = 0. (2.34)

Proof The decompositions follow directly from Lemma 2.15. The non-negativity of the
Fisher informations follows from Proposition 2.18 and Lemma 2.23. m}

Remark 2.30 The decomposition (2.32) holds for p € Domgymgiss (F). Since by Lemma 2.23(i),

1
pr(p) > 0 for any p € Dom(F), we also have the following decomposition for any
p € Dom(F), j € T,WWand A € [0, 1]

L(p, j) = La—nr(p, J) +R(p) — MF(p), j) with R%(p) > 0.

The non-negativity of R;‘, (p) follows by repeating the proof of Proposition 2.18(ii) for
relo, 3. O

The following result exhibits the significance of the choices A = %, 1, and that the decom-

positions for other values can be seen as generalisations.

Corollary 2.31 (A = 1, 1) Withthe choice . = 1, the decompositions (2.32),(2.33) and (2.34)
respectively become

1
L(p, j) = Lolp, j) +Rp(p) — (F(p), j)
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= W(p, j) +¥*(p, F(p)) — (F(p), j), (2.35)
1

L(p, j) = Lpam(p, j) + Rpsym(p) = (F¥ (), j), (2.36)
1

L(p, j) = Lpsm(p, J) + Ripasym(0) — (F¥"(p), j). (2.37)

With the choice A = 1, the decompositions (2.32), (2.33) and (2.34) respectively become
Lp, ) =L_F(p,])—2(F(p), j),
L(p. )= L_5(p. ) = 2UF¥™ (), j) = L (p. —)) — 2F¥™(p). j),
L(p, j) =L (p, j) = 2(F*™(p), j). (2.38)

where F, (17 satisfy the relations (2.28).

The second equality in (2.35) follows from (2.22) and (2.16) where we use H(p,0) =0
and the Fisher-information term vanishes by Lemma 2.23. A careful analysis of the zero-cost
flux for £psym and L pasym will be presented in Sect. 2.6 and Sect. 4.

Remark 2.32 Using (2.17), we see that (2.36) and (2.37) are the same decompositions as
those in Corollary 2.27 which use generalised orthogonality, and that the two corresponding
Fisher informations are in fact modified dissipation potentials (as introduced in Sect. 2.4)

1 1
Rpsym (0) = Wiaym (0, F¥™(0)), Rpusym () = Wiam (0, F asym(p)).
This also explains the non-negativity of these Fisher informations for A = 2 O

Example 2.33 (IPFG) Decompositions (2.32), (2.33) and (2.34) hold with the tilted L-
functions

La-anr(p.j)= inf ZZ S5 1 (ox Q) ™0y 010)7)

J+€R 2 eex?s
+S(jxy — Jxy | (pv ny)l_A(Px Qxy))\)

Lr-ypom(p, j) = inf ZZ s (5 1 (0x Q) ™40y 72 0y
JJ’G]R 2 xy)ex?)2
+S(jxy — Jxy | (prvx)li)\(Pxﬁva)k):

L ypem(p, j) = inf ZZ s 1 (ox Q) (0 22 010)7)
J+€1R 2 eex?)

+S(jxy — Jxy | (pryx) (,0) Qx)) )5

and the corresponding Fisher informations

Ri(p) = —H(p. —20F (0)) = D Y px Oy — (px Quy) ™ (py Qy)".
x,yeX
x#y

A

Ripam (0) = =H(p, =20 F¥™(p)) = 33" 0: 0y = (0x 0x) ™ (1 0y )
x,yeX
XFEY

Riam (9) = ~H(p. ~22F*™ () = Y3 pe0uy ~ (006 (0 2 000)

x,yeX

Xy
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While non-negativity of these Fisher informations is guaranteed by construction, it can also be
proven directly by using (1 —A)a+Ab > a' ~*b* For » = %, all three Fisher informations are
of the form ) )", #y(\[ — /-)?; interpreting the difference as an abstract discrete gradient,

this is reminiscent of the usual Fisher information in continuous space % f (V/p(x)2dx.

These decompositions provide new variational characterisations for the IPFG example,
which coincide with the classical gradient-flow structure for Markov chains satisfying detailed
balance (see Sect. 2.6) and lead to the FIR inequality as a special case (see Example 2.35
below). The decomposition (2.33) with A = % was first discussed in [11, Cor. 4].

All three L-functions L£(1—2x)r, LF—25rsym and Lp_2; pasym are the large-deviation cost
functions for processes with altered jump rates. In particular, £Lpsym = L_ pasym is the large-
deviation cost function corresponding to the jump process with jump rates for a particle to
jump from x to y given by

. / T / P
K;?;m(/)) = Px Qnyyerj: = Px Qxy Qxy,

. <« Ty . . . .
where we write v yy = vy, > for the jump rate of a single time-reversed jump process
X

[42, Thm. 3.7.1]. The linearity in p, reflects that the system consists of independent Markov

particles with generator / O, 5 xy [31,32].

Similarly, Lpasym = Lp_psym is the large-deviation cost function corresponding to a
system with jump rates for one particle to jump from x to y given by [43]

¥ <—
K;cl;ym(p) = Qxywlpxpy% = /PxPyy Oxy O yx- (2.39)

We can interpret L pasym (p, j) as the flux large-deviation cost function corresponding to a
system of interacting particles with jump rates n/c;l;ym (p) [44]. It should be noted that the
usual large-deviation proof techniques break down in this particular case due to the non-
uniqueness of solution to the limiting antisymmetric ODE (see Proposition 4.2).

The next corollary connects the decomposition (2.33) to an (abstract-)FIR inequality
(recall Sect. 1.2.3) only defined on the state-space Z and with no dependence on the flux-
space W. In order to make this connection we introduce the contracted L-function £ : 7, pZ —
R U {oo} defined as

L(p,u) = inf L(p, j). 2.40
(p, u) jeTpV&r}u:d%j (p, J) (2.40)

The definition of £ is inspired by the contraction principle in large-deviation theory, where
L is the large-deviation rate functional only on the state space (recall Example 2.1). This
connection will be further clarified in Proposition 3.4.

Corollary 2.34 (FIR inequality) Let £ be an L-function on Z. For any p € Dom(F*Y™),
u € T,Zand A € [0, 1] we have

L(p, u) = Ripsym (p) + MdV(p), u),
where L (with convex dual 7:{) is defined in (2.40) and R}sym (p) = —ﬂ(p, AdV).

Proof Using convex duality and (2.40) it follows that R}Sym (p) = —H(p, )»dd);dV) =

—7:((;), AdV). Using (2.33) and the definition of F*Y™ (2.27) we find
Lo, u) = inf Lr_2rvm(p, j) — 20(FY™(p), j)] + Risym
(o, 1) jETle/I:luzd%j[ F=2..Fym (P, j) ( (), J}] + Ripsym (0)
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= inf Lr_ sym s i R)\sm A dV ,
_jeTpV\lir:lu:d¢pj[ F=22pom (P, )] + Ripsym (p) + 2{dV(0), u)

> Ripaym (0) + 1{dV(0), u),

where the second equality follows since (d¢);n, J) = (n,d¢,j) and the inequality
follows since tilted L-functions are non-negative by definition (see Lemma 2.15 & Defi-
nition 2.5). O

Example 2.35 (IPFG) We now comment on the connection with the FIR inequality in [6]. Let
p E C! ([0, T1; Dom(F*¥™)), where we have abused notation so that p is now a trajectory,
and recall that Dom(F*™) = P (X). Since p(t) € T,;)Z, using Corollary 2.34, for any
t € [0, T]and A € [0, 1] we have

L(p@), p(1)) = Ripam (p(1)) + L LV(p(1)),

where we have used (dV(p (1)), p(t)) = %V(,o (t)). Integrating in time, which is allowed
since p is a sufficiently smooth curve, we find

T T
: /0 £pt). p0)d1 +V(p(0) = + /0 Risom (p(0)dt +V(p(T)).

This is exactly the FIR inequality in [6, Thm. 1.6], although this paper has two crucial gen-
eralisations. First, using approximation arguments, in [6] the class of admissible curves is
extended to p € AC([0, T]; Z), i.e., absolutely continuous curves in Z = P(X) instead
of P4 (X) discussed above (recall the discussion in Sect. 1.2.3). Second, in [6] the relative
entropy RelEnt(p(¢) | (#)) with respect to any time-dependent solution w of the correspond-
ing macroscopic dynamics (which is the forward Kolmogorov equation)

[1(t) = QT p(r), (2.41)

is used as opposed to the quasipotential V(p) = RelEnt(p(¢)|7), where 7 is the invariant
measure of (2.41). We believe that this generalisation from the invariant measure 7 to any
time dependent solution 1 (¢) is a feature of the linear forward Kolmogorov equations (similar
results also hold for linear Fokker-Planck equations [45, Thm. 1.1], [8, Thm. 4.18] arising
from diffusion processes), and cannot be expected to hold in the setup of our paper where
we are interested in nonlinear macroscopic equations. This is also the case for nonlinear
diffusion processes [5, Thm. 2.3].

2.6 Symmetric and Antisymmetric L-Functions

In this section we focus on the two terms £ gsym and £ pasym in the decompositions (2.37) and
(2.36) respectively. Observe that £ = Lpsym if F®Y™ = 0, and therefore £ sym corresponds
to a system with a purely symmetric force. The relation between such systems with gradient
flows is well known and follows from the theory in the previous sections, but for completeness
we will make this connection explicit here. Similarly, £ pasym corresponds to a system with
a purely antisymmetric force; in the level of abstraction of our current paper such systems
are less understood. Motivated by our analysis in Sect. 4 and the examples in Sect. 5 we
conjecture below that these L-functions are related to Hamiltonian systems.

We first discuss the purely symmetric case. Note that when particle systems and large-
deviations are involved, Lpsym is the large-deviation cost function of a microscopic system
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in detailed balance (see Corollary 3.11). In what follows we will make use of the contracted
dissipation potential ¥ : T,Z — R U {co} defined as

U(p,u) = inf W(p, j). 2.42
(0, u) jeT,)V\lllzlu:dqb,,j ()] (2.42)

Corollary 2.36 (EDI) Let L be an L-function on Z and p € Dom(F*™). For any j € T,V
we have

Lrsm(p, j) = W(p, )+ * (0. =3dg,"dV(p)) + 1dg,"dV(p). j).  243)
and for any u € T, 2 we have
Lpsm(p,u) = V(p,u) +¥* (0, =3dV(p)) + 5 (dV(p), u), (2.44)

where Lpsm, W are defined in (2.40), (2.42) and \il*(p, &) = U*(p, dq)pTS) is the convex
dual of V. Additionally if p € Domgymgiss (F*™), then for any j € T,V and u € T,Z we
have the symmetry relations

Lpsm(p, ) = Lrsm(p, =) = (dopdV(p). j), L(p,u) = L(p, —u) = (dV(p), u).
(2.45)

Proof Using F*Y™ = 0 we have F(p) = F*¥™(p), and the decomposition (2.43) then
1

follows from (2.36) since Lo(p, j) = ¥(p, j) (see (2.22)), R%Sym (p) = ¥*(p, F™(p))
and using the definition of F¥™ (2.27). The decomposition (2.44) follows by applying the
infimum in (2.40) to (2.43) and noting that by definition of convex duality \iJ*(,o, &) =
W*(p,dp"€) forany & € Tp* Z. The first symmetry relation follows by Lemma 2.11(ii) and
the second symmetry relation following by taking the infimum of the first symmetry relation
on both sides. O

Note that the decomposition (2.43) also follows from (2.37) by using (2.13), but for
P € Domgymgiss (F*™). Let us first comment on the contracted symmetric function £ psym.
Clearly, its zero-cost velocity u°(p) satisfies the EDI

U (. u’(p)) + ¥*(p. —3dV(p)) + ${dV(p). u’(p)) = 0,

which is equivalent by convex duality to a generalised gradient flow (1.12). Summarising
Corollaries 3.11 and 2.36, if a microscopic system is in detailed balance, the large-deviation
cost function £ = Lpsym has a purely symmetric force, and hence induces a generalised
gradient flow. This connection between gradient flows and detailed balance was first discussed
in this generality in [3]. For the IPFG example, the second symmetry relation in (2.45)
correspond to the classical gradient structure for finite-state Markov chains in detailed balance
[3, Sec.4.1] and the decomposition (2.43) is the corresponding flux formulation of the gradient
structure for this example [31, Sec. 4.5]. Note that, strictly speaking (2.43) is not a gradient
flow in the density-flux space. However a careful rewriting allows us to see £ psym as a gradient
flow, as summarised in the following remark.

