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Untangling dissipative and Hamiltonian effects in bulk and

boundary driven systems
D.R. Michiel Renger, Upanshu Sharma

Abstract

Using the theory of large deviations, macroscopic fluctuation theory provides a framework to
understand the behaviour of non-equilibrium dynamics and steady states in diffusive systems. We
extend this framework to a minimal model of non-equilibrium non-diffusive system, specifically an
open linear network on a finite graph. We explicitly calculate the dissipative bulk and boundary
forces that drive the system towards the steady state, and non-dissipative bulk and boundary
forces that drives the system in orbits around the steady state. Using the fact that these forces
are orthogonal in a certain sense, we provide a decomposition of the large-deviation cost into
dissipative and non-dissipative terms. We establish that the purely non-dissipative force turns
the dynamics into a Hamiltonian system. These theoretical findings are illustrated by numerical
examples.

1 Introduction

It is well known that if a microscopic stochastic particle system is in detailed balance, then large
fluctuations around the macroscopic dynamics (large-deviations theory) induce a gradient flow of the
free energy. This principle was first discovered by Onsager and Machlup in their groundbreaking pa-
per [OM53] for a simple process with vanishing white noise, and their result may be identified with the
more rigorous and general Freidlin-Wentzell theory [FW12]. However, as Onsager and Machlup stated
in 1953:

The proof of the reciprocal relations [...]was based on the hypothesis of microscopic
reversibility, which we retain here. This excludes rotating systems (Coriolis forces) and
systems with external magnetic fields. The assumption of Gaussian random variables is
also restrictive: Our system must consist of many “sufficiently” independent particles, and
equilibrium must be stable at least for times of the order of laboratory measuring times.

Regarding the Gaussian noise, extensions to different noise have been known for a long time, see
for example [BDSG104]. What these models have in common is that, although on a microscopic
level the noise is non-Gaussian, macroscopically these systems are diffusive, which corresponds to
quadratic large deviations, i.e. the rate functional is of the form 3 fOTHp(t) — 3 grad V(p(t)) Hi(t) dt for
some p-dependent norm, gradient corresponding to that norm, and free energy or quasipotential V. A
simple expanding-the-squares then yields the form predicted by Onsager and Machlup. Different, for
example, Poissonian noise may lead to non-quadratic large deviations, but as discovered in [MPR14],
the Onsager-Machlup principle still holds for systems in detailed balanced if one allows for nonlinear

macroscopic response relation between the forces involved and the velocity.
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D.R.M. Renger, U. Sharma 2

Regarding the ‘rotating systems’ mentioned by Onsager and Machlup, these generally correspond
to a breaking of detailed balance at the microscopic scale, and a combination of dissipative and non-
dissipative effects at the macroscopic scale. Although both effects are strongly intertwined, the field
of macroscopic fluctuation theory (MFT) [BDSG ' 02, BDSG 04, BDSG ™ 15] allows an orthogonal de-
composition into dissipative and non-dissipative fluxes, albeit, for diffusive systems. For non-diffusive
systems the large deviations are not quadratic and such decomposition becomes more subtle, but
some progress has been made recently using a generalised orthogonality [KJZ18, RZ21].

In recent work [PRS21] it was discovered that for various non-quadratic large deviations, the re-
sulting purely non-dissipative fluxes correspond to a Hamiltonian system with periodic orbit solutions.
This precisely delineates the role of dissipative fluxes which drive the system to its steady state from
non-dissipative fluxes which drive the system out of detailed balance precisely through a Hamiltonian
flow. However all systems studied in that work are driven out of detailed balance by bulk effects. In
the current work our aim is to precisely understand how bulk and boundary effects can jointly drive a
system out of detailed balance, and we achieve this by studying a linear network with open bound-
aries. This minimal model is sufficiently rich to understand the role of bulk and boundary individually
and provide guidelines to more complex nonlinear systems.

We avoid the terminology (non)equilibrium and (ir)reversibility and talk about (non)detailed balance
instead.

2 Model

Throughout, X’ is a finite directed graph, with weights ()., on edges (z,y) € X X X, z # y. In
addition, each node = € X is equipped with weights A;,., Aout Modelling the in- and outflow of that
node, see Figure 1 for an example (see Section 7 for numerical results for this example). We only
assume (a) Qzy = 0 <= Que = 0, (0) Ainz = 0 <= Aouz = 0 and (c) that the graph with
nonzero weights (), > 0 is irreducible.

Figure 1: An example of a linear network with open boundaries.

Defining Qus := — > cx 2o @uy @S usual, the macroscopic evolution of mass p(t) € R on
the graph is

: . T
p(t) = (Q — diag(Aow)) p(t) + Ain- 2.1)
In order to investigate non-dissipative effects we study net fluxes j(¢) in addition to the mass

density p(t). To this aim we equip the graph X" with an (arbitrary) ordering, which defines the positive
edges £ := {(z,y) : x,y € X,z < y} U{(inz) : € X'}. The macroscopic flux formulation
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Untangling dissipative and Hamiltonian effects 3

of (2.1) is

jry(t) = jgy(ﬁ(ﬂ)? jin:c(t> = jgm(p(t))v pz(t) = —ij(t)7 (2.2)

where the traffic on the positive edges is 79, (p) := p2Qzy — PyQye ad ji).(9) = Ainz — Pz Aouta:
and the discrete divergence operator on fluxes j € R¢ is defined as

dwa:] = Z jxy - Z jyac - jinx' (2.3)
yeX:y>x yeX y<w

This particular definition of the discrete divergence accounts for the net fluxes and arises from the
following natural underlying (stochastic) microscopic particle system.

