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Anisothermal chemical reactions: Onsager—-Machlup and
macroscopic fluctuation theory
D. R. Michiel Renger

1. INTRODUCTION

1.1. Historic overview. Recent decades have seen a great progress in non-equilibrium thermody-
namics. In a sense, the discovery of Wasserstein gradient flows [JKO98] for Fokker-Planck equations
meant a strengthening of the second law: not only does the free energy decrease along the dynamics,
but the decrease of free energy fully determines the dynamics. Many other evolution equation have
since been shown to be gradient flows driven by free energy functionals, see for example [AGS08].
We mention in particular the works [Maai 1], [Mie13] ICHLZ12] for gradient flows on discrete spaces and
gradient flows for the chemical reaction-rate equation [LM13, MM20].

As often in thermodynamics, many of these structures are actually related to the statistics of micro-
scopic particle systems, which adds to their physical validity. In this respect, the Wasserstein metric
tensor and its corresponding optimal transport formulation were already derived from large deviations
of Brownian particles in [DG87] and [Leo07] respectively. More recent works show that gradient flow
structures can be uniquely derived from pathwise large deviations via what may be called a modern
version of Onsager-Machlup theory. Whereas Onsager’s original paper [Ons31] already deals with
gradient flow structures for the chemical reaction-rate equation, his later work with Machlup [OM53]
makes the connection to fluctuations of a microscopic particle system via the pathwise large devia-
tions. More modern and precise relations of this type were made for exclusion processes and Brownian
particles in [BDSG ' 04, [ADPZ11, /ADPZ13, [DLR13, EMR15]. Pursuing a similar program for particles
on discrete spaces required generalised gradient flows, allowing for nonlinear response theory. Al-
though such structures were already explored in the classic [Mar15], its relation to large deviations
was discovered in [MPR14], and worked out for chemical reactions in [MPPR17]. Notably, it turns
out that the above-mentioned (linear) gradient structures for the chemical reaction-rate equation cor-
respond to white noise fluctuations, whereas the nonlinear structure from [MPPR17] corresponds to
more physical fluctuations due to reactions on the molecular scale.

As prescribed by Onsager’s reciprocity relations, this connection between gradient flows and large
deviations can only be carried out for microscopic systems in detailed balance, which loosely corre-
sponds to thermodynamically closed systems on the macro scale. Hence, for systems that are driven
out of equilibrium by an external force, one looks for thermodynamically consistent couplings of gra-
dient flows with Hamiltonian systems or other ‘rotational’ motions. In connection with large deviation
there are two main directions in the literature. First, the work [KLMP20] studies how large deviations
are related to GENERIC [GO97|. This allows for microscopic particle systems that are in detailed
balance with an additional drift that is approximately deterministic. In the context of chemical reac-
tions, such drifts can be obtained by chemical reactions of lower-order concentrations on a faster
time scale [Ren18b]. The second approach is Macroscopic Fluctuation Theory (MFT), based on the
orthogonal decomposition of thermodynamics forces [BDSG™15]. As for the setting of gradient flows
described above, the connection with large deviations required a generalisation to nonlinear response
relations, which was carried out in [PRS21]. The same paper shows how this program can be applied
to reacting particle systems in case of complex balance (which is more general than detailed balance).

So far, most literature on this topic is restricted to constant temperature. In this paper we describe and
explain how the above program can be applied to temperature-dependent chemical reactions. We con-
sider a finite isolated box with a well-mixed solute, so that we may ignore spatiality. The solute contains
reactants undergoing a set of reactions, and as temperature-dependent reactions take place, heat is
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D.R.M. Renger 2

being exchanged with the solute. Hence there is a coupling between the evolution of concentrations
and temperature. This phenomenon can be modelled on two different levels.

1.2. Macroscopic model. The solute contains reactants of species © € X undergoing reactions r €
R. Areaction r = (o — o) takes @ € N¥ molecules and produces o’ € Ni molecules. We shall
assume that the reaction network is ‘reversible’, meaning that (o« — /) € R —= (¢/ — «a) € R,
see for example [ACK10, Def. 2.2]. This allows to decompose the set of reactions into forward and
backward reactions R = R, U Ry, . For a reaction r = (a —a ) we define its backward reaction
bw(r) == (a/ — a), and we write @ := o and """ = o/,

Further, we assume that the reaction rates k, for reaction r, depending on concentrations p €
[0, 00)% of species and temperature § € [0, 00) of the solute, obey the law of mass action:

. (r) ()
(1.1)  ke(p,0) = k. A(0)B,(p), with B.(p) = p"" =[] e~

zeX
and k,. are given constants.

The temperature-dependent factors A,.() obey the (modified) Arrhenius or Eyring law as follows.
Each species * € X corresponds to an energy level e, > 0, so that a complex « stores a total
amounte - a = erx e, o, of chemical energy. A reaction r needs to go through a transitional state
with chemical energy a,, and so the activation energy or energy barrier of the reaction is a, — e - o,
see Figure [1| for a schematic representation with a one-dimensional reaction coordinate. From this
perspective it is logical to assume that ay,y () = a,. According to the Arrhenius or Eyring law,

a, —e-a

(1.2) A (0) =0%exp (— o, :

for some ¢ € (—1, 1], where kp is the Boltzmann constant.

energy level
ar
actiation\energy
e -a®
engrgy release
e PV

reaction coordinate
a® P ()

FIGURE 1. Energy levels corresponding to a reaction r.