Remark 2.37 With ﬁ);\:)'m (w, j) := Lpsym(¢p[w], j),and applying the chainrule dwvw(w) _
A dyV($lw]), we arrive at

LPm(w, j) =8V W, j) + ¥V (w, =1, VY W) + Ldw VW (0). j).  (2.46)

In this formulation £rsym is indeed a gradient flow in the density-flux space [21]. O
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As far as we are aware, the purely antisymmetric cost £pasym has not been studied in
the literature, and we could not produce rigorous results for it in the abstract setting of this
section. However, as will be discussed in forthcoming sections, we are able to show that for
certain examples the zero-cost velocity associated to £ pasym is non-dissipative, in the sense
that one can associate a non-trivial conserved energy and a skew-symmetric operator to it,
which motivates the following conjecture.

Conjecture 2.38 Let L be an L-function on Z and L passm be the contracted L-function cor-
responding to L asym, i.e.

,éasm ,u) = inf L pasym ,'.
pasym (0, ) jer Wy, L . 7

Then there exists an energy £ : Z — R and a skew-symmetric operator J : p +—> (T;‘Z —

T, Z) such that the zero-cost velocity of L Fasym can be written as
u(p) = J(p) DE(p).

Clearly, the skew-symmetry of J(p) implies that the energy £(p(¢)) will be conserved
along solutions of p (1) = J(p(¢)) DE(p(t)). In fact, for the IPFG and lattice gas examples, the
corresponding J even satisfies the Jacobi identity, so that the purely antisymmetric velocity
has a Hamiltonian structure (see Sections 4, 5.3 for details).

3 Formal Connection With Large Deviations

In Sect. 2 we focussed on the purely macroscopic setting. In this section we motivate the
abstract structures introduced therein by connecting them to Markov processes and their large
deviations. Although the results presented in this section are largely known in the literature
in specific settings, we include them here in a more general setting to provide rationale for
the abstract framework discussed in the last section. While these results are formal due to
the level of generality at which we work, they can be made rigorous case by case.

Throughout this section we assume a microscopic dynamics described by a sequence of
Markov processes (0™ (1), W"”(z)) defined on Z x W. Typically, 0™ (¢) is the empirical
measure, concentration or density corresponding to O(n) particles, and W™ (¢) is the inte-
grated/cumulative particle flux (recall Example 2.1 and see Sect. 5 for further examples).
For now, we assume a fixed deterministic initial condition p™ (0) for the empirical measure;
this will be relaxed later on. We always assume that the initial condition for the flux satisfies
W™ (0) = 0 almost surely, since the particles have not moved yet at initial time. For any
t > 0, the integrated flux W () contains all information required to reconstruct the current
state of the system, i.e., almost surely

p” (1) = pIW" ()],

Equivalently, if the random paths allow for a notion of (measure-valued) time-integration,
we write

P(dt) = de oy W (d1).

We assume that the sequence (o™ (1), W™ (t)) satisfies a law of large numbers, whereby
the microscopic process (o™ (), W™ (1)) converges to a macroscopic, deterministic trajec-
tory (p(t), w(t)), which satisfies an equation of the form (1.1), where at this stage we are only
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interested in the instantaneous flux j = w. Consequently, the corresponding path probability
measures P® = law(p™, W®) will concentrate on that path (p, w) as n — oo.

Finally we assume that the sequence (p™ (1), W™ (1)) satisfies a corresponding large-
deviation principle in Z x W, which can be formally written as

P(n)((p(n), W(n)) ~ (IO7 w)) ~ e—n fOTll(p(t),u')(t))dt. (31)

This large-deviation principle characterises the exponentially vanishing probability of paths
starting from the fixed deterministic initial conditions which do not converge to the macro-
scopic path (p, w). The function £ is non-negative and its zero-cost flux corresponds to the
macroscopic path, since for that path P®™ ~ 1.

In what follows, we first focus on the classical technique for proving the aforementioned
large-deviation statement, which motivates the tilted L-function introduced in Lemma 2.15.
Consequently we motivate the Definition 2.6 of the quasipotential via the large deviations of
invariant measures, and the Definition 2.19 of the reversed L-function using time-reversal.

3.1 Tilting, Contraction and Mixture

Rigorous proofs of large-deviation principles for Markov processes tend to be rather technical.
We nevertheless briefly review the classical proof technique, since it is closely related to the
macroscopic framework introduced in Sect. 2.2. For an example of this technique see [460,
Chap. 10].

Formal Theorem 3.1 Let Q™ be the generator of the Markov process (o™ (t), W™ (t)), define
HO (0, w, ©) 1= —en60) Qugnieuw),
n

and let the limit H(p, ¢) = lim, oo H™ (0, w, ¢) exist and be dependent on w only via the
relation p = ¢[w). Then the process (p™, W™) satisfies the large-deviation principle (3.1)
with

‘C(p7]) = Ssup (g’]>_H(p’§)
{ETI;‘W

The assumption that H depends on w only via p = ¢[w] will generally be justified if the
noise only depends on the state p of the system.

Main proof technique 1In order to derive the large deviations (3.1) for a given, atypical path
(p, w), one changes the probability measure P™ to a tilted probability measure IP’;"). The
tilting is defined via a time-dependent force field ¢(¢) to be chosen later, and the Radon-
Nikodym derivative is explicitly given by (see [47] for the generator of the tilted process and
related technical details)

ar T .
(5. = exp [ /0 (€@, b@ny =1 (pw. i, cw))dr]. 32

One can then (formally) estimate, for a small ball 5, (p, w) around the given atypical path
(0, w),

1 1 dpm
—=1og P (B.(p, w)) = —=1lo / — (P, W)P (d(p, W
—log P (Be (p. w)) - log (o) 47 (b, w)P(d(p, )
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. drY 1
- log dIP(Zn) (p, w) — - log ]P’g’) (Ba (p, w)) (for small ¢)

%

T
fo (€@, @) =1 (o0, w(), £ 0)) ) dr
~ Llog Y (B:(p. w).

We choose ¢(#) to be optimum in sup; (¢, w(r)) — H(p(t), ). It turns out that with this

choice, the tilted probability IP’(C") will concentrate on the given path (p, w) and therefore the
final term in the right hand side vanishes (even for small ¢), which results in

n—oo T
1022 (5:00.w) "2 [ sup (16, a0 = (o0, 1) )
¢

T
= /O L(p (1), w(n))dt.
[m}

Remark 3.2 On this formal level we do not specify the precise topological space in which the
large-deviation principle holds; typically one can choose the Skorohod space D(0, T; Z x
W), possibly requiring weaker topologies on Z x WW. However, this topological setting does
not influence the geometric picture of Sect. 2.1. We also stress that although the described
proof strategy is classic, there are known cases were it fails [48]. A different proof technique
is developed in [49], but the main argument described above are the same. O

Following similar arguments one can derive the large deviations of the tilted measures.

Corollary 3.3 For a given path ¢ (t), the tilted probability IP;") from (3.2) satisfies the large-
deviation principle

T .
PO (0", W) % (p, w)) ~ e Jo Lewp®.w®)dr (3.3)
where L is the convex dual of

He(p, ) i=H(p, £ + &) — H(p, 0).

The proof follows from the same arguments as Formal Theorem 3.1, with (3.2) replaced
by

P P ”
o P = g 00 g ()

T . )
= cxp|n /0 (€. ibn) =1 (50, ), £ + £ )
+HO(p0), (0, £0) ) dt .
Note that H;_r is exactly as in (2.14) and consequently we interpret the tilted L-functions

introduced in Definition 2.14 as the large-deviation cost functions for the tilted probability
measures.
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From the Formal Theorem 3.1, one immediately obtains the following large-deviation
principle for the state by applying the contraction principle [33, Thm. 4.2.1], which motivates
the definition (1.9)

Proposition 3.4 Assume that the large-deviation principle (3.1) holds for the pair (o™, W™),
Then the large-deviation principle also holds for p™, i.e.,

T A . ~
PO (p A p) ~ e o EPOLON iy F(p, ) = inf Lp.). G4
: pJ

Moreover, H(p. §) = supser, z (6. ) = L(p. p) = H(p. dg,"5).

So far we have assumed that the initial condition p™ (0) is fixed and deterministic. If the
initial condition is random then we have the following result, which will be useful in what
follows.

Proposition 3.5 (Mixing [50]) Assume that the large-deviation principle (3.1) holds for the
pair (p™, W) with a deterministic initial condition. If the initial condition is replaced by
a sequence p™(0) € Z which satisfies the large-deviation principle

P(n)(p(n)(o) ~ ,0) ~ e—”IO(P)

forsome functional Iy : Z — [0, oo]and W™ (0) = 0 almost surely, then the pair (0™, W™)
with random initial condition p™ (0) € Z satisfies the large deviation principle

PO ((p™, W) ~ (p, w)) ~ o~ T0(eO)=n [ L(p(0), (1) dr (3.5)

Remark 3.6 The abstract framework introduced in Sect. 2.1 automatically fixes the state
p(0) = ¢[0], which coincides with deterministic initial conditions in context of large devi-
ations. Strictly speaking, to work with varying random initial conditions would require
additional flexibility in the abstract framework. This can be achieved by either replacing
the mapping ¢ (recall Definition 2.3) by a family of mappings (¢,(0)) p(0), Or by keeping a
fixed reference state ¢[0], and redefining the initial integrated flux as w(0) € o p0)],
exploiting the surjectivity of ¢. To keep the notation simple, we stick to the setup of a
deterministic initial condition, and with a slight abuse of notation always tacitly assume that

p(1) = ¢plw()] = ¢p() (w(®)). o

3.2 Quasipotential

‘We now motivate Definition 2.6 of the quasipotential V. The following result is largely known
in the literature, see for instance [51, Sec. 2.2], [52, Sec. 3.3], [53, Sec. 4] and [54, Cor. 2],
although it is not often made explicit at the level of generality used in this section.

Theorem 3.7 Assume that the Markov process p"(t) satisfies the large-deviation princi-
ple (3.4) and has an invariant measure T1™ € P(Z) that satisfies the large-deviation principle

l—l(n)(’u(w ~ M) ~ e—nV(/l«)’ (3.6)

where u™ denotes a random variable distributed with TI™. Then we have

3 In practice, the mapping from paths (p, w) to paths p is clearly continuous. In order to make the statement
rigorous one only needs to show that the infimum can be moved inside the integral.
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(@)

T .
V()= inf :v(,a(O))Jrf é(ﬁ(r),,a(t))dz} forany T >0, (3.7)
peCL(0.T]; 2): 0
p(T)=p

(i) H(w, dg,'dV(0)) = H(u, dV()) =0,
where L, H are defined in Proposition 3.4.

Note that (3.7) implies that V is always a Lyapunov function along the zero-cost dynamics,
which can also be deduced from the decomposition (2.33).

Formal proof For arbitrary T > 0 and fixed deterministic initial condition p™(0) = p(0),

the state p(T") satisfies the large-deviation principle [33, Thm. 4.2.1],

PP (dp | p(0) =P (o™ (T) & w | p(0) = p(0)) ~ e ™1 HPO  with

T .
Il p(©) = inf / L(p(). p(n)) dt. (3.8)
peC,(0,T]; 2): 0

£(0)=p(0),p(T)=p

By definition the invariant measure is invariant under the transition probability, i.e., for any
T >0,

n"(dp) = /P}")(du | p(0)IT™ (dp(0)).