The large parameter n will be used to control the order of the total number of particles in the
system, although this number is generally not conserved over time. At each node x, new particles
are randomly created with rate n\;,, and independently of all other particles, each particle either
randomly jumps to node y with rate me, or is randomly destroyed with rate A, ;.. We are interested
in the random particle density np{ () which counts the number of particles at node x and time ¢, the
cumulative net flux nVV(”)( ), which counts the number of jumps = — y minus the jumps y — x in
time interval (0, ], and the net flux n1¥,"”) counting the number of particles created minus the number

nx’

of particles destroyed at that node z in time interval (0, ¢].

By Kurtz' Theorem [Kur70], the Markov process (p{™ (t), W (™) (t)) converges as n — oo to the
solution (p(t), w(t)) of (2.2), where we identify the derivative 1 (t) of the cumulative net flux with the
net flux j(¢). We stress that for finite n, the continuity equation p = — div j holds almost surely, but
random fluctuations occur in the fluxes.

On an exponential scale, these fluctuations satisfy a large-deviation principle [SW95, Ren18,
PR19]'

Prob((p™, W™) = (p, w)) "<~ exp(— nfo L(p(t),w(t)) dt), (2.4)
where we implicitly set the exponent to —oo if the continuity equation p(t) = —divj(t) is violated,
and

ZZ lnf ]zy ’ p:ﬁQxy) + s(j;_y - j:):y ‘ pry:v)}
TYeX Ty 20
<y (25)
+ > inf [s(Gik [ Aine) + 5Gihe = Jine | pedouta)]
vex Jine=0

using the usual (non-negative and convex) relative entropy function s(a | b) := alog% —a+b. The
infima in the definition of £ contracts the large-deviation principle of the one-way fluxes to the large-
deviation principle of the net fluxes [DZ09, Thm. 4.2.1]. It is easily checked that L is non-negative and
satisfies £(p, 7°) = 0, i.e. j¥ is the zero-cost flux.

It will often be convenient to work with the convex (bi-)dual of £(p, -), defined for forces ¢ € R¢
acting on net fluxes

M= s = €005 = S0 0o (0= 1)+ 0y 5 1)

; £
JER z,yeX
<y

+ Z [Ainx (eCinz - 1) + px)\out:c (e—Cinz - 1):| .

rzeX

As j%(p) from (2.2) is the zero-cost flux, we can write j°(p) = V¢ H(p, 0).

"We ignore possible contributions from random initial fluctuations since they they play no role in our paper whatsoever.
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D.R.M. Renger, U. Sharma 4

3 Invariant measure, quasipotential and time reversal

The macroscopic equation (2.1) has a unique, coordinate-wise positive steady state 7 € RY (see
Appendix A.1). Moreover, for fixed n, the random process p™(t) has the unique invariant measure
™ € P(RY) of product-Poisson form

(nmg)"Poe ML INL\X
™ (p> — H:ce)( (pa)! pE (nNO) , o
0, otherwise,

see Appendix A.1. By Stirling’s formula one obtains that the invariant measure satisfies a large devia-

tion principle I1™ (p) ~ e~™Y(¥) with quasipotential
V(p) = s(palms), (3.2)
TEX

which can also be interpreted as (k1) ™' x the Helmholtz free energy if 7, = e~ F=/*57 for some
energy function E,, Boltzmann constant k5 and temperature T'. Let the discrete gradient V be the
adjoint of —div from (2.3), i.e. Vo, & = & — & Vinz & = & With this notation the quasipo-
tential (3.2) is related to the dynamic large deviations through the Hamilton-Jacobi-Bellman equa-
tion H(p, VV V(p)) = 0; this can be calculated explicitly but also follows abstractly from the
large-deviation principle for the invariant measure, see for example [BDSG ' 02, Eq. (2.7)] or [PRS21,
Thm. 3.6].

Without further assumptions, the quasipotential } is indeed a Lyapunov functional along the macro-
scopic dynamics (2.1), which can be calculated explicitly

1d
- §EV(P(t))
= ZZ S(prxy | pxpy:r—ng;y) + Z |:3 ()\in::: | Z__z)\mx) + S(IOx)\outx ‘ vV pxﬂgg}\outx)]
:c,y;X zeX N
zHy

(. J/

_Easym(p ]0( ))>0

2 ZZ V P2y — “prxy Ainz — %/\inx)2 + (\/p:EAoutx - \/Wx)\outz)Q] .

xz,yeX I'EX

7Y

ey (0, P ()20
(3.3)
In Section 5 we introduce £2™(p, j%(p)) and see that it forms the cost of the macroscopic dynam-
ics (2.2) if the underlying particle system is modified to a “purely non-dissipative” system; in the same
section we introduce what we call the “modified Fisher information” U.aeym (0, F™(p)).

Before discussing the general setting, let us first discuss the detailed balance (equilibrium) case.
The Markov process p™ (t) is in microscopic detailed balance with respect to I1™ if the random path
t— (p™(t), W(t)) starting from p™(0) ~ II, W™ (0) = 0 has the same probability as the
time-reversed path ¢t +— (p™ (T — t), W™(T) — W™ (T — t)) [Ren18, Sec. 4.1]. For our simple
setting, this notion of microscopic detailed balance is equivalent to what may be called macroscopic
detailed balance ?:

WxQxy - Wyan: and )\ina: = Wx)\outx' (3.4)

2For more involved systems, for instance, chemical reaction networks, microscopic and macroscopic detailed balance
need not be the same [ACK10].
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Untangling dissipative and Hamiltonian effects 5

It is easily calculated that on the large-deviation scale, (micro and macroscopic) detailed balance
is equivalent to L(p,j) = L(p,—j) + (VV V(p), j), which is in turn equivalent to H(p,() =
H(p, V'V V(p) — C) by convex duality.