The effect of a reaction 7 occurring with some rate j, > 0 is twofold. First, reactants a" are anni-

hilated and the products o®*(") are created, causing a change in concentrations with rate (ozbw(’”) —
a')4,.. To simplify notation one encodes this principle in the stoichiometric matrix:

(1.3) T = [,y(r)]rewa c RXXRfW, ,y(r) — abw(r) —a®

The second effect of a reaction r is a change in energy levels such that heat —e - 7" is transferred to
(or extracted from) the solute. Assuming a homogeneous and well-mixed solute with specific heat ¢y,
this causes the solute temperature to change with rate —c;lle - g
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Anisothermal chemical reactions 3

Concluding, the evolution of the concentrations and temperature can now be written as:

(1.4) p(t) =TJ°(p(t),0(t)),
0(1) = —%e T (p(t), 6(0))

with given initial conditions p(0) = p°, 6(0) = #°. Here we used the abbreviation

JS(ﬂ? 9) = kr(p7 0) - kbw(r) (,07 0) = HTAT(O)BT(p) - wa(r)Abw(r) (Q)Bbw(r) (:0)7

which is more than just notationally convenient: J,.(p, §) describes the instantaneous net reaction flux
through reaction channel r (sometimes also called the traffic in the literature). These fluxes are an
essential ingredient to understand non-dissipative effects in MFT, as we shall see in Section

Note that (1.4) clearly conserves the total energy
(1.5) E'=e-p" +cyb’ =e-p(t) +cub(t),

so with fixed p° and #°, the temperature is really a function of concentration. To shorten notation we

E°—e-
can therefore omit dependencies on 0, e.g. by a slight abuse k,.(p) = k, (,0, %).
H

1.3. Microscopic model. To reflect molecular fluctuations, the same phenomenon as above can be
described by the usual microscopic model [Kur72, |JACK10], with a small adaptation to account for
temperature effects. The order of the total particle number in the system is controlled by the parameter
V. This may physically be interpreted as the volume ratio of the system size with respect to particle
size (although these sizes will play no further role). Concentrations are defined as particle numbers,
normalised by V. Initially we fix the temperature ©”(0) = 6° € [0, 00) and the concentrations
p™(0) = p™0 € (Ng/V)* such that the initial concentrations converge to some limit:

PV —p°  asV — .
A reaction 7 occurs randomly with jump rate
(1-6) VEY (p,0) = Vi AL (0) B (p),
AT(0) = A (O v epo5eq
BY(p) = 1 (Vp)!

~ VIO (Vp — a(m)!]l{VpZa(”}’

denoting a! := [, a.!. The expression for 5" is standard, based on combinatinorial arguments,
and known to approximate the mass-action factor B,. [ACK10]. The two indicators — where the inequal-
ities are meant coordinatewise — ensure that reactions leading to negative temperature respectively
negative concentrations do not take place. However, zero temperatures or zero concentrations are not
forbidden; this will

The effect of a microscopic reaction 7 is a small change V' =1~ in concentrations and the release (or
extraction) of a heat package of size —V ~le - ). The pair (p"'(t), ©(t)) is then a Markov jump
process in RY x R with generator:

(1.7) (QVF)(p,0) =V Y _ 5, AV (6)BY(p) [F(p +377,0 = gi-e 1) = Flp, 9)]~
reR

Just as for the macroscopic scale, the total energy is almost surely conserved:
(18 BV = e p" 4 cq® = e p(t) + cn®V(2).

and so we may omit temperature dependencies.
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By the classical Kurtz limit, the random process (p*”,0") converges (weakly in Skorohod space)
to the macroscopic trajectory (p, #) solving (1-4), (1-5). In this sense, the microscopic model shows
vanishing random fluctuations around the macroscopic evolution.

Naturally it is desirable to include spatiality in our model. However, there are not many physically
reasonable models in the literature that describe microscopic heat transport in liquids or gases. The
classic KMP model [KMP82] and BEP models [PRV14] are specifically for crystals. The recent ki-
netic exclusion process [GAH19] seems more suitable for solutes, but a detailed knowledge of the
fluctuations is still unknown.

1.4. Results and overview. This paper contains three main contributions.

I. In Section [3, we study the invariant measure II") for the microscopic system, which can be con-
structed explicitly for a very simple example A = B. For this example as well as in a more general
setting we show that I1") satisfies a large-deviation principle as V' — oo, formally written as (omitting
temperature-dependencies):

(1.9) I (p™ & p) ~exp (= VV(p))
where p is now a dummy variable, the quasipotential is given by

E°—e-p

(1.10) V(p) =S(p| ) o logf + const.,, 6 := e

S(p | 7T) = Zs(px | Wx)a

zEX
alogy —a+b, a,b>0,

(1.11) s(a]b) =D, a=0,
0, b=0,a>0o0ra < oo,

CH

and m € RY is the steady state concentration of the isothermal ODE, i.e. with A, = 1. This result
only holds under the assumption of isothermal detailed balance, or under the assumption of isothermal
complex balance with negligible or constant transition energy levels a,.. Physically, S(p | ) encodes
the entropic contribution and —Z—’; log 6 the thermal one.

II. In Section [3] we study a pathwise large-deviations principle and in Section [4] we show that, under
the assumption of detailed balance, it satisfies an Onsager-Machlup principle, following [MPR14]:

Prob (p") & p) ~ exp ( —Vx

(2 | (00, 50) et 79 (000, ~5TV(p(0) i+ V(L) = B (600) ] ),

where V is the quasipotential from (1.10), Uis a non-negative dissipation potential, and U™ is its
convex dual with respect to the second variable. These microscopic fluctuations contain additional
information about the macroscopic dynamics, for which the whole exponent of is 0. Hence
along solutions of (always taking the gradient of ™ with respect to the second entry):

(1.13) pt) = VU (p(t), =5V V(p(1)).

The pair \if, * generalises dual squared norms 4. 2 111-112. We refer to Section 4|for the details, but
2 21171

already mention that T will indeed not be quadratic. Hence (1.13) is a nonlinear relation between the
force —%VV and velocities p, 6, which is also interpreted as a nonlinear generalisation of a gradient
flow, driven by the quasipotential )/, and this gradient flow is uniquely defined by the Onsager-Machlup
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Anisothermal chemical reactions 5

decomposition (1.12). For the expected path (1.4) the exponent in (1.12) sums up to 0, yielding a
balance between free energy loss and dissipation.