Hence the large-deviation functional of the left-hand side is equal to the large-deviation rate
of the right-hand side, which using a mixing argument [50] is given by

Vi = inf {V(eO) +Ir(u| p(0)}

T .
— inf inf [V(,o(O))—i— /0 ﬁ(ﬁ(r),f)(r))dz]

P(OEZ  FeCh(0,T1:2):
£(0)=p(0),0(T)=p
which proves the first claim. From here on the arguments are purely macroscopic. We proceed
by noting that

T .
Erp)i= it V() + [ £ pw)d,
peCL(0.T]; 2): 0
p(T)=p
which has the form of the value function from classical control theory, and hence solves the
Hamilton-Jacobi-Bellman equation

Er(p) = —H(p.dEr(p)), Eo(p) =V(p). (3.9)
We have already shown that E7 = V does not depend on 7', and therefore E 7(p) = 0, which
proves the second claim. O

Remark 3.8 Strictly speaking, V should be a viscosity solution of the Hamilton-Jacobi-
Bellman (3.9) and hence also of the stationary version Theorem 3.7(ii). However, it is not
precisely clear to us which boundary conditions should be imposed in the definition of
the viscosity solution. This issue is particularly challenging since most classical Hamilton-
Jacobi-Bellman theory is developed for quadratic H only. Therefore, Theorem 3.7(ii) should
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be seen as formal. We remind the reader that a viscosity solution V(p) is a solution in the
classical sense at points of differentiability. At least on a formal level, this already suffices
for the applications in this paper. O

Remark 3.9 In Theorem 3.7(ii) we do not require that the invariant measure is unique, neither
do we claim that the quasipotential V(p) will be unique. In particular, we do not require stable
points w € Z for which L(7,0) =0tobe unique. In case of uniqueness, the quasipotential
from Theorem 3.7(ii) will also satisfy the classical definition of the quasipotential [55]

0 .
V(p) = inf f L(p@), p(1))dr.
peC}(—00,0;2): J —c0
pO)=p

In case of multiple stable points, one usually defines a family of non-equilibrium quasipo-
tentials indexed by the stable points [55]. Any one of these will also satisfy Theorem 3.7(ii),
which is sufficient for our purpose. Therefore the abstract theory from Sect. 2 can be con-
structed with any of these quasipotentials. O

3.3 Time Reversal

In the following proposition we relate the large-deviation rate functions for Markov processes
and their time-reversed counterparts, which motivates the notion of reversed L-function
introduced in Definition 2.19. Since the proof below is standard in MFT, we only outline the
proof idea for completeness.

Proposition 3.10 ([10, Sec. I1.C], [31, Sec. 4.2]) Let (p(")(t), W(")(t)) be a Markov process
with random initial distribution TI™ for p®(0) and W™ (0) = 0 almost surely, where TI™" €
P(Z) is the invariant measure of p™ (t). Define the time-reversed process4

TOW) = p" (T — 1), W) := W(T — 1) — W(T).

Assume that TI™ satisfies a large-deviation principle (3.6), (p™ (1), W(")(t)) with deter-
ministic initial condition satisfies a large-deviation principle (3.1) with cost function L,
<«
and (‘ﬁ(”) (), ww (t)) with deterministic initial condition satisfies a large-deviation princi-
ple (3.1) with cost function z. Then for any (i, j) € Z x W, T is related to £ and V via
the relation
LG, J) = L, =) + (dd,"dV(w), j).

Proof Note that if p (0) is distributed according to I1*, then so is o (0), and if W™ (0) =
<
0 almost surely, then W (0) = 0 almost surely as well. Since
B (0™, W) € (dp,dW)) = V(T W) € @T.dW)),

using Proposition 3.5, we find for all paths (p, w),

T

T <«
V(p(0)) + /0 L(p(0). (D)) dt = V(p(T)) + /0 Z (p(1), =i (1)) dr.

4 This construction requires a vector structure on WV. For all applications that we have in mind this holds
trivially, as long as we work with net fluxes (see the discussion in Example 2.12).
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Since the equality above holds for any 7' > 0, we can write

V(p(T)) — V(p(0))
T

(@900 dV(p(0). () = (dV(p(0)). H(0)) = lim

1 [T . < .
m */0 [L(p(0), w(1)) — L (p(t), —i(1))]dt

li
T—0T
. < .
L(p(0), w(0)) — L (p(0), —ir(0)),
for any p(0) and w(0) (assuming sufficient regularity on t +— L(p(t), w(t)) —

(E_(p (1), —w(t))). The claimed result then follows by choosing any path p, w for which
p(0) = pand w(0) = j. ]

A special and important case of the previous result pertains to detailed balance.

Corollary 3.1 Let (0™ (1), W (1)) and (5" (), W (1)) be as in Proposition 3.10. If,

under initial distribution TI" € P(Z) of p™(0) and p ™ (0) and W™ (0) = W®(0) = 0
almost surely,

PO ((p™, W™) € (dp, dW)) =P ((o ™, ‘WW) € (dp,dw)), (3.10)
then £ = L.

For the applications that we have in mind, the condition (3.10) holds precisely when
o™ (¢) is in detailed balance with respect to T1®, see for example [31, Prop. 4.1]. The relation
L= <Z is the time-reversal symmetry from [3], which implies that £ induces a gradient flow,
or F®Y™ = () in the context of this paper.

4 Zero-cost Velocity for IPFG Antisymmetric L-Function

In Sect. 2.6 we argued that the both the purely symmetric flux and velocity are dissipative, that
is, they are generalised gradient flows of the energy %V (and %VW respectively). Moreover,
Lpsym defines the variational structure of those gradient flows via the equalities (2.43) and
(2.46).

The interpretation of £rasym is more complicated. In general £pasym will not have V as
its quasipotential, and using Lemmas 2.11 and 2.15 for any p € Domgymgiss(F*¥™) and
J € T,V it satisfies the time-reversal relation

L_pasym(p, j) = Lpaym(p, — ).
This relation in fact holds for any tilted L-function, but —FY™ can be interpreted as the

time-reversed counterpart of F2Y™ in the sense that FSY™ 4 FaYM — FSYM _ asym (gee
Remark 2.24). Formally this means that time-reversal reverses the fluxes, which is a physical
indication that £ rasym might correspond to Hamiltonian dynamics, as proposed in Conjec-
ture 2.38.

In this section we illustrate this principle for the IPFG example with L-function £ from
Example 2.3. As far as we are aware this is has not been studied in the literature, and as a first
step we will focus solely on the trajectories of the zero-cost velocity u(t) = p(t) = uo(,o (1))
of L pasym, largely ignoring fluxes as well as the variational structure.

Let (p, j) satisfy £paswm (p(1), j(1)) = O orequivalently j(1) € 0W*(p(1), F*Y™(p(1))),
where the subdifferential is with respect to the second variable. Substituting X = % in
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Lp_opsm (defined in Example 2.33), for any x € X, p : [0,T] — P(X) satisfies the

ODE’
pr(t) = —div, j (1) = Z(ny/g— Qxy\/zij),/m(t)py(t). (.1

yeXx
y#x
Introducing the change of variables wy (t) := +/px (), the zero-cost velocity (4.1) trans-
forms into a linear ODE with a matrix A € R¥*¥ je.

1 Ty »
w(t) = EAa)(l), with A,y = ny\/g— Qxy\/g. 4.2)

Solutions to this equation have a nice geometric interpretation, see Figure 3 for an example in
three dimensions. Clearly, |w(¢) |% = |p(t)|1 = 1 and so the solutions are confined to the unit
sphere S ~!. On the other hand, the matrix A is skewsymmetric with imaginary eigenvalues
and represents rotations around the axis /7, implying that the solutions are confined to a
plane perpendicular to /7. Therefore, solutions () lie on the intersection of these planes
with the unit sphere, resulting in periodic orbits that conserve the distance of the plane to the
origin. In the following result we show that this transformed system is indeed a Hamiltonian
system with a suitable energy and Poisson structure which satisfies the Jacobi identity (see
Lemma A.1 for a useful alternative characterisation of the Jacobi identity in our context).

Proposition 4.1 The ODE (4.2) admits a Hamiltonian structure (RXX/E, g, j), ie. w =
J(w)VE(w), where the linear energy £ : R¥ — R and Poisson structure J : RY — RX*X
are given by

W) i=1-Jr-w, T = %(ﬁ@ (Aw) — (Aw) ® ﬁ)

Here w - v is the standard Euclidean inner product and o ® v is the outer product of vectors
w, .

Proof In Appendix A we present a Hamiltonian structure for a general class of ODEs, which
includes the transformed system (4.2). The proof of Proposition 4.1 follows directly from
Theorem A.2 with the choice d = |X|, ws = /7 and observing that |y |2 = Yo =1
and A/ = AT /m = 0 since 7 is the invariant solution corresponding to the original
dynamics (4.1). ]

We would now like to transform the Hamiltonian structure of the transformed ODE (4.2)
back to obtain a Hamiltonian structure for the original non-linear equation (4.1). This trans-
forms the positive octant of the sphere in Fig. 3 to the simplex in Fig. 1(c). However,
transforming back via w,(f) = /p,(¢) is valid only if wy(z) > O for every x € X. In
the following result we state the criterion for this to hold.

Proposition 4.2 Define the threshold

o :=min (1 — /1 —my),

xeX

the energy & : RY — R and the Poisson structure J : RY — RY*Y g5

E(p) =1 =T - b, WPy =2 (VIxAy: = /Ty Axc)/PxPyPr

zeX

5 Although F3Y™ is only defined on the interior, this ODE can be defined on the whole domain by continuous
extension of d W*(p, F3Y™).
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where A is defined in (4.2). If the energy of the initial distribution p° € P(X) for the ODE (4.1)
satisfies 0 < £(p°) < o, then (4.1) has a unique solution and admits a Hamiltonian structure
(RY¥*X .1, ie., p = J()VE(p). If the energy of the initial distribution satisfies £(p°) >
o, then (4.1) has non-unique, non-energy-conserving solutions.

Proof We first analyse the critical case, where the periodic orbit w(¢) of (4.2) touches one
of the boundaries of S*~! N R§0~ The energy level of such an orbit can be calculated by
solving the constrained minimisation problem

min {£(w) 1 @ € Y7, w, = 0 for some x € X} = min min {£(0) 1 0 € S*7!, 0, = 0}.
Xe

Assume x € X is optimal. For the interior minimisation problem, the optimal w with w, = 0
solves

0 = 3o, [E(@) + SMwI3] = —yy + Aoy, forall y # x,

where the Lagrange multiplier A > 0 is such that the constraint |a)|% = 1 holds. It follows
that wy = /7y /+/1 — 7y, and so Ew)=1-J1—7m, = 0, yielding the critical case.
Using Proposition 4.1 we thus find that if £ = E@") < o, the solution w(r) of
the linear system satisfies E(w (1)) = £(»°) and remains positive (coordinate-wise), so that
p(t) = J/o(t) solves (4.1), and has the corresponding transformed Hamiltonian structure.
Note that this is possible since Poisson structures are preserved by coordinate transformations
[56, Sec. 4.2]. The uniqueness of the thus constructed solution p (¢) follows since \/ px (t) py (¢)
is strictly bounded away from zero, and therefore the right hand side of (4.1) is Lipschitz.
Now we show the non-uniqueness when £(p”) > o, for simplicity with |X| = 3 only.
The idea is to use the argument above to construct an energy-conserving solution until time
t1 it hits a boundary, say X = 0, a solution that moves along the boundary until an arbitrary
time but sufficiently large time #; + § > 0, and an energy-conserving solution that moves
away from the boundary again. See Fig. 1(c). More precisely, let a)g = \/,07)9 and define

1
@202, 0<t<mn,
1=
px(t) = (eZAla)l))Z(, Hnh<t<n+4+3é,

(e%A’a)z))%, t>1+94.

— i (o3AT 0 I 3400 2. A 1

Here #; := min{t > 0 : (e27w"); = 0}, v = €2""'w"” and w~ = €2 w', and
Axy = Axyl y2z). Note that 6 > 0 must be large enough so that outgoing instead of
incoming characteristics cross the boundary X = 0 and small enough that the corners in the
simplex are avoided. It is easily checked that p(¢) is continuously differentiable and satisfies
the ODE (4.1). Since § > 0 is arbitrary we have constructed an infinite number of solutions.
O

In the following remark we comment on the role of A # % in Lg_p psym.