By contrast, if detailed balance does not hold, then, starting from p“”(O%p(”) (T) ~ IO™(T),
W (0) = 0, we obtain after time reversal that o ™ (¢) := p™ (T —t), and W (t) := W (T —
W®(T — t) are the normalised particle density and cumulative net flux of a different particle sys-

tem, where at each node x, new particles are created with rate nm, Az, €ach particle indepen-
dently jumps to node y with rate nyﬁy/m and is destroyed with rate \;,, /7., see again [Ren18,

Sec. 4.1]£nalogous to (2.4), (?W (t), W™ (t)) satisfies a large-deviation principle with ra;e func-
tional fOT L (p(t),w(t)) dt, which is related to the original rate functional through the relation £ (p, j)

L(p,—j) + (VVV(p),J), and by convex duality §ﬁ(p, ¢) = H(p, VV V(p) — (), see for exam-
ple [BDSG02, Sec. 2.7],[Ren18, Sec. 4.2].

4 Force-dissipation decomposition and connections to Onsager-
Machlup relation

Our aim is now to decompose the large-deviation cost function (2.5) as a power balance

L(p,j) =(p,7)+ ¥ (p, F(p)) — F(p) - J, (4.1)

for some force field F'(p) € R¢ and convex dual (in the second argument) non-negative dissipation
potentials W, U*. By convex duality, their non-negativity implies that U(p,0) = 0 = ¥*(p, 0), re-
flecting the physical principle: there is no dissipation in the absence of fluxes and forces. Recall that
L = 0 for the macroscopic flow (2.2), which turns (4.1) into a power balance. This is equivalent to the
nonlinear response relation j°(p) = V¢ U*(p, F(p)) between forces and fluxes.

The decomposition (4.1) exists uniquely [MPR14], where the force and dual dissipation potential
are explicitly given by

1 szw 1 Ainz
me(p) = — ijy ,C(,O, 0) = B log pryZ and Finw(p> = vjinz ‘C(pv 0) = ) 1Og Do outs’
(4.2)

U*(p,¢) ==H(p.¢ — F(p)) — H(p,—F(p))

=23 V/peQuypyQyo (cosh(Cy) — 1) + 2 v/ Ninopa Aot (cosh(Gna) — 1)

T,yeX TEX
<y

(4.3)

The middle term

U (p, F(p)) = %ZZ(\/Pway - \/pryw)2 + Z(\/Aina‘ - \/p:v)‘ou‘m)2 (4.4)

zFy

is often called the Fisher information; it quantifies the energy needed to shut down all fluxes under
force ', and also controls the long-time behaviour of the ergodic average 7"+ fOT p(t) dt [NR21].

If detailed balance holds, the force is related to the quasipotential through F'(p) = —% vV V(p),
which reflects the classical principle that systems in (macroscopic) detailed balance are completely
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D.R.M. Renger, U. Sharma 6

driven by the free energy. This can be checked explicitly, but is also known to hold more gener-
ally [MPR14], since in that case the decomposition (4.1) can be interpreted as a generalised Onsager-
Machlup relation. In particular, under detailed balance, the work done by the force along a trajectory
equals the free-energy loss as

F(o(6) -5(0) = 3 T T V(p(0) -5(8) = § ¥ V{p(0) - W ()
=~ IV0) 50 = 5 Vel @9

<_
More generally without detailed balance, the cost function L(p, 7) of the time-reversed dynamics
admits a similar decomposition as in (4.1), with the same dissipation potential (4.3) and driving force

1 x xr x <_ 1 Z'>\0\l X . .
?xy(p) =3 log % and Fi.(p) = 3 log pﬁ)\.—/;. This allows to naturally define sym-
Yyxxryx Yy T /Nnx x

metric and antisymmetric forces with respect to time-reversal [BDSG ' 15, RZ21, PRS21], which leads
to the symmetric force F*¥™(p) = —1 V VV(p) that coincides with the case of detailed balance (4.5)
and a constant antisymmetric force

asym . 1 A= 1 T Qe asym 1 e 1 Aing
Fzyy = §[me(p) - me(p)} = § 1Og ﬂ_yQyi, En:g/ = §[Rna:(p) - Flna:(p)] = 5 1Og Todouts
(4.6)

The antisymmetric force F'*Y™ = ( precisely if macroscopic detailed balance (3.4) holds. So F;;ym
and Eisxym are exactly the bulk and boundary forces that drive the system out of detailed balance.
While it may seem surprising that /Y™ is independent of p, it should be noted that this happens for
various other systems as well [PRS21, Sec. 5].