IIl. We then look beyond detailed balance, but in order to identify the quasipotential )V we need to as-
sume isothermal complex balance and constant a,.. Since a breaking of detailed balance can and will
result in the occurrence of divergence-free fluxes, a force or energy balance can only be found when
taking reaction fluxes into account. In this context, a reaction flux .J" () counts the net number of re-
actions through channel r taking place at time ¢. Looking at large deviation of fluxes we enter the field
of Macroscopic Fluctuation Theory (MFT) [BDSG™15]. We first derive the pathwise large deviations
of the fluxes in Section [2| Following [RZ21], IPRS21], one distinguishes between the symmetric force
Fsym = —%FTVV corresponding to the gradient flow part of the dynamics and the antisymmetric
force F*¥™ Note that F*™ is indeed similar to the force —3 V'V from (T-13), but now with I'" which
appears because the force acts on fluxes rather than velocities. In Section [5 we first decompose the
flux large deviations as:

(1.14)  Prob ((p™,J) = (p, J))
~oxp (= V[ [E(0.50) + ¥ (oo, Pt + P )
= P p(0) -3(0) ~ O p(n) (0] ).

where W, U* are again non-quadratic dissipation potentials. Note that — fOTFSym cgdt = % fOTVV-

Ljdt =5 fOTVVp dt = 3V(p(T))— 1V (p(0)) as in (T-12). By contrast, the term — fUTFasym~j dt
representing the work done by the antisymmetric force is path-dependent.

Next we use the notion of generalised orthogonality developed in [KJZ18| [RZ21] [PRS21] to further
decompose

U (0, F¥™(p) + F*"(p) ) = W* (p, "™ (0) + A" ()

= U*(p, F*™(p)) + A (p).-

The two non-negative terms A" and AJYT are interpreted as generalisations of Fisher informa-
tions. Together with (1.14) the flux large deviations split into terms for the symmetric (gradient flow)
dynamics and terms for the antisymmetric dynamics, and since W™ is not quadratic, there are two

different ways to do so.

These decompositions are helpful to obtain estimates on the two work terms fOTFSym - j dt and

fOTFaSym - 7 dt and to extract compactness of paths and fluxes. The exact expressions, interpretation
and applications will be given in Section

1.5. Three mathematical subtleties. Although we mostly apply existing mathematical techniques to
a new setting, we encounter a number of mathematical subtleties that can not be disregarded as mere
technicalities.

1 First of all, we are only able to construct the invariant measure I1V) for the very simple system
of reactions A = B. We believe that a similar formula should hold for more general reaction
networks, but the exact expression is not clear at this stage. For the more general setting we
derive the quasipotential V; this corresponds to the large-deviation principle of the invari-
ant measure without actually knowing the invariant measure. Since the quasipotential
decomposes into chemical and thermal factors, this suggests that (at least approximately) the
invariant measure 11" factorises into chemical and thermal factors, which is indeed confirmed
for the simple example.
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D.R.M. Renger 6

2 In usual reaction network theory one can impose macroscopic detailed or complex balance of
a steady state in order to derive the invariant measure [ACK10]. This would be problematic
when coupled to temperature, since the steady state does not have an explicit form; see the
calculation at the end of Subsection Instead we assume macroscopic detailed and complex
balance for the reaction network without a temperature coupling. In addition to (isothermal)
complex balance we need to assume that a, is constant in r, for example corresponding to
“barrierless” reactions. It should be said that the proof of our Proposition shows that for
isothermal complex balanced reactions with non-constant a,., the quasipotential is generally not
of the form (1.10).

3 Although rigorous proofs of pathwise large deviations tend to be quite technical, the rate func-
tional can usually be derived formally by a simple calculation. The setting of our paper is an
example where such naive calculation may fail. The reason is that once a path p(t) reaches
the zero temperature state, it can no longer escape that state with finite large-deviation cost,
see [AAPR21] and Subsection This phenomenon can be interpreted as a different type of
cold death (different from the notion of cold death of the universe when it reaches maximal en-
tropy). To circumvent this phenomenon we shall assume sufficient initial total energy, so that by
energy conservation the zero-temperature state can never be reached.

2. LARGE DEVIATIONS AND THE COLD DEATH

We first recall the pathwise large deviations for the process p!*”(t), then comment on the cold death
phenomenon, and finally introduce the pathwise large deviations for the fluxes.

2.1. Pathwise large deviations. The pathwise large deviations for the concentrations quantify the
exponential rate of convergence of the trajectories, formally written aeﬂ

2.1) Prob <p(v) ~ p) ~ e Vo) as V' — oo,

where p = (p(t))sejo,r] is now an arbitrary trajectory. The functional Zj 77 is called the rate functional;
it is always non-negative, and 0 for the macroscopic trajectory p solving (1.4). Physically, it quantifies
the total free energy needed to deviate from the expected trajectory.

The large-deviation principle can be formally calculated via standard procedures, see for example [KL99],
[FKO6] and the application to chemical reactions in [MPPR17]. There is a large body of literature ded-
icated to making this statement rigorousﬂ where finally a sharp condition was found in [AAPR21]. As
mentioned in Subsection this condition is very relevant to our setting, and we need an additional
assumption to prevent cold death. We first state the precise result and dedicate the next subsection to
the discussion of the assumption.

Let
0

Fl-ep >O}

CH

(2.2) S = {p = p’ +T'w: w € R® such that p € [0,00)" and § =

be all non-negative concentrations that are attainable from the initial condition (po, 90) through reac-
tions in R. Similarly, let
E° —e. E%—e-
J:pE(‘B}, 6+:zsup{#:p€6}
CH CH

be the minimal and maximal attainable temperatures. The large-deviation result is the following.

(2.3) 0~ = inf{

'For the sake of brevity we omit the rigorous definition, see for example [AAPR21] Th. 1].
2See for example [PR19] and [AAPR21] and the cited papers therein.
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7

Theorem 2.1 ([AAPR21]). Assume 0°, p° and R are such that S is bounded and = > (. Then p"”

satisfies a large-deviation principle in D(0, T'; RY) with rate functional

Tom(p) = | Jo L@:00) dts p € WHHO,TIRY), p(0) = 4,
[0.7] 00, otherwise,

(2.4) Lip,u)y= inf  S(j|kp)),

jERR:
u:Z'rER j’"’y(r)

andS(j | k(p.0)) = 3_,er s(r | kr(p)), recalling {I1).