Remark 4.3 One can also study the zero-cost velocity associated to £g_py psym from (2.33)
for & € (0, 1). For A < %, the symmetric part is dominant and the trajectories spiral inwards
towards 7, i.e., 7 is a spiral sink, and for A > %, the antisymmetric part is dominant and
the trlajectories spiral outwards from i, i.e. 7 is a spiral source (compare with Fig. 1(c) for
A=3). ]
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w3

Fig. 3 For |X| = 3, the trajectories w(¢) rotate around the /7-axis, and lie at the intersection of the two-
dimensional sphere $Z and a plane perpendicular to the /7-axis. The transformation py = /w, maps the
(octant) sphere to the simplex of Fig. 1(c)

Remark 4.4 As pointed out to us by André Schlichting, the energy £(p) = % D vexr (WTx —
JPx )2 is exactly the squared Hellinger distance between p and the steady state 7. At this
stage we do not know the physical meaning behind the Hellinger distance, but it appears
naturally in the context of purely time-antisymmetric flows. O

5 Examples

Throughout Sect. 2 we applied the abstract theory developed therein to the example of
independent Markovian particles. We now apply the abstract theory to three examples of
interacting particle systems. In Sect. 5.1 we consider the example of zero-range processes
with an atypical scaling limit which leads to an ODE system in the limit as opposed to the
usual parabolic scaling. Section 5.2 deals with the case of chemical reaction networks in
complex balance. Finally in Sect. 5.3 we consider the case of lattice gases with parabolic
scaling (which lead to diffusive systems).
For each of these examples we derive the decompositions in Theorem 2.29,

L(p, j) = La-2nF(p, j) + R (p) — 20{(F (p), j),
L(p, J) = LE—23pwm (P, J) + Ripsm(0) — 20{FY™(p), j),
L(p, j) = Lr—2pmm(p, j) + Ripaym (p) — 2L(F*™ (p), j),

and explicitly calculate all the different terms. We stress that these decompositions were
previously unknown for zero-range processes and chemical reactions; we include the lattice
gas example to show that for quadratic cost functions our decompositions coincide with
existing results in MFT.

We expect that by using approximation arguments similar to [6, Thm 1.6], [7, Sec. 5]
and [57, Part II.A], one can derive global-in-time decompositions of the rate functionals
fOTLI(,o (1), j(t)) dt; this is beyond the scope of the current paper.
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5.1 Zero-Range Processes

Microscopic particle system. To simplify and unify notation, we first consider the irreducible
Markov process on a finite graph X’ from the IPFG example, with generator (represented by
amatrix) Q € RY*¥ and assume that it has a unique and coordinate-wise positive invariant
measure 7 € P, (X). Similar to the setup in Example 2.1 we study the Markov process
(P™ (1), W™ (1)) on P(X) x X2 /2, where p™ (¢) is the particle density of interacting particles
and W™ (¢) is the integrated net flux (both defined in Example 2.1). The interaction between
the particles is such that the jump rate nkyy(p) from x to y only depends on the density at
the source node x (“zero-range”), through a given family of functions 7, : [0, c0) — [0, c0)
via

ny(P) = ny(lox) = Qxyﬂxnx (%)

For each x, the functions 7, are assumed to satisfy

(i) ny is strictly increasing,
(i) nx(0) =0and ne(1) =1,
(iii) logny(z) is integrable near z = 0.

The condition 1, (0) = 0 ensures that p, > 0, i.e. there are no negative densities. The strict
monotonicity of n implies that the macroscopic dynamics ((5.1) below) has a unique steady
state. The condition 7, (1) = 1 ensures that 7 is this steady state, and is assumed only for
convenience (see Remark 5.2 below). The integrability condition is necessary and sufficient
for the large-deviation principle to hold [44]. Observe that the particular choice n, = id
corresponds to the IPFG model.

The pair (0™, W™ (1)) has the n-particle generator

Q" pwy=n Y ¥ sk (p)[fp— 2l + 2l w+ ) — f(p, w)]

(x,y)€X2/2
+ ny(py)[f(p - %]ly + %]l,h w — %]lxy) = f(p, w)]

As opposed to the typical diffusive scaling for zero-range processes [10], we keep the
graph X fixed. The many-particle limit for this process as n — oo is the solution to the ODE
system [7, Sec. 3.1]

Wy (1) = kxy (P (1)) — kyx (0y (1)), (x,y) € X2/2,

. —_— . 5.1
Py (1) = —divy w(t), xeX

where div is again the discrete divergence defined in (2.4). The Markov process (p™ (1), W (1))
satisfies a large-deviation principle with the rate functional (2.5) where the corresponding £
and its dual H are now given by [43, 44, 58]

Lo, y=inf 3N [s(id Teay (o) + (i =y L (0))].
j+eR§o /2 (x,y)eX2/2

H(p,¢) = ZZ [ny(px)(egxy - 1) +ny(py)(€7(” - 1)]a
(x,y)eX?/2

and s(- | -) is defined in (2.7).
State-flux triple and L-function. The manifolds Z, JV with the corresponding tangent and
cotangent spaces and the map ¢ : Z — W with d¢, = —div, d¢" =V are exactly as in

(5.2)
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Example 2.2. It is easily checked that £ and H are convex duals of each other, so that £ is
indeed convex and lower semicontinuous.
Quasipotential. Define V : Z — R U {oo} as

Z/ logrn. (=) dz, peP(),

V(P) = 3 xex (5.3)
00, otherwise,

Note that V depends on Q through the steady state 7 only. Moreover, the integral is
well-defined due to the integrability condition on 7,. This function can be found as the
large-deviation rate of the explicitly known invariant measure 1™ using Theorem 3.7, [46,
Prop. 3.2] and [58, Sec. 4.1]. However, in the next proposition we show that it is the correct
quasipotential without any reference to a microscopic particle system, in the macroscopic
sense of Definition 2.6.

Proposition 5.1 The function V defined in (5.3) satisfies H(p, d¢ dV(p)) = 0 at all points
of differentiability p € P+(Z2) of V.

Proof At the points of differentiability of VV we have
H(p, dppdV(p)) = H(p, Viegn(£))

My (,0}/ y) j| [nx(px/nx) ])
Xy X 1 VX y — 1
ZZ <K i (P) |:77x(:0x/ Ty) i (:0) ny(py/”y)

(x,y)eX?/2
= ZZ(ﬂxQxyny (%) — Tl Qxy’?x (%))
x,yeX i
XF#y
= Z My (%) Z(ﬂx Qxy - 7Tyny) =0,
yeXx " oxex
x#y
where the fourth and fifth equality follows by exchanging indices and the final equality
follows since QT = 0. m]

Remark 5.2 1f the condition 7, (1) = 1 is not satisfied then one can always construct Q €
RY*X 7 € P, (X) and a family 77, with 7, (1) = 1, such that i,y (p) = @xyﬁxﬁx(;—x),

Q"7 =0, and 7 is the unique stable point of (5.1). To calculate these modified objects, we
minimise V(p) for p € P(X), which gives the minimiser

Ty = nxn;l(e**), where A € R satisfies Z nxn;l(e”\) =1,

xeX
and define
1, ,—hy) A et
N,(2) = Ux(ZU; (e” ))e , Q va _1( 7)L)
It is easily checked that these modified objects satisty all the properties described above, and
one can work with these objects instead. O

Dissipation potential, forces and orthogonality. As in Example (2.12), using Definition 2.10
the driving force is

1 1 7 Quyna(5Y)
Fuy(p) = ~log (P _ Ly, ot

= ~1log —. Dom(F) = Py (X).
2 ny(/)y) 2 n}'nyny(%)
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with the dissipation potentials

qj*(pv ) =2 ZZ \/ny(px)/(yx(py) (COSh(gxy) -1,

(x,y)eX?/2
V(p,j)=2 ZZ Kxy (0x)yx (Py) (cosh (2 Jxy ) + 1) )
(x,y)€X?/2 Kxy (Px)kyx (py)

Since £ > cosh(¥) is an even function, using Lemma 2.11 it follows that Domgymdiss () =
Dom(F), i.e. the dissipation potential is symmetric.
Using Corollary 2.21 we find

Fa™(p) = — <1d¢pTdV(p)> ~ Liog ,
? w2 ()

F™(p) = Fey(p) — F" (p) =

with Dom(F®™) = Dom(F*™) = P, (X). Observe that the expressions of F*¥™ and
F*Y™ imply that their domains can be easily extended to P4 (X) and P(X) respectively;

however the theory of Sect. 2 will not automatically be valid on that extension. Also note that

F, ?;ym = Oif'the particle system satisfies detailed balance with respect to 7. The orthogonality

relations in Proposition 2.26 apply with (see [7])
W, ¢ =2 Y Y Jre(p)ky(py) cosh(eg)lcosh(zyy) — 11,

(x,y)eXZ/Z

Op(c'. e =2 D 3"\ Jkay(po)iyx(py) sinh(g))) sinh(Z).

(x.y)eX?/2

Decomposition of the L-function. The decompositions in Theorem 2.29 hold with the L-
functions

La-amr(p,j)= inf (ny (”x Quyix (%))1_/\ (77)' Qyxly (%))A)
(

j+eR>o (x, v)eX2/2

+ s (J; — Jxy | (”xQxy’?x (%)) (”\ Qyx 7y (p ))l k) ’
Lr-_opm(p, J) = inf (ny | {77 Qey (7)) ( xQuylly (7))/\)

j*eRX 0 (x y)EXZ/Z

+s (j;y — Jxy | (ny yxlly (ﬂ))) (m Qyxnx (,’%)) )
Lr-ppsm(p, j) = inf (ny (nx Quy (”T)) (n Oy <E>>A)
(

j+€R3 (x v)eX2/2

2P

)

1—A
+s (J;S — Jxy | (”}'nyny %)) (”xQxy’?) (
and the corresponding Fisher informations

Ry (p) = —H (p, =2).F (p))
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= ZZ TTx Qxyﬂx (%) - (ﬂx Qxynx (%))1_)L (”ynyny (%))}\ ,

x,yeX
Xy

Ripam (p) = —H (p, =24F¥™(p))

Y w0 () — (me @ (2)) 7 (mem (2))

x,yeX
x#y

Rlpasym (p) = —H (p, —2AF*¥™(p))

- X3 (2) - (oo () (2 (2))

x,yeX

X#y

In particular, with n, = id, we indeed arrive at the expressions in Example 2.33.

With the expressions above the zero-range model satisfies the FIR inequality from Corol-
lary 2.34 for A = %, which is consistent with [7, Cor. 4.3] but also holds more generally for
A € [0, 1]. We also mention that the zero-cost flux for the symmetric £psym satisfies EDI
(see Corollary 2.36), i.e., it induces a gradient flow structure. We now turn our attention to
its antisymmetric counterpart.

Zero-cost velocity for antisymmetric L-function. As in the IPFG case in Sect. 4, we now
consider the zero-cost velocity associated to £pasym which for any x € X" solves the ODE

. _ (1) py (1) : — [Ty [ Tx
px(t) = Z Axy\/ﬂxﬂynx (%) My ( Ty )’ with Axy = Oyx T Oxy ;

yeXx
y#X

5.4

Note that the corresponding ODE for IPFG (4.1) follows with 1, = id. The geometric
arguments of Sect. 4 cannot be fully repeated, because it is unclear how to transform (5.4)
into a linear equation. However, by analogy to that section, we make an educated guess for
the energy and the Poisson structure, which is summarised in the following result. We will
make use of the following family of functions g, : [0, 1] = R

gx(a) == / ! db,
0

NENE)

for every x € X. Using these functions we now show that the Conjecture 2.38 holds for the
Zero-range process.

Proposition 5.3 Assume that n, is such that gy is well defined for any x € X. Define the
threshold

0 = min min I—Zgz(pz)+kx sz—l ,

rex pERX 7eX zeX
Px=0 7#X 7#X
. 1LYy
where Ly > 0 satisfies E 7T, (g) =1, (5.5)
zeX
7F#x
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and the energy £ : RY — R U {oo} and the skew-symmetric matrix field J : RY — RY*Y
as

E()=1="gp), TPy

xeX

=2 Z \/ﬂxﬂynznx (%) Ny (%) Nz (7'%) (\/ﬂA}'Z - \/ﬁsz) )
€X

where A is defined in (5.4). If the energy of initial distribution p° € P(X) for the ODE (5.4)
satisfies 0 < EPY) < o, then (4.1) has a unique solution and p = J(p)VE(p). If the
energy of the initial distribution satisfies £(p°) > o, then (5.4) has non-unique, non-energy-
conserving solutions.