5 Dissipative—nhon-dissipative decomposition of the cost

We now use the notion of generalised orthogonality [KJZ18, RZ21, PRS21] to further decompose the
dual dissipation ¥* in (4.1) into purely dissipative and non-dissipative terms. As a generalisation of
quadratic expansions, one writes

T (p, F(p) = B (p, F¥™(p) + o)
= y* (p, Fasym) + 9p (Fsym<10)7 Fasym) —i—‘If}asym (p7 Fsym(p))

>

v~

=0
= ¥* (p, Fsym(p)) + \9,) (Fsym(p)’ Fasym)j-l-\lf}sym (p’ Fasym)’

-~

=0

see Appendix A.3 for the construction and explicit definitions of the objects in this calculation. These
expansions are not quite the same as in the quadratic case — one of the potentials needs to be
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Untangling dissipative and Hamiltonian effects 7

modified. This yields the modified Fisher informations, cf. (4.4),

\II}aSym (p, FSym<p)) = % ZZ (\/ prwy - py:_ZQ:py>2

T,yeX
zAy
+ % Z (\/ >\inx - %)\inac)2 + % Z (\/pa:/\outx - \/Wz)\out:r;)Qa
reX z reX
\If*Fsym (:07 Fasym) = % ZZ (\/ p:pry - “px:_zny)Q
+ % Z (\//\in;z - \/ﬂ-angutw)z + % Z ( Pz /\7::3 -V pac/\out:v)2‘
TEX TEX

The fact that the generalised cross term Q(Fsym, Fasym) vanishes reflects an orthogonality of the
symmetric and antisymmetric forces in a generalised sense [RZ21, Prop. 4.2], [PRS21, Prop. 2.24].
This orthogonality also means that the quasipotential V' and steady state 7 are unaltered by turn-
ing F'*Y™ on or off (see again Appendix A.3), which is also observed in the numerical examples in
Section 7.

Applying this expansion of dissipation potentials to (4.1) leads to two distinct and physically relevant
decompositions

L(p.J) = U(p, ) + W (p, F™™) = F*™ - j 4 Wy (FV™(p)) = F™(p) - j,  (5.12)
::LaS;:n(pvj)
— ‘I’(p,j) 4 J* (P, Fsym(p)) — fsym | ] +\P*Fsym(FaSym) _ [rasym ] (5.1b)

TV
=L (p.5)

The two “modified cost functions” L™, £2Y™ are non-negative by convex duality, and are in
fact themselves large-deviation cost functions of particle system with modified jump rates, see Ap-
pendix A.2. Since ™™ = —%VV V, the symmetric cost L%™ encodes the (non-quadratic)
Onsager-Machlup dissipative (gradient-flow) part of the dynamics, even without assuming detailed
balance. By analogy, £*Y™ encodes a non-dissipative dynamics that is in some sense the time-
antisymmetric counterpart of a gradient flow; this will be explored in Section 6. Both expressions (5.1)
decompose the cost function £ into terms corresponding to the dissipative and non-dissipative dy-
namics, but because W* is non-quadratic, there are two distinct ways to do so®.

Of particular interest are the decompositions (5.1) along the zero-cost traffic jo(p). The work done

by the symmetric force is F*¥™ - j0 = —%%VVV, so that we retrieve the free-energy loss (3.3)

from (5.1a), with the explicit expression for LY™(p, j°) given by the s(|-) terms in (3.3). Analogously,
inserting ;j° into (5.1b), we find an explicit expression for the work done by the antisymmetric force

| o) at = = [ 27 ). °0) + Vo plt). P pl2)] < 0 52

3(5.1a) is related to “FIR inequalities” that have been used to study singular limits and prove errors estimates [DLPS17,
DLPT 18, PR21]; the cost L3V™ quantifies the gap in the inequality.
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D.R.M. Renger, U. Sharma 8

with

Esym p ] ZZ prl«y | pz\/m)

z,yeX
T#Y (5.3)

+ Z [S ()\inar | 7T:c/\in;r/\outac) + S(pm/\outa: | P )\info;oum)} ‘
TEX

While, a priori, both £%™(p, j) and L£*Y™(p, j) appear as a minimisation over one-way fluxes as
n (2.5) (see Appendix A.2), for j = jo(p), the minimising one-way flux is exactly j;y = p2Quy,
jiLC = Ainz Which considerably simplifies the expressions.

6 Dissipative and non-dissipative zero-cost dynamics

Recall from Section (4) that £ = 0 for the full macroscopic dynamics and so p =
—div Ve W*(p, F¥™(p) + F2¥™). Similarly L™ = 0 yields the nonlinear gradient flow p =
—divV¢ U*(p, —3 V V V(p)) driven by the free energy V. How can the zero-cost dynamics of £>™
be given a physical interpretation? The ODE describing this dynamics is

pa(t) = —divy Vo W (p, F0)

=2 D \/epy(t <ny\/~ Qxy[)ﬂﬂ/ﬂ_x( ina 7= — Aoute m) 6.1)

z,yeX
TFy

Our novel and maybe surprising result is that this equation in fact has a Hamiltonian structure p =
J(p) VU(p) with energy and Poisson structure given by

Ulp) = (VT2 — /P2)”, 6.2)

zekX

P) =2 Z \/W[\/RQZZJ ﬂzﬂ-y Qyz - \/ﬁQm \/?TFUQIZ}
zEX

+ 2\/ pmpy [ 1ny \/7Tx7Ty>\outy A / :_Z)\inx + vV 7Tm7ry)\outx:| y LY € X? x 7é Y.

(6.3)

We include a brief derivation in Appendix A.4 and in Appendix A.5 verify that the corresponding Pois-
son bracket [#!, .72, .= V.Z!(p) - I(p) V .F?(p) satisfies the Jacobi identity (requisite for a
Hamiltonian system). The energy (6.2) is known as the Hellinger distance [Hel09], mostly used in
statistics [Ber77] and recently also to describe certain reaction dynamics as gradient flows [LMS18].