Here and throughout the paper, a hat (*) will be used to distinguish functions that depend on concentra-
tions p (and its time derivative) from functions that also depend on fluxes, introduced in Subsection[2.3]

2.2. Boundary escape and the cold death. The required boundedness of S in Theorem[2.1]implies
that the rates &, are uniformly bounded from above. Therefore the jump rates k" are also bounded
and so there are almost surely a finite number of jumps and the process does not explode. However,
the crucial challenge of [AAPR21] and previous works on this large-deviation principle is that the
rates k, are generally not lower-bounded away from zero. The condition #~ > 0 assures that zero
temperature, where the Arrhenius factors vanish A,.(0) = 0, can never be reached. By contrast,
concentrations for which B,.(p) = 0 are not problematic in this respect, since the mass-action factors

B,.(p) vanish sufficiently slow. We explain this through two simple examples.

Example. 2.2 (nonreversible cell division). In this case X' = {A}, R = {1an — 21} and
ea = 0 so that the temperature is kept constant and the condition #~ > 0 is superfluous. Starting
from pi = 0, §° := 1, the solution to the macroscopic equation will simply be pa(t) = 0.
However, the macroscopic initial condition p% = 0 would be consistent with the microscopic
condition pX”O = 1/V, meaning that initially there is one particle, which is not observed on the
macroscopic scale V' — oo. Although not the expected behaviour, there is a small probability
that this one particle causes a chain reaction, resulting in the emergence — within finite time — of
a concentration O(p}y” (1)) = 1 of macroscopic order. Since B,.(p) grows polynomially, it turns
out that this probability has finite large-deviation cost [AAPR21], Sec. 3]: there exists a path pa ()
with pa(0) = pR = 0 and pa(T) > 0 such that Zj 17(p) < co. Physically, this means that the
process can ‘escape’ the boundary pa = 0 if a sufficient amount of free energy is injected in the
system.

Example. 2.3 (heating the room). We consider again one species X = {A}, but now R =
{1n — 0}andea > 0. Initially we set pi = p”(0) == 1,6° := 0and OV (0) = V0 == a/V
for some a > 0 arbitrarily large but of order 1. Similar to the previous example, the solution to the
macroscopic equation is constant (pa(t),0(t)) = (0,0), but there is some heat available
to start the reaction, increase the temperature and thereby accelerate the process (at least as
long as there is enough mass available). However, in this case it can be calculated explicitly that
the probability of a sufficiently strong chain reaction corresponds to an infinite large-deviation
cost: for any path (pa, 6(t)) with (pa(0),8(0)) = (p%,60°) = (1,0) and 6(T) > 0 there holds
T (p) < oo [AAPR21, Sec. 5]. Physically, this simple model shows that a room at 0 Kelvin
can not be heated with fire, since there not enough heat to start the fire, even when injecting free
energy in the system. More precisely, the enormous amount of free energy that would need to be
injected in to start the fire is of a higher scale.

Why can the system of the first example escape the crucial boundary with finite large-deviation cost,
but the second system cannot? The necessary and sufficient condition to escape a boundary point
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with large-deviation cost is that [AAPR21]:

(2.5) lim — [ logk,(p" + 7g) d7 =0,

T—0 0
where p*d is a boundary point of {p € & : k,(p) > 0} and g is an inward-pointing vector.

For the first example, pR? := 0, and we can simply take g := 1. Focussing on the crucial factor B,
of the reaction rate k,., we see that indeed:

_/IOgBT(pbd+%g)d%:—/10g<7~_)d%:_710g7_+7__>07
0 0

For the second example pR? := E° /ex and for an inward pointing vector we can take g :== —cyr/eala.
Then, again focussing on the crucial factor A, of k,.:

T cyla—e 1

—/ log A, ("4 + 7q) d = 22— 2n) / = dF = o0,
0 kBeA 0 T

and so the reaction rate vanishes too fast near the boundary in order to escape with finite cost. It is

interesting to note that in this respect the Arrhenius law is exactly a border case which does not allow
escaping the boundary 6 = 0.

In order to circumvent this issue we assume 8~ > 0 in Theorem

2.3. Flux large deviations. In order to generalise the physical structure beyond detailed balance, we
also study large deviations of fluxes. At this stage we require reversibility of the reaction network (each
forward reaction corresponds to a backward reaction), permitting the use of net fluxes. To be more
precise, let

1
WM(t) = v#{reaotions roccurred in (0,¢] }

1
- V#{reactions bw(r) occurredin (0,¢]}, 7 € Ry
be the cumulative net reaction flux.

As mentioned in Subsection there are almost surely a finite number of jumps. Therefore, the paths
W) are almost surely of bounded variation, and we may define the time derivative J = W),

which is the flux from Subsection[1.4] This flux is however a singular measure in time, so for now it is
more convenient to work with the cumulative net flux TW ) (¢), which is a Markov process in R™ with
initial condition //)(0) = 0 and generator:

(QUF)w) =V 3 [k A OB (p)[Flw+ £1,) = F(w)]

rERtw

+ '%bw(r)Abw(r) (Q)Bl()‘\;)(r) (p) [F(’U} - %]17‘) - F(w)]]a

where the cumulative net flux w determines the concentration through the continuity equation p =
p"? + T'w (recall the definition of T from (1-3)), and again 6§ := (E"° — e - p)/cy . On an abstract
level one then sees that the condition (2.5) is the same as for the process p'"”, yielding the flux
large-deviation principle:

Theorem 2.4 ([PR19, [AAPR21]). Assume 0°, p° and R are such that & is bounded and 6~ > 0.
Then the process W) satisfies a large-deviation principle in D(0, T'; RY) with rate functional

Jo £(p(t), (1)) dt, w e W0, T;RRs),  w(0) =0,
(2.6) Jo,r)(w) = p = p’+Tw,
00, otherwise,

DOI 10.20347/WIAS.PREPRINT.2893 Berlin 2021
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where

@7) L(pj) = inf S(7 1 k(p.0))-
j€[0,00)R:
VreERtw jT:jT‘fjbw(r)

The infimum in (2.7) appears by a “contraction principle” since we work with net rather then one-way
fluxes. By the same principle, (2.4) is related to (2.7) through
(2.8) L(p,u)=_inf  L(p,j).