Proof For any x € X’ we have

TPVEP): = > T2y (VE(P)),

yeX

Z \/”x”znx(%)”z(%)(”ysz - «/7Tx7TyAyz)

y,zeX

= Z \/ﬂxnznx(%)nz(%)sz = 0y (1),

ZeX

where the third equality follows since 3, 7, = 1 and (AT/7)y = Oforany y € X. Finally,
note that (5.4) has unique solutions if the right hand side is Lipschitz, which follows if p, > 0,
since 1, (0) = 0, for every x € X. The expression (5.5) for this threshold follows by solving

min {£(p) : p € P(X), px = 0 for some x € X} = )rcréig min {E(p) : p € P(X), py =0},

where Ay in (5.5) is the Lagrange multiplier for the constraint ZZ#X p; = 1. The non-

uniqueness of solutions follows if £ (,00) > ¢ due to non-Lipschitz right-hand side in (5.4).
O

The equation (5.4) may have an underlying Hamiltonian structure, but while the matrix
field J(p) proposed here is skew-symmetric, it generally does not satisfy the Jacobi identity.

5.2 Complex-Balanced Chemical Reaction Networks

Microscopic particle system. We now describe a particle system that is commonly used to
model chemical reactions. For a detailed review of this particle system with motivation and
connections to related particle systems see [20].

Let X be a finite set of species, R be the finite set of reactions between the species,
and let the vectors y© € R¥ denote the net number of particles of each species that are
created/annihilated during a reaction » € R. Furthermore, let R = Ry U Rypy such that each
forward reaction r € Ry, corresponds to a backward reaction bw(r) € Ry, meaning that
y®O) = —y® forall r € Rey.b. The set Rey, will play the role of A2 /2 from Example 2.1.

6 This does not necessarily mean that each forward reaction @) — «®¥") corresponds to a backward
reaction «®V) — () which is known in the literature as a reversible network [59, Def. 2.2] The difference
between the two notions is clearly seen in the example at the end of our Appendix B.
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The microscopic model involves a finite volume V' that controls the number of randomly
reacting particles in the system. For a fixed V, we study the random concentration or empirical
measure p\ (1), which is the number of particles belonging to species x € X. Note that the
total number of particles may not be conserved here, as opposed to the setting of Example 2.1.
We also consider the integrated net reaction flux for r € Rey,

1
W () = V#{reactions r occurred in time (0, 7]}
1 . .
—V#{reactlons bw(r) occurred in time (0, 1]}.

Forward and backward microscopic reactions r take place with given microscopic jump
rates Vi, (p") and V/cé‘v/g(r) (p™") respectively. Typically these jump rates are modelled
with combinatoric terms (B.2), see also [20]. Since our framework is purely macroscopic,
the precise expressions for the microscopic jump rates are not relevant; the only crucial point
is that both converge sufficiently strongly to macroscopic reaction rates , (0) and Kpw() (0).
The pair (0" (), WV (¢)) is a Markov process on Rt x RR™ with generator

QN wy=V Y O [f o+ 5y w+ $1,) = f(o, w)]

r€Rpy

+ Koy P [ (0 + 57w+ 3 lbwin) — f (0, w)].

Using the matrix notation ' := [y©],cr,, € RY*R™ in the limit V — oo the pair
(P, WO converges to the solution of (see [60] and [7, Sec. 3.1])
wy (1) = kr(p()) — kowr) (P()), 7 € Ry (5.6)

Px () = (Tw())yx, X eX.

The Markov process (0" (1), W) (¢)) satisfies a large-deviation principle (2.5) where
L, H are now given by (see [43, Thm. 1.1] and [7, Cor. 3.1])

Lo, )= inf 3" sGE Lr(0) + G = i | owir (0)),

: fw
JTERLG" reRpy

H(p, £) = Y kr(p)(e = 1) + kbwin (p) (e~ = 1),

reRyy

and s(- | -) is defined in (2.7). As in the IPFG and zero-range models, the infimum over
one-way fluxes j* can be derived using the contraction principle.

‘We mention that at this level of generality one can already derive many interesting MFT
properties, see [7]. After all, the IPFG and zero-range models fall within this class. However,
in order to apply our framework and obtain explicit results, the quasipotential needs to be
known. To this aim we make two crucial assumptions.

First, the system satisfies mass-action kinetics i.e. there exists stoichiometric vectors or
complexes a” € Rfo (encoding the number of reactants involved) and reaction constants
¢, > 0 for each r € R such that

J/(r) — a(bw(r}) _ Ol(r), V(bW(r)) — a(r) _ O[(hw(r))7
d the forward and backward isfy, setting o := oy
and the tforward an ackward rates satis y, settlng 1% = nxeX Px"
(r)
k() = ¢, p% 7, Vr € R. (5.7)
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Second, we assume that the system is in complex balance [59, Sec. 3.2] with respect to
X

some w € R, i.e.
@) (bw(r)
vy eRC: Z (c;m® = cowrym® )Wy — Yyowen) =0, (5.3)
reRypy
where C := {«¢™ : r € R} signifies the set of complexes. This immediately implies that

7 is a steady state of the macroscopic dynamics (5.6). Observe that complex balance w.r.t.
7 is a macroscopic notion, whereas detailed balance of the Markov process w.r.t. [T is a
microscopic notion. However, for reversible networks (see footnote 6) microscopic detailed
balance corresponds to the macroscopic notion of detailed balance c,rr"‘m = wa(r)naww(m
[59, Th. 4.5], which is clearly a stronger than complex balance. Most importantly, whereas
detailed balance corresponds to purely dissipative dynamics [3], complex balance allows for
non-dissipative effects.

State-flux triple and L-function. Fix a reference or initial concentration p° € Rfo and recall
the matrix notation M'w = }°, g ¥ w,. The state space is the flat manifold of concen-
trations that can be produced from p° via reactions, with corresponding local (co)tangent
spaces:

Z = p° + Ran(I), T,Z = Ran(I"), T2 =R"Y/Ker(I'). (5.9)

As in the case of IPFG and zero-range, we include negative concentrations to simplify
the geometric setting; this set Z is known in the literature as the stoichiometric compat-
ibility class, whereas the subset of Z of coordinate-wise non-negative concentrations is
called the stoichiometric simplex.”. Moreover, as in the previous examples, T, Z restricts the
directions of R¥ in which one can differentiate, and Ty Z appears as a quotient space.
Indeed the Euclidean inner product between tangents ©« = I'j € Ran(I') and cotan-
gents & € RY/ Ker(I'T) is again invariant under addition of vectors v € Ker(I'T), since
T;Z(‘;‘ +cevu)r,z = (§ +cv) - T'j) = & - u. The space Ker(I'T) encode the quantities
(usually numbers of atoms) that are conserved under the reactions.

The flux space and its associated tangent and cotangent spaces are simply the Euclidean
space

W=T,W=T;W =R
and the continuity map ¢ : YW — Z and its differential are
¢pw) = p" +Tw, dg, =T, gl =TT,

Note that with this setup, ¢ is indeed surjective. Again, £ is convex and lower semicontinuous
since L is its own convex bidual.

Quasipotential. The quasipotential is again the relative entropy with respect to the invariant
measure,

Y s(ox o), peZz,
V(p) = § xex (5.10)
00, otherwise.

Similar to Example 5.10, as a function on the state manifold Z, this quasipotential is
differentiable on Z; := {p € Z : p > 0 (coordinate-wise)}, with Gateaux derivative

dV(p) = {(log(px/7x))xex + & : £ € Ker(I'M)}.

7 Under the complex balance assumption the steady state 7 is unique and stable within such simplex [59,
Thm. 3.2].
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Recall the relation between the quasipotential and the large-deviation rate functional for
the invariant measure of the microscopic system from Theorem 3.7. Whereas in the IPFG
model this relative entropy appears as the large-deviation rate functional for independent
particles by Sanov’s Theorem, in the complex balance case this is the rate functional of the
explicitly known invariant measure of the microscopic particle system [59, Thm. 4.1]. As in
the previous examples, it can also be checked purely macroscopically that this is the correct
quasipotential satisfying (2.12). In fact, it turns out that (2.12) is equivalent to complex
balance; both directions of the equivalence will be shown in Theorem B.1 in Appendix B.

Remark 5.4 As mentioned in Sects. 1.1 and 3.2, the quasipotential V is always a Lyapunov
function along the zero-cost dynamics (1.1). For the case of chemical reactions this was
worked out explicitly in [61]. O

Dissipation potential, forces and orthogonality. The driving force is

F.(p) = 1logM = 1log< <
' 2 T kowin(@) 2 Chw(r)

p‘“") ., Dom(F) = Z,,

recalling thatx, (p) = ¢, p"‘m and Z, denote the positive concentrations in Z. The dissipation
potentials are

(p, ) =2 Y /i (p)kbwir) () (cosh(g) — 1),

reRew

h*(j,
Y(p,j)=2 Z Kr () Kbw(r) (0) (Cos(j) + 1) .

reRpy 2 Kr(p)wa(r)(p)

Note that Domgymgiss (F) = Dom(F), i.e., the dissipation potential is symmetric.
Following Corollary 2.21, the symmetric and antisymmetric forces are

sym 1 1 y®
Y (p) = — <§d¢’pTdV(,0)) =73 log (ﬁ) ,

r

S S 1 c _,®
F¥"(p) = Fr(p) — F™™(p) = 7 log (Mn v ) ,
w(r

with Dom(F*¥™) = Dom(F*Y™) = Dom(F) = Z,. The orthogonality relations in Propo-
sition 2.26 apply with

W0 ¢ =2 ) Vi ()kow (p) cosh(g)lcosh(g,) — 11,

rEwa
0p(c", 0% =2 ) Vir(p)kbw(r) (p) sinh(¢'r) sinh(¢7).
re€Rypy

This notion of generalised orthogonality is consistent with the derivations in [7].
Decomposition of the L-function. The decompositions in Theorem 2.29 hold with the L-
functions

La-amr(p. )= inf Y s(iF 1 G ()™ (kowir) (0))

: fy
it ERZ()W reRgy

+ 50 = Jr | Ger (@) (kbwiry (P)' ),

. . . )»y(”
Lr_opsm(p, j) = 1nfR Z S(jr+ | kr(0) <£) )

; fw
]+ ERzﬂ reRfy
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0 ,)\y(r)
+s<j,+—jr | owirr () (£) )

)
Lroaspem(p, j) = inf Zs(jﬁ|(xr(p))‘—*m,w(mp»A (2) " )

. £y
it ERZ()W reRsw

. . APy
5 (G = 0 () Wi (1) (2T,
with the corresponding Fisher informations

Ri(p) = —H(p, =21F(p)) = Y s7(p) = (e (0)) ™ (o) ()

reR
(r)
Ripam(0) = —H(p, —20FY™(p)) = ZKr(p) — kr(p) (5)” ;
reR
T )L}/(r)
Ripasm (0) = =H(p. 2F*¥™(p) = 3 kr(p) = o (0))' ™ e (0))" ()
reR

The zero-cost flux for Lpsym is related to a gradient flow by Corollary 2.36; this has been
discussed in [31, Cor. 4.8]. As opposed to IPFG and zero-range examples, the construction
of a Poisson structure for £ pasym is difficult in the chemical reaction setting due to the non-
locality of the jump rates and the interplay with the stoichiometric vectors, and remains an
open question.

5.3 Lattice Gases

In this section we focus on the typical setting of MFT [10]. We are given a nonnega-
tive potential U € C*(T%; (0, o)), a covector field A € C®°(T¢; R?) and a ‘mobility’
x € C®(R; [0, 00)). The lattice gas model is a discrete state-space particle system whose
hydrodynamic limit is the following drift-diffusion equation on the torus T¢
p(6) = —div j (1),
j@ = j%(p). with
J%(0) == =Vp — x(p)(VU + A). (5.11)

As before p € P(T9) is the limiting density of the particle system, but now V, div denote
the continuous differential operators in R“. We assume that,3

divA=0
VU-A=0
d? 1

for some & : [0, o0) — [0, 00),
Most results about this class of models are well known; we present them here to show that
our abstract theory is consistent with ‘classical’ MFT.