The Hamiltonian structure (U4, J) for the ODE (6.1) is generally not unique. In contrast to the gradi-
ent flow for £5Y™ | it is not clear to us whether I/ and J are somehow related to the variational structure
provided by £2¥Y™. A natural question is then whether — in the spirit of metriplectic systems [Mor86]
or GENERIC [005] — there could be a Hamiltonian structure for (6.1) so that the energy I/ is also con-
served along the full dynamics £ = 0. The answer to this question is negative, because by (3.3) the
full dynamics simultaneously dissipates free energy until the unique steady state is reached. Another
fundamental difference with GENERIC is that here the full dynamics is retrieved by adding the forces
F = F™ 4 F#Y™ whereas in GENERIC one retrieves the full dynamics by adding velocities or
fluxes.

DOI 10.20347/WIAS.PREPRINT.2936 Berlin 2022



Untangling dissipative and Hamiltonian effects 9

7 Insights from a simple system

Consider the simple example of Figure 1 with X = {A, B, C'} and define the positive edges as
£ = {(A,B),(A,C),(B,C)} U {inA,inC} (with no infout-flow at B). In what follows we use
40, jsym0_ jasym0 for the zero-cost flux for £, L™, L3V™ respectively.

R

Figure 2: Case A: Pure bulk effects. Top row: Plots of the zero-cost trajectories p(t) associated to j°,
gOsym - j0.asym Cotarting from three different initial conditions (black dots) with the steady states de-
picted by the pink dots. Bottom row: The steady states 7 (in pink) and steady-state fluxes (magnitude
indicated by values and direction by arrows) corresponding to j©, j%sY™, j0:3Y™ regpectively.

Case A: Pure bulk effects. We assume that the forward transition rates Qg = Qpc = Qca =
2 and backward transition rates Q4 = Qpc = Qca = 1 and Ay = Aouie = Oforx = A, B. This
corresponds to a closed system being driven out of detailed balance purely by the bulk force, which is
encoded in the different forward and backward transition rates (no detailed balance). Since there is no
in and outflow, the total mass of the system is preserved at all times (and equal to the mass at ¢t = ()
with the steady state m = (%, %, %) The zero-cost trajectories and corresponding steady states are

plotted in Figure 2.

There are three interesting observations about the trajectories. First, in line with preceding discus-
sions, both the full and symmetric zero-cost trajectories (top row, left & middle) converge to the steady
state ™ whereas the antisymmetric zero-cost trajectory (top row, right) orbits around the steady state.
Second, that all the trajectories are confined to a plane which corresponds to the conservation of total
mass (Zz pz(t) = 1). Third, the symmetric zero-cost trajectories are straight lines since the purely
dissipative dynamics is a gradient flow of a linear system (since there is no in/out flow).

From the steady states we see that, as expected, the symmetric zero-cost dynamics has an equi-
librium/detailed balanced steady state (bottom row, middle), and the full system (bottom row, left) has
a non-equilibrium steady state. Surprisingly, the (static) steady state 7 of the antisymmetric dynamics
(bottom row, right) leaves the steady state and even the corresponding flux of the full system un-
changed. This is in line with the observation that the forces orthogonal to the symmetric force are pre-
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D.R.M. Renger, U. Sharma 10

cisely the ones that leave the quasipotential unchanged (see discussion at the end of Appendix A.3).

V% S
7 7
9 9
—~
5
9

Figure 3: Case B: bulk and boundary effects. Top row: Plots of the zero-cost trajectories p(t) asso-
ciated to 50, jOsym  j0.asym starting from three initial conditions (black dotes) with the steady states
denotes by the pink dots. The initial conditions are the same as in Figure 2. Bottom row: The steady
states 7 (in pink) and steady-state fluxes (magnitude indicated by values and direction by arrows)
corresponding to to j¥, jOm, j0:ay™m regpectively.

Case B: Bulk and boundary effects. As in Case A we assume that Qg = Qe = Qca = 2
and Qap = Qpc = Qca = 1. For the boundary we assume that A4 = Aowc = 2 and
Aouta = Ainc = 1. This case corresponds to the system being driven out of detailed balance by
both bulk and boundary effects. Regardless of initial condition, the steady state m = (%, 1970, g) is
unique and positive but no longer a probability density, see Appendix A.1. The zero-cost trajectories

and corresponding steady states are plotted in Figure 3.

As in the previous case, both the full and symmetric zero-cost trajectories (top row, left & middle)
converge to the steady state m while the antisymmetric zero-cost trajectory orbits around the static
steady state (top row, right), however, with the crucial difference that the trajectories are no longer
confined to a plane since the mass is not conserved due to in/out flow at the nodes. We point out that
the trajectories of the full and symmetric system are different even though they appear to be the quite
close from the figures (compare in particular the orange trajectory in the top row of Figure 3).