JERswu=Iy

3. INVARIANT MEASURE AND QUASIPOTENTIAL

This section is dedicated to the invariant measure I1¢") of the microscopic process, and its large-
deviation rate V, also called the quasipotentiaﬂ For a simple unimolecular reaction network A = B
the invariant measure will be explicitly constructed in Subsection and its large-deviation rate is
calculated in Subsection For more general networks, the invariant measure remains unknown,
but the quasipotential can still be derived indirectly via a Hamilton-Jacobi-Bellman equation; this will
be the content of Subsection [3.3

3.1. The invariant measure for the unimolecular case. In this subsection we explicitly construct
the invariant measure for the simple setting X’ := {A, B} and R := {fw,bw} = {1r — 15,1 —
]lA}, in chemical notation: A = B. To simplify notation we write a := ag, = ap, and without
loss of generality we assume that V' is the total number of particles in the system (conserved by the
dynamics). It will be helpful to rewrite all variables in terms of the number 7 of A-particles (for fixed V):

L EVV —e.pli] EYY—eg eg—en.
= ) Pl _ Y
— ! CH CH cgV
recalling the total energy defined in (1.8). Define i~ = min{i = 0,...,V : 0[] € [0~,07]}

and similarly i* as the maximum. Then the process (p!"”, ©") can be interpreted as a birth-death
process on the state space {i~,...,i"}.

For a birth-death process the invariant measure I1") can be explicitly constructed using detailed
balance as Ansatz:

ki (i — 11,00 — 1))
ke (pli], 0[1])
1=i- b A (0[1]) By ([1])
Hz:r+1 Ktw Asw (0[1]) Brw (p [l])
From this we see that the measure factorises into chemical and thermal factors, so we can set

I (pli]) = T (pli — 1)

(3.1) =TI (p[i7])

3:2) I (pli]) = F(V)(H[Zg(a(v)(p[i])7 70 . Z FOO[])GY (p[]),

for some F'") G that can be studied separately. Note that I1®"” (p[:~]) and possible other constants
that we encounter can be absorbed in the normalisation factor Z".

3Actually, the most common notion of quasipotential as used in [EW12] is slightly different. There are known cases
where that notion does not coincide with the large-deviation rate of the invariant measure, even if the macroscopic dynamics
has a unique basin of attraction [YS21].
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The chemical factor has the Poisson-product form that is the invariant measure for the isothermal
reaction network (see for example [ACK10]):

[T Fo Bow(pll) Ty (v = 1)
H;:i—Jrl Ktw Brw (p[1]) H;:i—+1 Ktwl
B (@)i—r (V=i ) J(V =)

Rfw Z'/Z_'
Vﬂ— Vpr[l
— constant x H e VT
o= AB pr
- G(Vv><pm>
Setting T = (’%bw7 K/fw)/|("€bwu /ffw)|2-
For the thermal factor, we obtain:
[T Aw(O) _ Aw(l]) 77 Aw(6l])
[T Aw(0l)  As(Ol]) 2% As(O11])
B _ a—es a—ep . eg —ea
- P ( k:y‘)[i‘]) P (1@9[@'] ) P ( Z k0[] )

= FV(0]).

By construction (3.2) satisfies the Ansatz (3.1) and hence the process is in detailed balance with
respect to the invariant measure 11V,

Motivated by the results in Subsection [3.3] we expect a similar formula for the invariant measure to
hold more generally when the isothermal reaction network is in detailed balance, or if it is in complex
balance and a is constant.

3.2. The quasipotential for the unimolecular case. Still restricting to the simple setting A = B we
derive the quasipotential ) as the large-deviation rate function corresponding to the invariant measure
IT™) constructed in the previous subsection. As explained in [MPPR17, Sec. 2] it corresponds to the
(nondimensionalised) physical free energy per unit volume. Moreover, the function V' will generally
be a Lyapunov function for the macroscopic dynamics, and — in case the Onsager-Machlup principle
holds — also the driving energy, see Sections [4]and

Since the large-deviation principle is a finite-dimensional problem we present a formal but direct
calculation and skip the minor technicalities required to make this into a rigorous statement. Pick a
concentration-temperature pair (p, §) € [0, 00)* x [0, o) and a sequence (i"))ysgin {i~,...,i"}
so that (p[:"],0[:""]) — (p,0) as V' — oo, adopting the notation of the previous subsection. Then

_ %log o (p[z'm], 9[@'(‘”])
1 log F(0[i]) — 1 log G (p[i™]) + 1 log Z™.
V V V
It is well known and easily seen by Stirling’s formula that

) 1 .
Jim == Tog G (i) = S(p | 7).
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For the thermal contribution note that = and 6[-] defined in the previous subsection depend on V" and
that 0[i~] — 0~ as V' — oo. By a Riemann integral approximation:
i—1

1
3 _ V) 1) — 13 _ b A
Jim =7 log FE(O[]) = Jim, V e ko[l

TS €g — €A
— VIEI;O % Z kB(Ei;IeB + ereAp[l])

l=i—+1 cH
_ _M/p 1 i
kg limy 00 pli~] %;B + %ﬁ
= —C—Hlog i
]{?B 0

Putting all parts together indeed yields the claimed quasipotential (1.10).