8 In order to make sure that the rate functional fOTﬁ(p (1), p(t)) dt = oo whenever negative concentrations
are reached, one should in fact require x (@) = Oforalla ¢ [0, 1], and assume that x is continuous and smooth
away from its zeros.
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Microscopic particle system. Although the macroscopic framework works for general mobil-
ities, we only describe two standard microscopic particle systems that give rise to different
mobilities. For independent random walkers x (@) = a, h(a) = aloga — a + 1 and for the
simple-exclusion process x(a) = a(l — a), h(a) = aloga + (1 — a)log(l — a). Since
these two particle systems with limit (5.11) have been extensively studied in the literature,
we only present the essential features here.

For both particle systems, the particles can jump to neighbouring sites on the lattice
TN (%Z)d. In order to pass to the hydrodynamic limit (5.11) and derive the corresponding
large deviations, the state space will be embedded in the continuous torus. The first particle
system consists of independent random walkers with drift. For any n € N, the corresponding
empirical measure-flux pair (0™ (1), W™ (¢)) is a Markov process in P(T¢) x M(T%; R?)
with generator (see [21])

Q™ £)(p, w) = n2 Z / ndp(dx)e—[%U(x+%t)—%U(x)+iA(x)»r]
Td

rezd

ITl=1
x [Flo— droe+ o1 wt ts 1) = flo,w)].

n 2n

This system can also be derived as the spatial discretisation of interacting stochastic differ-
ential equations, although in such continuous-space setting it becomes less straight-forward
how to define particle fluxes.

The second particle system is the weakly asymmetric simple exclusion process (WASEP)
which has been extensively studied in the MFT literature (see for instance [10, 62]). In this
case the Markov process (0™ (¢), W™ (¢)) has generator
Q™ £)(p, w) = n2 Z / ndp(dx) <1 _ ndp({x + %T})) e—[%U(x+%r)—%U(x)+ﬁA(x).z]
rezd ™
lr]=1

x [f (0= e 81w+ 8,0 ) = (o, w)] :

Observe that in both generators, the flux w has a different scaling than the particle density
p. This is required to ensure that the discrete-space, finite-n continuity equation converges
to the continuous-space continuity equation with differential operator — div.

Letting n — oo we arrive at the hydrodynamic limit (5.11) with x (a) := a for the first
particle system and x(a) := a(l — a) for the second particle system. The corresponding
large-deviation cost function and its dual are

2 -0
M0, ©) = 16130+ [ €700,
e 5.13
= OOy 1T~ 100 € 20 xon O)
+00, else.

E(p,j)={

Here L2(x (p)) isthe (p)-weighted Lz—space onT? with || f ||%2(X(p)) = de f(x)zx (p(x))dx
and || - 2201750 is the dual norm to || - Il 22(5 (o)) Note that £ is constructed by taking the
convex dual of H which is defined in terms of || - |72, (p))- See [21, Sec. 5] for the large-
deviations of the random walkers (with A = 0), [46, Chap. 10] for exclusion process without
fluxes, and [62, Thm. 2.1] for exclusion process with fluxes (with A = 0).

State-flux triple and L-function. Apart from the fact that the state space is infinite-
dimensional, the lattice gas example differs from the previous examples in a number of ways.
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First of all, in this setting, one actually has a microscopic state-flux triple (2", W", ¢™) that
converges to the macroscopic one (Z, W, ¢) in a suitable sense, see for example [31, Sec. 5].
For simplicity we only present the macroscopic structure. The second difference is that the
cost (5.13) happens to be a quadratic functional, which induces a norm on the cotangent
space. However as in the finite-dimensional examples, we regard such induced geometry
to be a posteriori; one first needs a basic geometric setup in order to derive the dissipation
potentials. Therefore we shall work with the following setting, and discuss the geometry
induced by (5.13) in Remark 5.5.
For the state space we choose, analogous to (2.9) and (5.9),

Z:={p e L"T9) : frap(x)dx = [1.p"(x) dx},
T,2 = {ue LY (T : [pqu(x)dx =0},
TrZ={{§+c:ceR}:Ee L®(T)}.
For x (a) = a one might be tempted to choose Z as the space of signed measures with total

mass f 0" dx, but then the quasipotential V will fail to be differentiable.
For the flux space we choose the flat Banach manifold (see [63, Theorem 3.12])

W=T,Ww=w"1(T) R, TiW = w1,
and for the continuity operator the usual one:

olw] := p° —divw with differential d¢,j = —divj andits adjoint d¢, & = VE.
(5.14)

As a validity check, this setup indeed satisfies ¢ : W — 2, d¢, : T,V — T,Z and
dd)pT : Ty Z — T)W. Finally, L is clearly convex and lower semicontinuous in the L% Jx (o)
norm.

Remark 5.5 A posteriori we could also choose the state-flux triple implied by the large devi-
ations (5.13). Then Z = (P(T9), W»), the space of probability measures on the (compact)
torus, endowed with the Wasserstein-2 metric W5. For any p € Z, the corresponding cotan-
gent and tangent spaces and the associated norms are

”'Hl,x(p)

T2 = (C>(Th) Y,

T,Z = { — div(x (p)h) (in distr. sense) : h € (Vo : ¢ € cw(ﬂrd)}”'”“““’” }
with the standard (semi)norms from Wasserstein-2 geometry [64, Sec. 3.4.2]

2 . 2 2 i : )
€0 = IVE Ny 1001 = 00 132010

u=—div j

The induced flux space is the metric space

W= {w e M(T? RY) : p° — divw (in distr. sense) € P(’H‘d)} ,

1
2 - . A 2
dW(wla wz) = ﬁ)[O,lIll]f;)W /0 ”w(t)||L2(1/X(p07diV12)(t))) dt,
w(0)=wy,w(1)=wy
YW = L*(x(p)). T, W = L2(1/x(p)).
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And the continuity operator is again (5.14). This setup is slightly different from the standard
Wasserstein geometry, where by convention the fluxes are defined so as to satisfy p =
div(p j), while in our context the fluxes satisfy p = div j.

However, this induced state-flux triple is formal, as Z and }V are not Banach manifolds,
and differentiability of the quasipotential ) becomes less straightforward. We therefore work
with the simpler triple described above. O

Quasipotential. The quasipotential V : Z — R is defined as, recalling (5.12),

V(p) = /T [1o() + U@ p )] dx,

Its Gateaux derivative in Z is simply, recalling (2.26),
dV(p) = h'(p) + U(modulo constants ), for p € Dom(F¥™) ={p € Z: h'(p)
€ L>(T%).

It is easy to verify that H(p, dqu,dV(p)) = 0 and therefore V is indeed a quasipotential in
the sense of Definition 2.6. In the case x (a) = a, V is the relative entropy with respect to the
Gibbs-Boltzmann measure u(dx) = Z 1e=V® dx.

Dissipation potential, forces and orthogonality. Using Definition (2.10) the driving force is

F(p) = %(x (P j%p), Dom(F) ={p € Z: x(p(x)) > 0almost everywhere}.

The dissipation potential and its dual are

(0, 8) = 181320y F+ (€5 7°0) = 2OV F(0)) = €172
. 1 :
W(p, j) = Z“J”%Z(l/x(p))'

Observe that Domgymgiss(F) = Dom(F), i.e., the dissipation potential is symmetric. Fol-
lowing Corollary 2.21, the symmetric and antisymmetric forces are

F¥™(p) = —3dgdV(p) = —5[(x(p) "' Vo + VU],
F™™(p) = F(p) — FY™(p) = —%A.

Indeed the antisymmetric force F2Y™ is again independent of p.
The generalised orthogonality relations in Proposition 2.26 apply with

* 1 12 1 .2 1 .2
\I'lg-2(p7§ )= ”C ||L2(X()0))’ ep(g‘ 9; )=2(§ 7( )LZ(X(/’))’

where (-, -) L2(x(p) is the x (p)-weighted L? norm. This shows that for quadratic dissipa-
tion potentials, the generalised expansion of Proposition 2.26 indeed collapses to the usual
expansion of squares, i.e.:

* 1 A 1 202 _ 12 1 .2 202
w (107 ; + { ) - ”; + C ”Lz(x(p)) - ”; ||L2(X(p)) + 2(§ s { )Lz(x(p)) + ”g ||L2(X(p))
=W (0, ¢+ 0,7 ¢ + Wi (o, £).

Decomposition of the L-function. The decompositions in Theorem 2.29 hold with the L-
functions

. L.
Lor(ps ) = 1l =4 x O F O 1720140
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. L.

Lrmpsm(p, ) = 717 = 2 (DY F*™ = 2(1 = 20X (D) F¥™ (D) 1321y (5-19)
. . .

Lrmpsm(p, ) = 7117 = 21 = 201 (D) ™ = 24 (D) F¥™ (0) 22,y (5-16)

and the corresponding Fisher informations

Ry (p) = H(p, —20F (0)) = A(1 = 1) |=2F (0) 22 -

2
R)[:‘SY"‘ (p) = H(p? _ZA.Fsym(p)) = )"(1 - )") ||_2Fsym(p) ||L2(X(,U)) )

Ripasm () = H(p, =2F*™™) = A(1 = 3) |2 |7, .
The positivity of these Fisher informations is obvious from the definition. In this setting,
the decompositions in Theorem 2.29 can be derived simply by expanding the squares in the
L-function.

Repeating the calculations in Corollary 2.34 for x(a) = a, we arrive at the local FIR
equality for diffusion processes (with u as a placeholder for p) [6, Eq. (14)]

< L(p, ),

(d RelEnt(p|u), u) + HV log <
L2(p)

il
I

where the contracted L-function £ is defined in (2.40), the relative entropy with respect to &
is defined as RelEnt(-|x) := V().

We now briefly comment on the symmetric and antisymmetric L-functions. Substituting
A= % in (5.16) and expanding the square we find

. 1, . 1 1, .
LFSym(pv .]) = Z”J”iz(l/)((ﬂ)) + Z” - 2X()0)F§ym(,0)”i2(l/x(p)) - 5(15 _2ngm(p)>
— Ly 1 2 Ldiv
- 4||‘]||L2(1/X(P)) + 4||VdV(P)||L2(X(p)) - 2<lej, dV(,O)),

where we have used —2FY™(p) = VdV(p) and the definition of || - || 1, (p). Using this
decomposition of £gsym, the contracted symmetric L-function

LASm ,u) = inf L psym ),
Foym (0, u) jer it gy EFY (p, J)

admits the decomposition
~ N N 1
Lpsm(p,u) =W (p,u) +V*(p, —3dV(p)) + 5 (dV(p), u), (5.17)

L N 1 . ~
where the contracted dissipation potential W(p, u) = y lull* 1.x(p) and its dual W*(p, s) =

IIs ||% X (0) (recall abstract definition in (2.42)). The decomposition (5.17) is the standard
Wasserstein-based EDI for the drift-diffusion equation (5.11) (see for instance [3, Sec. 4.2]).
Similarly, the purely antisymmetric L-function and its contraction read

. L, . A 1 .
Craom(p, ) = 317+ XOAI2 iy Lrom(o,w) = i+ v ),

with zero-cost velocity uo(p) = —div(x(p)A) = —V(x(p)) - A. While the corresponding
evolution equation p(¢) = div(x (p)A) preserves the energy

E.Z—->R, Ep) = /,1 Ux)dp(x),
T
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it is not clear if we can define an operator J such that Conjecture 2.38 holds. However in the
case A = JVU where J € R?*? is a constant skew-symmetric matrix and x (@) = a, we
define the operator

J:Z2— (T;Z - T1,2), J(p)(¢) :=div(pJ V).

Using the antisymmetry of J it follows that

€' J(p)e?) = /T ldivipIve)

- f Vel Ivetp
Td
—(J(p)gt, ¢?),

i.e., J is a skew-symmetric operator. Furthermore J satisfies the Jacobi identity by an elemen-
tary but tedious calculation which we skip. Therefore the antisymmetric zero-cost velocity
indeed evolves according to the standard Hamiltonian system (see for instance [28, Section
3.2]) with energy £ and Poisson structure J.