A natural next step is to study the behaviour of the system under varying combinations of symmetric
and antisymmetric bulk and boundary forces. Consider for example the system of case B, where
the force is replaced by ny = F3™ and B, = F2™ | i.e. purely symmetric bulk force and
antisymmetric boundary force. This altered system will also have an altered steady state 7, and as a
consequence, the decomposition into symmetric and antisymmetric forces will be different, that is, in
general Frsym %+ ™, Frasym % FY™ n fact, it is impossible to construct a system where the bulk
is in detailed balance (F,, = F;y™) but the boundaries are not (Fi,. # Fi,, ). Indeed, the steady
state corresponding to such system would have some nodes with non-trivial in and outflow, but since
the bulk has zero net fluxes, mass cannot be transported from the inflow to the outflow nodes. By

contrast, take the system of case A with the family of uniform steady states 7 = (a, a,a),a > 0. If
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Untangling dissipative and Hamiltonian effects 11

one now adds boundary forces such that )\m/)\outx = 1, = a for some a > 0, then the steady state
of the altered system is still 7 = (a, a, a). One can thus construct a system where the bulk is not in
detailed balance (', # F;y™) but the boundaries are (Fin, = Fi,y, ).

mx

8 Discussion

As pioneered by Onsager and Machlup, microscopic fluctuations on the large-deviation scale provide
a free energy balance for the macroscopic dynamics. By taking fluxes into account, macroscopic fluc-
tuation theory extends this principle to non-equilibrium systems to obtain explicit balances (4.1), (3.3)
and (5.2) in terms of the work done by the full, symmetric and antisymmetric forces F', F*Y™  F#5y™
respectively.

With the aim of understanding the role of bulk and boundary effects in non-equilibrium non-diffusive
systems, we study an open linear system on a graph. The derivation of the three energy balances
poses a number of challenges. First, we derive the explicit quasipotential (3.2) (free energy) as the
large-deviation rate of the microscopic invariant measure. Second, since the microscopic fluctuations
are Poissonian rather than white noise, the large-deviation cost £ cost is non-quadratic and therefore
requires a generalised notion of orthogonality of forces. Whereas the modified system £%¥™ = (
is purely driven by the dissipation of free energy, the third challenge is to understand the system
L£2%Y™ — (). As observed for closed linear systems in [PRS21], it turns out that with open boundaries,
this dynamics is indeed a Hamiltonian system — even satisfying the Jacobi identity. Our work thus
allows to distinguish between dissipative (symmetric) and non-dissipative (antisymmetric/Hamiltonian)
boundary and bulk mechanisms. We expect that these ideas will apply to more general nonlinear
networks, for instance open networks with zero-range interactions (and related agent-based models
in social sciences) and chemical-reaction networks attached to reservoirs.

A few intriguing questions emerge from our analysis in regards to the role of antisymmetric forces.
It turns out the antisymmetric forces are the exactly the ones that leave the quasipotential and steady
state invariant, see Appendix (A.3). This leads to the natural question if one can optimise these forces
in a systematic manner to speed up convergence to equilibrium; this is a important challenge in sam-
pling of free-energy in computational statistical mechanics. Finally, it may be intuitively clear that the
antisymmetric flow, as the opposite of a dissipative dynamics, should be non-dissipative, the appear-
ance of a full Hamiltonian system with the Hellinger distance as conserved energy seems rather sur-
prising and it is not well understood how and why this structure emerges.

A Appendix

A.1 Invariant measure and steady state

Product-Poisson form of II™). We show that the invariant measure II1™ for the (underlying) ran-
dom process p'™(t) (described in Section 2) indeed has the explicit expression (3.1), i.e. it satisfies
the backward equation

Z I (p)(Q™ f)(p) = (A1)

pE(ENg)¥
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for all bounded functions f on %Né“ where Q™ is the generator for p™ (t). Using the product structure
of II™™ we have

0 (p + 3 1,) = 17 (p) 0y, M (p — 21,) =T (p) 2=,
I (p+ 1 1a — 5 1y) = T (p) (55 (£). (A-2)

Using this expression, and pulling out the function f, (A.1) is equivalent to the following expression for
any p

D0 [nlos + QI (o + 2 = 21,) = np. Q1 (o)

T,YyeX
<y

+§:%%mmmw—%ug—n&MWM@ﬂ

+ Z [ E utﬂfH(n)<:0 + ]l ) npm/\outh(n) (P)}
reX
(AZ-Z) nH(n) (p> Z fr_: [Z(ﬂ-yny - 71-acc2a)‘y) + )\inx - 7T$/\outx} + nH(n) (p) Z(ﬂ-a}/\outx - Aina:),
reX y;)( .z .
Y7 ~

) —

'

=0

where both sums are 0 since 7 is the steady state of (2.1).

Properties of macroscopic steady state. |If the graph is closed, i.e. Ay, Aot = 0, then (2.1) is
the Chapman-Kolmogorov equation for an irreducible Markov chain. Hence there is a coordinate-wise
positive steady state, which is unique if the total mass erx 7, matches that of the initial condition
p(0) [Nor98, Thm. 3.5.2].

We now show that there exists a unique coordinate-wise positive steady state irregardless of the
initial condition even when the graph is not closed, but satisfies the assumptions made in Section 2.

Since the graph is not closed and irreducible there exists at least one x such that Ai,., Aoute >
0. This implies that the matrix (Q — diag(Aout)) is diagonally dominant with at least one strongly
diagonally dominant row Q.. — Aoutz| > Zy;ﬁ:p'sz" Furthermore, the matrix is irreducible since
the graph is assumed to be irreducible. These properties imply that () — diag(Aoyt)) is invertible
[HJ90, Cor. 6.2.27] and so there exists a unique solution 7 of

(Q — diag(Aout))'T = —Ain. (A.3)

To study the sign of 7, we decompose the graph X into X = {7, > 0} and X~ := {7, < 0}.
If X = () then summing the stability equation (A.3) over all of X = X'~ leads to the contradiction

0= Z (ﬂ-x/\outx - )\inm) < 0.