3.3. The quasipotential for the general case. For the more general case as the simple unimolecular
example, it still remains unknown what the exact expression of the invariant measure is, and therefore
the direct calculation of its large-deviation rate functional as in the previous subsection cannot be
used. However, we can still derive the quasipotential indirectly, without knowing the invariant measure.
The key observation is that the invariant measure 111" is related to the generator Q"”, and so the
corresponding large-deviation rate ) must be related to the large-deviation cost function L. We recall
the exact relation without proof.

Lemma 3.1 ([PRS21], Th. 3.6]). Ifthe invariant measure 1) satisfies a large-deviation principle (T.10)
with rate function V, then

(3.3) H(p. VV(p)) =0, infV = 0,

where 7—2 is the convex dual of ﬁ.‘

(3.4) H(p.€) = sup &-u—L(p,u) = k(p)(e5” —1).
u€R¥ reR

From now on we focus on equation (3.3), which is exactly what is needed for the use in Onsager-
Machlup and Macroscopic Fluctuation Theory. In order to solve it, we will need to make assumptions
about the isothermal setting, where A,.(f) = 1. For that setting, the stoichiometric simplex captures
all concentrations that can be reached through reactions in R

S = {p=p"+Tw:weR¥ andp € [0,00)"}.

Note that & C &'™° since some concentrations in G™° could correspond to negative temperatures.
Either one of the following two assumptions are needed:

Isothermal Detailed Balance (IDB): There exists a unique state 7 € G*° such that for
each forward reaction r € Ry :

HTBT<7T) = HbW(T)BbW(T) (71')

Isothermal Complex Balance (ICB): There exists a unique state 7 € &™° such that for
each complex o € {a : r € R}:

Z KBy (1) = Z K By(T).

reR:a(N=q reR:aPv(r)=q
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Naturally for both assumptions 7 is the steady state for the macroscopic isothermal equation p(t) =
Lj(t), Jr(t) = ke Br(p(t) = Kw(r) Bowe) (p(1)).
A direct calculation shows that (ICB) is equivalent to [ACK10, Sec. 3.2],
(3.5) Z (KB () = Ebw(r) Bow() (1)) (Yabwy — Ym) =0

TrE€ERtw
for all test functions ¢ mapping complexes o € {a™ : r € R} to the reals. This will be useful in the
next proof.

Remark 3.2. Both conditions (IDB) and (ICB) are macroscopic in nature. However, since our network
is assumed to be reversible, (IDB) is equivalent to detailed balance of the isothermal microscopic
system, in the sense of reversibility of the Markov process [ACK10, Th. 4.5].

We now come to our first main result.

Proposition 3.3. Assume that either (IDB) holds, or that (ICB) holds and a,. is constantinr € R, and
letm € [0, oo)X be the corresponding steady state of the isothermal equation. Then at all points of
differentiability of V', the Hamilton-Jacobi-Bellman equation (3.3) holds with

E0—e.
(3.6) V(p) = S(p|m) — Llogh - C, h=——°P
k’B CH
where
— - _cm
(3.7) C= plélgf S(p|m) T log 6.

0:=(E°—e-p)/cy

Proof. We first focus on the gradient of 1V and comment on the constant C' at the end. Under (IDB) or
(ICB), the steady state 7 is coordinate-wise positive [ACK10, Th. 3.2]. Thus, abbreviating log(p/7) =

(log(/)x/ﬂ'x))xez\’s
) e E°—e-p
(3.8) VV(p) =log — + vl p—

at all points of differentiability {p > 0 : e - p < E°}. Plugging this gradient into
~ 7arfe»o¢(r) ” oz L& ). ()
7’[(,0, VV(IO)) = 01 Z Kpe  *B? po‘( ) [e(l gt ige) " _ 1}
reR
= Q4 Z (/{rﬂ'a(r) - /‘fbw(r)ﬂabwr))

TERtw

(G O
If (IDB) holds, then clearly the first bracket is zero for all r € Ry,
If a, = 0, then all variables in the second expression depend on the complex only. Thus
H(p,0.VV(0) =07 > (5,7 — k(™) (Gt = Yo,
FER

where the test function ¢ : {a™ : r € R} — Ris defined as ¢, = (p/7)* exp(e-a/(kph)). This
expression is zero under the assumption (ICB) because of (3.5).

It remains to show that inf )V = 0, which is clearly true whenever (' is finite. This is easily seen by
recalling that

(3.9) e-pt+cyl=e-p’+cyd® = E°,
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and so one can bound from below:

CH

Eo—e-p CH—EO
3.10 ——1 0>—(1-20 1-— > .
810 S(p|m) - fhlog0 > (1) = (1 TS > S

U

Remark 3.4. The proof shows that the factor #¢ plays no role whatsoever since it is independent of
the reaction r. Moreover, the proof will generally break down if (ICB) holds but a,. is not constant in 7.

Now that the quasipotential for the anisothermal dynamics is known and is a strictly convex Lyaponuv
functional for the macroscopic dynamics (T.4), the steady state (p>,6>) can be found as the min-
imiser in the minimisation problem (3.7). Since V is a strictly convex function on a finite-dimensional
space that is bounded from below by and G is convex, the minimiser exists and is unique. Let
P be the projection from RY onto RanT:

a®a™
P,=3y v
a3
r€ERtw
Differentiating V yields that the minimiser satisfies
px = e kBgoo“i‘((I P)A\) : e.poo_{_cHHoo _ EO,

where the Lagrange multiplier A € R™ is chosen such that (P — I)(p> — p°) = 0. It is difficult to
obtain a more explicit expression, even without the constraint p € p° + RanT.

Remark 3.5. The quasipotential can now also be written as:
0

V(p)=S(p|m)—Sp|p™ )—k—logem

4. ONSAGER-MACHLUP THEORY

In [MPR14] we showed a modern version of the Onsager-Machlup principle. Translated to the setting of
this paper, this means that if the Markov process p'"’(t) is in (stochastic) detailed balance with respect
to its invariant measure I1V) that has large-deviation rate V), then there exist a unique dissipation
potential W : [0, 00)* x [0, 00) x RY x R so that

(4.1) L(p,u) =V (p,u) +T*(p,—2VV(p)) + 1VV(p) - u

for all u € R* and all points of differentiability p € [0, 00)* of V. By definition, ¥ : [0, 00)* x RY —
[0,00) being a dissipation potential means that W(p, u) is convex in u and ¥(p,0) = 0, which
reflects the physical principle that there is no dissipation at zero velocities. Of course, (4.1) is the local

version of (1.12).