6 Conclusion and Discussion

In this paper we have presented an abstract macroscopic framework, which, for a given
flux-density L-function, provides its decomposition into dissipative and non-dissipative
components and a generalised notion of orthogonality between them. This decomposition pro-
vides a natural generalisation of the gradient-flow framework to systems with non-dissipative
effects. Specifically we prove that the symmetric component of the L-function corresponds
to a purely dissipative system and conjecture that the antisymmetric component corresponds
to a Hamiltonian system, which has been verified in several examples. We then apply this
framework to various examples, both with quadratic and non-quadratic L-functions.

We now comment on several related issues and open questions.

Why does the density-flux description work? While at the level of the evolution equa-
tions which are of continuity-type, the density-flux description does not offer any advantage
(recall (1.1)), at the level of the cost functions it allows us to naturally encode divergence-free
effects. This is clearly visible for instance in Theorem 2.29, where the evolutions correspond-
ing to Lpsym, Lpasym are dissipative and energy-preserving respectively, while the zero of
the full L-function characterises the macroscopic evolution. A simple contraction argument
allows us to retrieve the classical gradient-flow structure as well as the FIR inequalities in a
fairly general setting, which further reveals the power of this description.

Antisymmetric force and L-function. While in the abstract theory the antisymmetric force
Fa¥YM — FaYM(p) is a function of p € Dom(F*Y™), in all the concrete examples studied
in this paper, F*Y™ is independent of p. It is not clear to us if this is a general property of
the antisymmetric force or a special characteristic of the examples studied in this paper.

In Sect. 2.6 we conjectured that the zero-velocity flux for the contracted antisymmetric
L-function admits a Hamiltonian structure, which was concretely proved for IPFG and zero-
range process in Proposition 4.2, 5.3 respectively. While this gives insight into the associated
zero-flows, it is not clear if £pasym admits a variational formulation akin to the gradient-flow
structure for £ gsym discussed in Corollory 2.36.

Chemical-reaction networks. In Appendix B we provide a new interpretation of systems
in complex balance as being exactly those systems which admit the relative entropy as the
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quasipotential. This also restricts the search for invariant measures of the CME without
complex balance to measures that are not exponentially equivalent to the product-Poisson
form. However, motivated by the example in that appendix, an interesting question would be
to identify the class of systems which admit a rescaled relative entropy as their quasipotential.

Furthermore, the Hamiltonian structure of the zero-velocity for £ pasym in the chemical-
reaction setting is open. As pointed out in Sect. 5.2, the non-locality of the jump rates for
chemical-reaction networks offers a challenge as opposed to the local jump rates for IPFG
and zero-range process.

Generalised orthogonality. The notion of generalised orthogonality as introduced in
Sect. 2.4 allows us to decompose the L-function as in Theorem 2.29 for the special case
A= % However a natural question is whether this notion of orthogonality encoded via 6,
can be generalised to allow for any A € [0, 1]. This would provide a deeper understand-
ing of our main decomposition Theorem 2.29 as well as a clear interpretation of the Fisher
information in terms of a modified dissipation potential.

Quasipotentials for multiple invariant measures. In Remark 3.9 we discussed the pos-
sibility of having multiple quasipotentials. On a macroscopic level, forcing uniqueness
for non-quadratic Hamilton-Jacobi-Bellman equations is generally challenging. This is not
merely a technical issue, since even on a microscopic level there may be multiple invariant
measures; we have not pursued this possibility any further.

Global-in-time decompositions. In this paper we have focussed on the local-in-time

description of the L-function as opposed to working with time-dependent trajectories. While
it is not obvious how to generalise the various abstract results to allow for global-in-time
descriptions, we expect that it can be worked out case by case for the examples presented
in this paper. The main difficulty here is that the time-dependent trajectories are allowed to
explore the boundary of the domain where the forces are not well-defined, and therefore an
appropriate regularisation procedure is required to extend the domain of definition of these
forces.
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Appendices
A Hamiltonian Structure for Linear Antisymmetric Flow

We learnt the arguments of Appendix A from Alexander Mielke.
We study the linear ODEs of the form

1
b= 5Ave RY with ATw, = Aw, = 0 for some ws, # 0. (A.1)

In Theorem A.2 we provide a complete characterisation of a natural Hamiltonian structure
for these ODEs. In contrast to the typical settings of Hamiltonian systems, where A € R¢*¢
is assumed to be skew-symmetric, here we assume the existence of an invariant vector w,
for the dynamics. The zero-cost antisymmetric flux for the IPFG system discussed in Sect. 4
is of the form (A.1).

The following lemma provides a useful alternative characterisation of the Jacobi identity
for Poisson structures which will be used to prove Theorem A.2 below.

Lemma A.1 Define a (Poisson-like) bracket {-, -} by
{G1. G2} (@) := (VG (®) - J(@)(VG)(®) Ve € R?, (A2)

where G1, G : RY > Rare C 2-mapBings, and the C! matrix-valued function w +— j(a)) €
RI*4 is antisymmetric, i.e., T = —I. The bracket (A.2) satisfies the Jacobi identity if and
only if for all smooth Gy, G, G3 : R — R and for all w € R we have

(VG1) - VIIT(VG)I(VG3) + (VGa) - VIIT(VG)I(VG))
+(VG3) - VIII(VGI(VG) = 0, (A3)

where V:]f[v] is the matrix valued function with (Vj[v])ij () =% Uk(awk:]f(a)),'j).

The proof follows by straightforward manipulation of the Jacobi identity. We now present
the Hamiltonian structure for (A.1).

Theorem A.2 The linear ODE (A.1) admits the Hamiltonian system (R?, g, :}f) with the linear
energy and the linear Poisson structure

Ew)=c—wy -, Jw) = 2|T1|2(a) ® (A0) - (A0) @ 0, ),

for any c € R. Consequently & = J(w)VE ().

Proof For any b € R? we have

g 1 1
J@h = 5 (A Do — (@0 h)Aw) = 5 ((a) - ATh)w, — (s ~b)Aw)
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and inserting b = w in this relation and using ATw, = 0it follows that %Aw = —j(w)w* =
j(w)Vé (w). Since j(a))T = —j(w) by construction, we only need to prove the Jacobi iden-
tity (A.3) to prove this result. Using the linearity of J we find VJ[v](w) = J(v), and therefore
for any F € R? we have

VIT() Fl) = IJ()F) = (0 ® (AT @) - (AT@7) @ 0,).

2|0)*|2
Using Awy, = 0 we find

F - wy

A2
20we 2" ¢

Al(@)F = -

Using the above two relations we arrive at
Fi - VII(@) Fl(@) F3

1

= G i (P AOF 0@ F) = (Fi-0)(F2 - 00 (W0 7).
%

Setting F; = VG; we can compute the remaining two terms on the left hand side of (A.3) by

rotating the indices. O

B Complex Balance and Quasipotential Condition (2.12)

The results in this appendix were developed during discussions with the participants of the
online AIM workshop “Limits and control of stochastic reaction networks”. This appendix
explores the relation between the quasipotential for chemical reaction networks on the one
hand (defined via (2.12)) and the notion of complex balance on the other. Interestingly, it turns
out that complex balance is equivalent to having the relative entropy as the quasipotential.

Consider chemical-reaction networks satisfying mass-action kinetics (5.7) as explained
in Sect. 5.2. To stress that these results are independent of the flux formulation and do not
require a decomposition into forward and backward reactions, we will simply work with the
density formulation (2.40), with the dual of the contracted L-function given by

H(p, &)= sup &-j— Lp,u)
ueTpZ

= Zc,p"‘m (€y<’).§ — 1).

reR
The equation (2.12) for the quasipotential reads
ﬂ(p, VV(,O)) =0 for all coordinate-wise positive p € ]Rfo. (B.1)

The following result shows that the notion of complex balance is inherently connected
to (B.1), in the case when the quasipotential is the relative entropy. This result has also appears
in [65, Lemma 3.6].

Theorem B.1 The following two statements are equivalent.

1. Complex balance (5.8) holds with respect to w € Z.
2. Equation (B.1) holds with V(p) = Y .cx 5(ox | 7x).
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Proof We first prove the forward implication. Let V(p) = D" .y s(px | 7x) and calculate
for p € Rfo

(bw(r)) _(r)
o, W) =Y o™ (&) = 1)
reR

() a(bW(r)) a®
— § ¢ _ (P —
( (n) ) =0,
reR

where the final equality follows by choosing ¥, = (g)"‘ in the complex-balance condi-
tion (5.8).

Now we present the backward implication (proof due to Artur Stephan). Assume that (B.1)
holds with V(x) = }" .4 s(pox | 7y). Sorting the expression with respect to the complexes,
one obtains

H(p, VV(p)) = p (£). where
pla) = Z Aya® and

aeC
(r) (r)
Ay = E o — E o,
reRa)=a reR:a®w) —¢

Since all @ € C are distinct, the polynomial p(ﬁ) can only be O for all p/m € Rfo when all
coefficients are zero. Hence A, = 0 for all @ € C, which is equivalent to complex balance
[59, Eq. (8)]. O

The forward implication in Theorem B.1 can also be shown indirectly via the Chemi-
cal Master Equation (CME), describing the probability of the microscopic random particle
system with jump rates

cr (Vp)!
V0Dl (Vp —a®)!

If complex balance holds with respectto 7 € Z, then the CME is known to have the invariant
measure of product-Poisson form [59, Thm. 4.1], i.e.

(Va)Ves _
n"ep) =[] ———e V™. (B.3)
xl;[Y (Vp)!

K" (p) = Ly pza)- (B.2)

The large-deviation rate can be explicitly calculated using Stirling’s formula, which gives
limy o0 —% log I (p) = ", cx S(px | 7x), and so by Theorem 3.7 the equation (B.1)
must hold.

Very little can be said about the invariant measures for the CME without the assumption of
complex balance. However, the following is a straightforward consequence of Theorem B.1.

Corollary B.2 If complex balance does not hold, any invariant measure T1V of the CME will
not be exponentially equivalent to the product-Poisson form (B.3), i.e., T1'V) and (B.3) will
not have the same large-deviation rate.

The following simple example, constructed by Daniele Cappelletti and Anne J. Shiu,
shows that an appropriately rescaled relative entropy can still be a quasipotential. Consider
a simple birth-death process

g A oA,
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for which the CME has the explicit invariant measure (for simplicity writing p := pa)

Vol Vi 1 1 1

V) - —_
) = Zy g VlkgGi + i Zy (Vp— DI (Vp)!

2 Vx—1
(V2yVa-t,

where Zy is the V-dependent normalisation constant. Note that the corresponding (zero-
cost) reaction rate equation reads p(t) = kp — kg ,o(t)z, which clearly has the steady state
7 := «/kp/kq. The CME s in detailed balance with respect to T1V?, but the reaction network is
not in complex balance w.r.t. 7. Again by Stirling’s formula and using the fact thatinf V = 0,
we find

1
V(x) = lim ——log " (x) = 2s(p | V/kp/Ka).
Vooo V

Although the CME is in detailed balance, this result does not contradict the findings of [15],
since this reaction network is not reversible in the sense of footnote 6.