TEX

Similarly, if X, X" = (), then summing the stability equation (A.3) over X'~ gives the contradiction

0= Z Z (ﬂ-xQxy - 7T-yC?yac> + Z (ﬂ-ac/\outa: - Ainac) <0

TEXT yeXt TEXT
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Untangling dissipative and Hamiltonian effects 13

since by irreducibility there is at least one pair x € X~, y € X' for which Q),, > 0, and all other
terms are non-positive. We have thus shown that X = X'*.

Finally, to show that 7 is coordinate-wise positive, i.e. m, > 0 for every x, assume by contradiction
that there exists an © € X" for which 7,, = 0. Since that node does not have any outflow, the stability
equation in x reads

O - Z(ﬂ-mQxy - 7T:L/nga:) + 7Tx)\outx - mr - Z 7Tycgym - mx;
y#£T Y#T

and so Ay, = 0 and m, = 0 whenever (),,, > 0. By irreducibility and recursion, this would lead to
the contradiction A;, = O.

A.2 Expressions for modified cost functions

Equations (5.3), (3.3) give expressions for the symmetric and antisymmetric cost evaluated at j°. The
general expressions for these costs are

L (p, §) = szmf[ (7 | Py QuyQuor?) + (i — jxy\pyw/QnyyzZ—Z)]
T,yeX zy20 '

<y
] y )\ill.r)\out.t
-+ xezxjfilio[ jmr | )\inz'ﬂ'x)\outm) + S(j$x — Jinz | Pz T)]7
,Casym p j ZZ lnf [ ]:By | \/IO$_IO?JQIZI\/>) + 3(]xy jxy | \/pz_prth\/Z:z)}
e 20
i ' Pa , _
: x;minio[s Ui | A \/7;1) +5(Jihe — Jina | pxmom)},

with the corresponding Hamiltonians

H(0,0) = 33 [pey /@@ 2 (0 = 1) + 9y JQu e (e — 1)]

z,yeX
<y
D0 |V N e houaa (07— 1) oy P (e — 1) |,
TEX
Hasym p, ZZ[ pzprxy[( C:cy _ 1) + m@yx[( —Cay 1)]
gan
37 a2 (€5 = 1) + Vpam Ao (e = 1),
TeEX

The integral fOTESym(p(t),j(t)) dt is the large-deviation rate functional for the particle density and

flux of a modified system, where particles jump from x to y with jump rate 1np,\/QuyQyzTy/Ts,
particles are created at x with rate \/Ainz T Aout @and destroyed with rate 1.0, v/ Ainz Aoutz / Tz Sim-

ilarly, fOTLasym(p(t),j(t)) dt corresponds to a system where particles jump from x to y with jump
rate n,/px prxy\ /T, / my, particles are created at = with rate NAinz\/ P / 7, and destroyed with rate
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N/ Pz Aoutz- Observe that the symmetrised system describes independent jumping and destruc-
tion and constant creation as in the original system, whereas the antisymmetrised system introduces
a nonlinear interaction between the particles.

A.3 Generalised orthogonality of forces

We now outline the generalised orthogonality of the symmetric and antisymmetric forces and the
decomposition of the dissipation potentials discussed at the start of Section 5, see [KJZ18, RZ21,
PRS21]. The modified potential and generalised product are defined as

() =2 ZZ V P2 QaypyQya COSh(éxy) ( cosh(Cyy) — 1)

x,y<€X
<y
+ 2 Z V )\inaxpasAoutz COSh(Einx) ( COSh(Cinm) - 1)7
reX
0p(C, Q) =23 > \/PeQuypyQyr sinh((y) sinh(Cy)
T, yeX
<y
+ 2 Z V )\inacp:v)\outx Sinh(éinx) Sinh(Cinx)-
zeX

Using the addition rule cosh(¢ + ¢) = cosh(¢) cosh(¢) + sinh(¢) sinh((), one finds that dual
dissipation potential (4.3) can be expanded as ¥*(p, ( + ¢) = ¥*(p,¢) + 0,(¢,¢) + \I%(p, Q).

Of particular interest is the case where ( = Fsym(p),f = [#Y™ Using the explicit expression
for the forces (4.6) and the definition of sinh in terms of exponential function we find

0,(F>™(p), F*™) =4 Z V Pz QuaypyQye sSIMh(F3™) sinh (F720™)

z,yeX
<y
+ 42 \V 1n:pp:r outx Slnh Ejlb;m smh(ijgm)
reX
Pz
- Z 7T_L [ Z (TeQay = TyQyz) + TaAouts — Aine
zeX | yex,
yFx
+ Z inte — Mg outx) - O
xeX

-

=0

This orthogonality is also related to the quasipotential as follows. First, consider a system with free
energy V and force [' = F™Y™ 4 Fasym [sym — —% V V V. Then V is also the quasipotential for
the modified system where the nondissipative force F'**V™ is replaced by zero, i.e.

HY™ (0, ¥V V(p)) = 0,( — F¥™(p),0) = 0.

Second, consider a system in detailed balance with quasipotential VV and ' = F™ = —% VVV.If
one would add an additional force (, the modified Hamilton-Jacobi equation reads

HY™(p, VYV V(p)) =¥ (p,VV V(p) + F¥™ + () — ¥*(p, F™ + ()
= U*(p, —F¥™ + () — U (p, F¥™ 4 () = —20,(F™™, ().
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Thus, the forces ( orthogonal to F*Y™ are precisely those forces that leave the quasipotential invariant
when added to a symmetric force.