It is difficult to check whether p"(t) is in detailed balance if the invariant measure is not known. Luck-
ily, detailed balance only needs to hold in the large-deviation regime. On the stochastic microscopic
level, detailed balance with respect to an invariant measure 1Y) means that:

Prob (p'"” € dp) = Prob (<—<V € dp), SOt = p(T — 1),

whenever p™*?(0) is distributed according to H(‘” Taking the large deviations on both sides V(p(0))+

fOTﬁ(p(t),p(t)) dt = )+ fo p(t)) dt, and since this holds for all ', one finds the
following time-reversal symmetry on the Iarge deV|at|ons scale (see [MPR14]):

(4.2) ﬁ(ﬂ? u) = ﬁ(pa _u> + VV(p) U
for all points of differentiability p of V and all u € RY.
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Proposition 4.1. Assume (IDB), so that by Proposition the quasipotential V is given by (3.6).
Then the time-reversal symmetry (4.2) holds.

Proof. Taking the convex dual on both sides shows that (#.2) is equivalent to the symmetry of H(p, £+
sVV(p)) in & We thus calculate, abbreviating § = (E° — e - p)/cy and using 3.8):

H(p.&+5VV(p) —H(p, €+ 5VV(p))
= Z KTAT(0>BT (p) <e(% log %Jr% kgg JF&)"Y(T) _ 6(% log %Jr% k;gfg).,y(ﬂ)

reR
—e(a) pabw ()
™, _ar—e(@+aP)/2 0 1 () 4 o bw(r) ~(7) g
_E:KW 37 k50 p2(a +a N S R
reR
—e(a(™) p bW ()
_1(m 1) —2r=e@+a?)/20 1 (1) obw(r)y g (r)
— E (/@ﬂr 37 _,ibw(r)ﬂgv )e kg0 ,02(0‘ +a )
reER
. (T bW (r) , : . .
The last line follows from e=¢7"" = ¢£7™" and changing the index. The first factor is zero due to

(IDB):
1) ") _1ig() pabw() ™) b (r)
[N S R (T)Wﬂ = 27 (6, 71 — Ky ) = 0.

O

Under the (IDB) assumption, as an immediate consequence of the time-reversal symmetry (4.2) and
[MPR14, Th. 2.1], the Onsager-Machlup decomposition (4.1) holds, with the uniquely given dissipation

potentials:
U (p, ) =2 Z \/ kr(p)ka(r)(COSh(f V) — 1)a

rERtw
U(p,u) = sup &-u— U*(p, &),
£ERX
This result can be seen as an extension of [MPPR17] to include temperature effects. In that paper it
is explained how W can be written as an infimal convolution, which also applies to our anisothermal
setting.

Remark 4.2. In general ¥ does not have a clean explicit formulation (apart from the infimal convolu-
tion). However, it does have the dual formulation:

(4.3) \if(p, :]€1Rr713ffw Z 24/ K (p)kow(r) (p <COSh* | )) + 1)

TERfw

u=Ij

The appearance of the constrained infimum is no coincidence: U is related to the dissipation potential
for the MFT setting in the same way as (2.8), as was shown in [Ren18b].

5. MACROSCOPIC FLUCTUATION THEORY

In this section we move away from (isothermal) detailed balance (IDB) to more general dynamics.
Physically, this means that we look beyond thermodynamically closed systems, allowing for interac-
tions with the environment. However, since we will need the explicit expression of the quasipotential
V, we need to assume (ICB) and that a,. is constant in r.

We first derive the first decomposition (1.14) and introduce the symmetric and asymmetric forces.
Then the rate functional is further decomposed using generalised orthogonality, and we end with an
interpretation of the resulting MFT decomposition.
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5.1. Thermodynamic force and dissipation. One of the aims of MFT is to uniquely distinguish be-
tween internal mechanisms, that would be present if the system was thermodynamically closed, and
mechanisms that should be regarded as interactions with the environment. Naively one could look
for a decomposition of the type (4.1), where the force —%VV is replaced by a more general, non-
conservative force. However, it is not clear whether such force indeed exists; this is one mathematical
motivation to switch to the flux setting. Another, more physical motivation is the observation that sys-
tems that are driven out of equilibrium by external forces can potentially give rise to divergence-free
cycle and since is in essence an energy balance, one should not expect such a balance if
cycles are not taken in account. The starting point of MFT is therefore to consider the flux large-
deviations and decompose it as follows, see for example [BDSG™ 15, [Ren18al IMN08, PRS21]:

(5.1) L(p,j) =W(p,j)+¥*(p, F(p)) — F(p) - j,

Forall j € R® and all p for which the force F'(p) is well defined. The dissipation potentials and force
are uniquely given by [RZ21, Th. 3.2] (see also Remark[4.2):

1 k- (p)
E.(p) = = log —mF)
(p> 2 o8 kbw(r) (P)

\I/*(p, C) =2 Z \/ kr(ﬂ)kbw(r)(COSh<<r) - 1)7

r€Rtw
N RIE .j2
w%ﬁ_2g;Mm@mw(mm(7E®azyu)
T fw

Recall from (1.7) that the temperature-dependencies are implicit in the reaction rates k., kbw(r). From
the form of the force it becomes clear that (5.1) is only valid on the interior of &, where all reaction
rates are positive.

In case the process p*’(t) is in (stochastic) detailed balance, then similar to (.1), we would have
F(p) = —3TTVV(p) [RZ21, Rem. 3.3], where the I'T appears since the forces now act on fluxes.
We thus decompose the force F'(p) = F*¥™(p) + F*¥™(p) into

1
F™(p) i= =5TTVV(p), and
1 "
F™(p) == F(p) = F¥™(p) = - log ——— .
Kbw(r)T

where Y™ = () if (IDB) holds. Together with Theorem and (5.1), this provides the first decom-
position (1.14).