References

1. Adams, S., Dirr, N., Peletier, M.A., Zimmer, J.: From a large-deviations principle to the Wasserstein
gradient flow: A new micro-macro passage. Commun. Math. Phys. 307, 791-815 (2011)
2. Adams, S., Dirr, N, Peletier, M.A., Zimmer, J.: Large deviations and gradient flows. Philos. Trans. Royal
Soc. A 371(2005), 20120341 (2013)
3. Mielke, A., Peletier, M.A., Renger, D.R.M.: On the relation between gradient flows and the large-deviation
principle, with applications to Markov chains and diffusion. Potential Anal. 41(4), 1293-1327 (2014)
4. Peletier, M.A., Redig, F., Vafayi, K.: Large deviations in stochastic heat-conduction processes provide a
gradient-flow structure for heat conduction. J. Math. Phys. 55(9), 093301 (2014)
5. Duong, M.H., Lamacz, A., Peletier, M.A., Sharma, U.: Variational approach to coarse-graining of gener-
alized gradient flows. Calc. Var. Partial Differ. Eqs. 56(4), 100 (2017)
6. Hilder, B., Peletier, M.A., Sharma, U., Tse, O.: An inequality connecting entropy distance, Fisher infor-
mation and large deviations. Stoch. Process. Their Appl. 130(5), (2020)
7. Renger, D.R.M., Zimmer, J.: Orthogonality of fluxes in general nonlinear reaction networks. Discrete
Cont. Dyn. Syst. 14(1), 205-217 (2021)
8. Duong, M.H., Lamacz, A., Peletier, M.A., Schlichting, A., Sharma, U.: Quantification of coarse-graining
error in Langevin and overdamped Langevin dynamics. Nonlinearity 31(10), 4517-4566 (2018)
9. Peletier, M.A., Renger, D.R.M.: Fast reaction limits via I"-convergence of the flux rate functional. J. Dyn.
Differ. Egs. 35, 865-906 (2023)
10. Bertini, L., De Sole, A., Gabrielli, D., Jona-Lasinio, G., Landim, C.: Macroscopic fluctuation theory. Rev.
Modern Phys. 87(2), 593 (2015)
11. Kaiser,M.,Jack, R., Zimmer, J.: Canonical structure and orthogonality of forces and currents in irreversible
Markov chains. J. Stat. Phys. 170(6), 1019-1050 (2018)
12. Onsager, L.: Reciprocal relations in irreversible processes 1. Phys. Rev. 37(4), 405-426 (1931)
13. Onsager, L.: Reciprocal relations in irreversible processes II. Phys. Rev. 38(12), 2265-2279 (1931)
14. Onsager, L., Machlup, S.: Fluctuations and irreversible processes. Phys. Rev. 91(6), 1505-1512 (1953)
15. Mielke, A., Patterson, R.I.A., Peletier, M., Renger, D.R.M.: Non-equilibrium thermodynamical principles
for chemical reactions with mass-action kinetics. SIAM J. Appl. Math. 77(4), 1562—1585 (2017)
16. Maes, C.: Non-Dissipative effects in Nonequilibrium Systems. Springer, Cham, Switzerland (2018)
17. Renger, D.R.M., Sharma, U.: Untangling dissipative and Hamiltonian effects in bulk and boundary-driven
systems. Phys. Rev. E 108(5), 054123 (2023)
18. Carrillo, J.A., Chertock, A., Huang, Y.: A finite-volume method for nonlinear nonlocal equations with a
gradient flow structure. Commun. Comput. Phys. 17(1), 233-258 (2015)
19. Lelievre, T., Nier, F., Pavliotis, G.A.: Optimal non-reversible linear drift for the convergence to equilibrium
of a diffusion. J. Stat. Phys. 152(2), 237-274 (2013)
20. Anderson, D.F., Kurtz, T.G.: Continuous time Markov chain models for chemical reaction networks. In:
Design and analysis of biomolecular circuits, p. 3-42. Springer, (2011)
21. Renger, D.R.M.: Gradient and GENERIC systems in the space of fluxes, applied to reacting particle
systems. Entropy 20(8), 596 (2018)

@ Springer



Variational Structures Beyond Gradient Flows... Page590f60 18

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.
43.

44.

45.

46.

47.

48.

49.

50.
S1.

52.

Sandier, E., Serfaty, S.: Gamma-convergence of gradient flows with applications to Ginzburg-Landau.
Commun. Pure Appl. Math. 57(12), 1627-1672 (2004)

Ambrosio, L., Gigli, N., Savaré, G.: Gradient Flows in Metric Spaces and in the Space of Probability
Measures. Lectures in mathematics ETH Ziirich, Birkhaduser (2008)

Rossi, R., Mielke, A., Savaré, G.: A metric approach to a class of doubly nonlinear evolution equations
and applications. Ann. Scuola Norm. Super. Pisa-Cl. Sci. 7(1), 97-169 (2008)

Grmela, M., Ottinger, H.: Dynamics and thermodynamics of complex fluids I: Development of general
formalism. Phys. Rev. E 56(6), 6620-6632 (1997)

Ottinger, H., Grmela, M.: Dynamics and thermodynamics of complex fluids II: Illustrations of general
formalism. Phys. Rev. E 56(6), 6633-6655 (1997)

Ottinger, H.: Beyond Equilibrium Thermodynamics. Wiley, USA (2005)

Duong, M.H., Peletier, M.A., Zimmer, J.: GENERIC formalism of a Vlasov-Fokker-Planck equation and
connection to large-deviation principles. Nonlinearity 26, 2951-2971 (2013)

Duong, M.H., Ottobre, M.: Non-reversible processes: GENERIC, hypocoercivity and fluctuations. Non-
linearity 36(3), 1617 (2023)

Kraaij, R., Lazarescu, A., Maes, C., Peletier, M.: Fluctuation symmetry leads to GENERIC equations
with non-quadratic dissipation. Stoch. Process. Their Appl. 130(1), 139-170 (2020)

Renger, D.R.M.: Flux large deviations of independent and reacting particle systems, with implications
for Macroscopic Fluctuation Theory. J. Stat. Phys. 172(5), 1291-1326 (2018)

Kraaij, R.: Flux large deviations of weakly interacting jump processes via well-posedness of an associated
Hamilton-Jacobi equation. Bernoulli 27(3), 1496-1528 (2021)

Dembo, A., Zeitouni, O.: Large deviations techniques and applications, 38th edn. Springer Science &
Business Media, Germany (2009)

Ajji, A., Chaouki, J., Esen, O., Grmela, M., Klika, V., Pavelka, M.: On geometry of multiscale mass action
law and its fluctuations. Phys. D: Nonlinear Phenom. 445, 133642 (2023)

Peypouquet, J.: Convex Optimization in Normed Spaces - Theory, Methods and Examples. SpringerBriefs
in Optimization. Springer International Publishing, New York, NY, U.S.A (2015)

Colli, P, Visintin, A.: On a class of doubly nonlinear evolution equations. Comm. Partial Differ. Egs.
15(5), 737756 (1990)

Luckhaus, S., Sturzenhecker, T.: Implicit time discretization for the mean curvature flow equation. Calc.
Var. Partial Differ. Equ. 3(2), 253-271 (1995)

Mielke, A.: Formulation of thermoelastic dissipative material behavior using GENERIC. Contin. Mechan.
Thermodyn. 23(3), 233-256 (2011)

Maes, C., Neto¢ny, K.: Canonical structure of dynamical fluctuations in mesoscopic nonequilibrium
steady states. Europhys. Lett. EPL. 82(3), 6 (2008)

Maes, C.: Frenetic bounds on the entropy production. Phys. Rev. Lett. 119(16), 160601 (2017)
Schnakenberg, J.: Network theory of microscopic and macroscopic behavior of master equation systems.
Rev. Modern Phys. 48(4), 571-585 (1976)

Norris, J.R.: Markov chains. Cambridge University Press, Cambridge (1998)

Patterson, R.I.A., Renger, D.R.M.: Large deviations of jump process fluxes. Math. Phys. Anal. Geomet.
22(3),21 (2019)

Agazzi, A., Andreis, L., Patterson, R.I.A., Renger, D.R.M.: Large deviations for Markov jump processes
with uniformly diminishing rates. Stoch. Process. Their Appl. 152, 533-559 (2022)

Bogachev, V., Rockner, M., Shaposhnikov, S.: Distances between transition probabilities of diffusions
and applications to nonlinear Fokker-Planck-Kolmogorov equations. J. Funct. Anal. 271(5), 1262-1300
(2016)

Kipnis, C., Landim, C.: Scaling limits of interacting particle systems. Springer, Berlin-Heidelberg, Ger-
many (1999)

Palmowski, Z., Rolski, T.: A technique for exponential change of measure for Markov processes. Bernoulli
8(6), 767-785 (2002)

Heydecker, D.: Large deviations of Kac’s conservative particle system and energy nonconserving solutions
to the Boltzmann equation: A counterexample to the predicted rate function. Annal. Appl. Probab. 33(3),
1758-1826 (2023)

Feng, J., Kurtz, T.G.: Large deviations for stochastic processes, volume 131 of Mathematical Surveys
and Monographs. American Mathematical Society, (2006)

Biggins, J.: Large deviations for mixtures. Elect. Commun. Probab. 9, 60-71 (2004)

Bertini, L., De Sole, A., Gabrielli, D., Jona-Lasinio, G., Landim, C.: Macroscopic fluctuation theory for
stationary non-equilibrium states. J. Stat. Phys. 107(3/4), (2002)

Bouchet, F.: Is the Boltzmann equation reversible? A large deviation perspective on the irreversibility
paradox. J. Stat. Phys. 181(2), 515-550 (2020)

@ Springer



18

Page 60 of 60 R.1. A. Patterson et al.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

Borkar, V.S., Sundaresan, R.: Asymptotics of the invariant measure in mean field models with jumps.
Stoch. Syst. 2(2), 322-380 (2013)

Jia, C., Jiang, D.-Q., Li, Y.: Detailed balance, local detailed balance, and global potential for stochastic
chemical reaction networks. Adv. Appl. Probab. 53(3), 886-922 (2021)

Freidlin, M.I., Wentzell, A.D.: Random perturbations of Hamiltonian systems. Mem. Amer. Math. Soc.,
109(523), (1994)

Mielke, A.: Hamiltonian and Lagrangian Flows on Center Manifolds, volume 1489 of Lecture Notes in
Mathematics. With Applications to Elliptic Variational Problems. Springer, Berlin, Germany (1991)
Hoeksema, J.: Mean-field limits and beyond: Large deviations for singular interacting diffusions and
variational convergence for population dynamics. PhD thesis, Eindhoven University of Technology, (2023)
Gabrielli, D., Renger, D.R.M.: Dynamical phase transitions for flows on finite graphs. J. Stat. Phys. 181(6),
2353-2371 (2020)

Anderson, D., Craciun, G., Kurtz, T.: Product-form stationary distributions for deficiency zero chemical
reaction networks. Bull. Math. Biol. 72(8), 1947-1970 (2010)

Kurtz, T.: Solutions of ordinary differential equations as limits of pure jump Markov processes. J. Appl.
Probab. 7(1), 49-58 (1970)

Anderson, D.F,, Craciun, G., Gopalkrishnan, M., Wiuf, C.: Lyapunov functions, stationary distributions,
and non-equilibrium potential for reaction networks. Bull. Math. Biol. 77(9), 1744-1767 (2015)
Bertini, L., De Sole, A., Gabrielli, D., Jona-Lasinio, G., Landim, C.: Large deviations of the empirical
current in interacting particle systems. Theo. Probab. Appl. 51(1), 2-27 (2007)

Adams, R.A., Fournier, J.J.: Sobolev spaces. Elsevier, Netherlands (2003)

Peletier, M.A.: Variational modelling: Energies, gradient flows, and large deviations. arXiv preprint:
arXiv:1402.1990, (2014)

Gao, Y., Liu, J.-G.: Revisit of macroscopic dynamics for some non-equilibrium chemical reactions from
a hamiltonian viewpoint. J. Stat. Phys. 189(2), 22 (2022)

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

@ Springer


http://arxiv.org/abs/1402.1990

	Variational Structures Beyond Gradient Flows: a Macroscopic Fluctuation-Theory Perspective
	Abstract
	1 Introduction
	1.1 Summary of Results
	1.2 Related Work
	1.2.1 Dissipative/Gradient Systems
	1.2.2 GENERIC
	1.2.3 FIR Inequalities
	1.2.4 MFT and (non-)Quadratic Cost Function

	1.3 Summary of Notation and Outline of the Article

	2 Abstract Theory
	2.1 Abstract Framework
	2.2 Dissipation Potentials, Tilted L-Functions and Fisher Information
	2.3 Reversed L-Function, Symmetric and Antisymmetric Forces
	2.4 Generalised Orthogonality
	2.5 Decomposing the L-Function
	2.6 Symmetric and Antisymmetric L-Functions

	3 Formal Connection With Large Deviations
	3.1 Tilting, Contraction and Mixture
	3.2 Quasipotential
	3.3 Time Reversal

	4 Zero-cost Velocity for IPFG Antisymmetric L-Function
	5 Examples
	5.1 Zero-Range Processes
	5.2 Complex-Balanced Chemical Reaction Networks
	5.3 Lattice Gases

	6 Conclusion and Discussion
	Appendices
	A Hamiltonian Structure for Linear Antisymmetric Flow
	B Complex Balance and Quasipotential Condition
	References