A.4 Derivation of Hamiltonian structure

Figure 4: The graph from Figure 1 with an additional ghost node

We expand the graph with an additional ghost node X := X U {®}, where mass flowing in and
out of the system is now extracted from respectively collected in © instead, see Figure 4. This results
in a dynamics that conserves the total mass M := . . p.(0) (although pe(t) may become
negative), and the rates of flowing out of a node z is either linear p,Qzy, PzAoutz OF cOnstant Aiyy.
The expanded system has the same, coordinate-wise positive steady state m on X’ as the original
system, but with an additional coordinate 7. By mass conservation, this coordinate satisfies 7o, =
M — erx ., so if we initially place enough mass in the ghost node (which does not change the
dynamics), then M will be sufficiently large so that 7, > 0.

We are then in the same setting as zero-range processes [PRS21, Prop. 5.3]. By results therein,
the augmented antisymmetric zero-cost dynamics is a Hamiltonian flow and can be written as (abbre-
viating px := (pz)zex defined in (6.1))

FX@] =J(p) VU(p) == _:l];((g)(p) jﬁi% {g: ZEZ;] ’ (A-4)

where U(p, po) = U(p) and U, J are given by (6.2),(6.3) and Jxw, Joe are irrelevant by the fol-
lowing argument. Mass conservation implies that A : (px, po) — px is a bijection with Jacobian
Ja = [I | 0]. Applying the variable transformation A to (A.4) yields px () = JaJ(p)J{ V. U(p) =
J(p) V,, U(p) as claimed.

A.5 Jacobi identity
We verify that the bracket [#!, %2, = V.#(p) - I(p) V.F#%(p) defined by the Pois-
son structure (6.3) indeed satisfies the Jacobi identity [[#', 2], 3], + [[F%, Z3, '], +

[ 73, 71, %%, = 0 for all sufficiently smooth functions .Z and all p € R*. Omitting p-
dependencies to shorten notation, this identity is equivalent to the following tensor relation [PRS21,
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Lem A1), forallp € RY and z,y, 2 € X,

RV, + R, + R, =0, Ry = 34200 duy . (A.5)
a#z
We first calculate the derivative for = # y (clearly J,, = 0),

i, ohey
PyPz Py po o
8@ ny = 2,275:13 Da Bgy + 2\/ pyBiy + p_IBzyﬂ a =z,
| PxPz [Pz o _
Zz;éy Py B:iy + 2\/ megy + EBzyJ a=Y,
. [mem, Ty Ty, Ty Ty
B;y T T, sz - T, Qyz - T Qz:}c + 7, szv

Bg?y = :—;Ainy - \/7Ta:7ry>\0uty — 4/ :—Z)\inx + 4 /7Tx7ry)\outx-
The tensor then decomposes into terms of different orders Riy = QR;y + 3R;y + 4R§y of \/p, where
"Ry = 2(V/pep2Bs, By + \/pyp-Bi, BL
BR;y =2 Z [ Y pmpypZB;yB‘?Z Ty papyp'z(BgyBﬂ(CDZ + Bf?yB;z) + v papzpz(B;yB??Z + BgyBZz)}a

Ri, =22 [\/Pupepyp=BlyBY. 4 \/PapebypzBey B + \/Dapopapz Bey B
a,b

Since (A.5) needs to hold for all p € R, we may check it for each order separately. Using the skew-
symmetry of (B, )., for the second-order terms we have
"Ry + R, + 7R,
= 2\/papyBS) [ B, + BS,| + 24/pap:By, [ By, + BS)| +2\/pyp=Bs. By, + Bp,] =0
Using the skew-symmetry of (57, )., and (Bg, ).y, for the third order terms we find
3 3 pz 3 px a a a
Rgz + Ry:c + Rzy = 22@ [\/ pxpypZ(szBc?y + ByxB(?z + BzyBc(LDx)
+ vV papxpy (BZZBZ% _I— ngBz@y + BgyBa(?z + BgszQa:)
+VPabapz(By, By, + By, BZ, + By. By, + B2, By )

+ Vv papyp;;(Bnggy + B;ZB;DQU + B;yB;Dz + BZ:DB:?Z)}
= 2\/ pxpypz Z (Bnga@y + BZ:CB((IDZ + BgyBc?:c)'

Hence the sum over the constants needs to be zero. After a lengthy calculation we find

S (BLBS, + BYLBS, + B2, BS,)

a

1 T [,
= ﬁ( W_y)\iny - \/7Ta:7ry)\outy - 7T_i)\inx + \/ﬂ-xﬂ-onutx> %: (WaQaz — Terza)
1 s T,
+ \/ﬂ( W_Z/\inz - \/7Ty7Tz/\outz A / W_y)\iny + \/7Ty7Tz/\outy> z?é: (WGQQI — WxQ;ta)

1

+ \/7‘7;( :_z)\ina: Y 7T337TZ>\0utI A/ :_j)\inz + V 7TCC7TZ)\0UtZ

N———

Z (WaQay - Wy@ya) .

a#z
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Using the stability equation (A.3), the three sums on the right can be replaced by expressions de-
pending on Ay, Aout ONly. This yields twelve paired terms that cancel each other out, so that indeed
‘RY, +°R;, +°RZ, = 0.

Finally, for the fourth order terms, ‘RY_ + 4R§I + 4R§y = (, because this describes the closed
graph setting A;,, Aout = 0, which satisfies the Jacobi identity [PRS21, App. Al.
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