The two forces Y™, F'Y™ are symmetric respectively antisymmetric with respect to time-reversal of
the microscopic process; we refer to [BDSG™15,[RZ21],IPRS21] for the details. Observe that F'3Y™ =

0 precisely when (IDB) holds. Moreover, the antisymmetric force is constant in p, which was also
observed in all applications in [BDSG™ 15, KJZ18, [PRS21].

5.2. Generalised orthogonality. The first decomposition still includes one term that involves
both forces: W*(p, F*¥™(p) + F*¥Y™(p)). This term can be further decomposed by the notion of
generalised orthogonality, first described in [KJZ18], extended to jump processes in [RZ21], and finally
described for arbitrary processes in [PRS21]. The idea is to generalise Hilbert orthogonality:

1 1 1 1 1
- b 2 __ — 2 b Z1Ib 2 - 2 - 2 ]

*In this context, the operator I" plays the role of a divergence, so divergence-free fluxes are fluxes in the kernel of T".
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A similar expansion can be written down for our dual dissipation potential ¥*, however since it is not
quadratic, the cross product (-, -) becomes a non-bilear function 7, (-, -), one of the potentials need to
be “modified”, and there are two ways to do so:

(5.2) U™ (p, F¥™(p) + Fasym(p)>

53) = W (p, F(0)) + 0y (F™(p), F¥™(0)) + W (0, F¥ ()

(5.4) = U (p, F*™(p)) + 1, (F™(p), F*™(p)) + Vs (p F*™(p)),

It turns out that the ‘cross product’ 1,(F™(p), F*¥™(p)) is always zero, which can be interpreted

as a nonlinear version of F™(p) L F*Y™(p). We abbreviate the two terms on the right as A*¥™ (p)

asym
and A" (p) respectively.

Theorem 5.1. Assume (ICB) and that a,. is constant inr € R, so that by Proposition[3.3 the quasipo-
tential V is given by (3.6). Then for all p in the interior of &:

(0. F(p) + F*"(p) ) = W (o F¥™(p)) + A ()
(5.5) = U (p, F*"™(p)) + A (p),

asym

with

ar—e-a\'/ e-al a(r) w(r
Asat(p) = }je i (2 (Vi =\ fra ab<>)

TER

r—e-alr) e abW(r) o\ 2

) = Y (V S e (0
rerR

Proof. It was shown in [RZ21, Prop. 4.2] that indeed 7, (F*¥™(p), F*¥™(p)) = 0. The remaining
terms on the right in (5.4) have the explicit form [RZ21}, Sec. 5]:

(5.6) Az )=%§:(¢E@5—\f5@03

2
5.7) () = 5 30 (Ve v (0))
TGR

< < . . "
Here k.(p) and Fbw(r)(p) are the reaction rates corresponding to the adjoint Markov process t
pY (T — t) starting from its invariant measure II'"). These rates are related to the quasipotential 1
via the relation [Ren18a, Eq. (42)]:

Kow (0) = kr(p)e?" VYO,

Plugging these and the reaction rates (1.1) into (5.7) completes the proof. U

5.3. Interpretation. Combining the decompositions (5.1) and (5.5) and integrating over time yields,
using F(p(1)) - (1) — IV Pll) = ~34V(p(1)) and Fem(p(1) - ity —

2dt
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Fasym qjy(t) = L(Fasvm . qp(t)):

Tom(pw) = / C(p(t). 1)) dt

= [ (#0000 + (o). = p0) = 7 (p(0) - i) e

1L pasym (p() (1))

1

(59 + [ A (ol0) dt £ (D)) = 5(0(0)

J/

= [ (200, 60) + ¥ (ol6), P 0(8) = P ot1) - ite) | a

-

=:Lpsym (p(t)(t))

T
(5.9) + / AV (p(t)) dt — F*™ - w(T).
0

A priori these decompositions only hold as long as p(t) remains in the interior of &, but since all
expressions are well-defined for any p € G, an approximation argument yields the result for all paths
p(t) in &, see for example [RZ21, Prop. 5.3 & 5.4]. The two decompositions isolate dissipative and
non-dissipative effects in anisothermal reaction networks, and as far as we are aware, this is the first
result in this direction.

By convex duality the two expressions Lpsym (p(t),w(t)) and Lpasym(p(t),w(t)) are again non-
negative, and their integrals can be interpreted as a large-deviation rate of a modified microscopic
process. The modified process corresponding to £ gsym is in detailed balance, and hence it is decom-
posed in a similar fashion as the Onsager-Machlup result (but now on the level of fluxes). The
interpretation of L pasym is a bit more involved. It is shown in [PRS21] that for simpler examples the
path L pasym (p(t), w(t)) = 0 is a Hamiltonian system - although for (isothermal) reaction networks
this is still an open question.

What can one deduce from (5.8) and (5.9)? First of all, L(p(t),w(t)) = 0 along the expected
path (1.4), so one obtains estimates on the free energy loss and work:

T

1 1 g , sym
V(D)) = SV(p(0) = - / L (p(t), (1)) dt — / A (p(t)) dt < 0,
0 0
T T
Fm (T = _/ Lpsym (p(t), w(t)) dt — / AZY (p(t)) dt < 0.
0 0
Naturally, the fact that the quasipotential V) is Lyapunov along the expected macroscopic path is well-

known, see for example [FW12].

Second, away from the expected one obtains the estimates:
1 T 1 T
VOO + [ Az (p(0) de < V(600 + [ £(p(e) 000) .
0 0

Fasym-w(T)+/0 A (p(t)) dtg/o L(p(t),w(t)) dt.

Hence a good control of the rate functional and initial condition implies good control of the Fisher
information and 3V (p(T')), F*™ - w(T'). These estimates are very useful to obtain compactness for
paths of bounded rate functional, see for example [HPST20, [PR21].
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