Journal of Mathematical Biology (2025) 90:31 ° o

https:/doi.org/10.1007/500285-025-02191-3 Mathematical B|0|Ogy
Check for
updates

Description of chemical systems by means of response
functions

E. Franco'® - B. Kepka?® - J. J. L. Velazquez'

Received: 5 September 2023 / Revised: 2 October 2024 / Accepted: 23 January 2025
© The Author(s) 2025

Abstract

In this paper we introduce a formalism that allows to describe the response of a part
of a biochemical system in terms of renewal equations. In particular, we examine
under which conditions the interactions between the different parts of a chemical
system, described by means of linear ODEs, can be represented in terms of renewal
equations. We show also how to apply the formalism developed in this paper to some
particular types of linear and non-linear ODEs, modelling some biochemical systems
of interest in biology (for instance, some time-dependent versions of the classical
Hopfield model of kinetic proofreading). We also analyse some of the properties of
the renewal equations that we are interested in, as the long-time behaviour of their
solution. Furthermore, we prove that the kernels characterising the renewal equations
derived by biochemical system with reactions that satisfy the detail balance condition
belong to the class of completely monotone functions.

Keywords Renewal equations - Response functions - Non-Markovian dynamics -
Biochemical systems

1 Introduction

A basic problem in biology is to determine the response of a system (that might be a cell,
a cell organelle, a specific biochemical network or a tissue) to a chemical signal. The
response typically might be a chemical, electrical or mechanical output. A formalism
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relating the input and the output using the so-called response-time distribution has been
proposed in Thurley et al. (2018). In particular, this formalism has been applied there
to study signaling mechanisms between different immune cells. The goal of this paper
is to formulate precise mathematical conditions which allow to use the formalism of
Thurley et al. (2018) to model general biochemical systems.

In the simplest model the relation between the input signal /() and the output R(¢)
of a system is given by

dN (1)
dt

t
R() = Ro(t)—i—/ Yt —s,N(@)I(s)ds.
0

= R(®)
(D

In this formula N (¢) is the density of elements in the system, Ry (¢) is a transient
response, associated to the initial state of the system and the integral term describes
the response to the input / (¢) . The function Ry is also called forcing function, see
for instance (Diekmann et al. 1998). The input/output functions 7 (#) and R (¢) might
be vectors, if the system under consideration has several inputs and several outputs.
Therefore, in general, ¥ would be a matrix.

Notice that the formalism of response functions, using equations like (1), is par-
ticularly suited to study biological systems, specifically biochemical systems. Indeed,
due to the large number of substances involved in these processes, it is often difficult
to determine all the reactions, as well as the relevant chemical coefficients, that would
be needed to model the system in detail. On the other hand, response equations with
the form (1) (or non-linear versions of it) require only the knowledge of the function
Y, which, in principle, can be determined experimentally from measurements of the
behaviour of the system.

It is worth to mention that systems with the form (1) have been extensively used
in the modeling of biological systems. The earliest example appears in population
dynamics, specifically in demography, see the seminal work by Sharpe and Lotka
firstly published in 1911 in Philosophical Magazine, Series, Vol.21: 435-438 and
more recently published in Sharpe and Lotka (1977). Similar approaches to the one
in Thurley et al. (2018) can be found in models of immune systems, see for instance
(Busse et al. 2010), in models that describe the production of Ca?*, see (Moenke et al.
2012; Thurley and Falcke 2011), in models of kinetic proofreading (Bel et al. 2009)
and in models of the circadian rhythms (Thurley et al. 2017).

In this paper, motivated by the work in Thurley et al. (2018), we analyze under
which conditions it is possible to study the interactions of different parts of a bio-
chemical system by means of a set of response functions that generalizes (1). In the
case of a linear system, our approach consists in considering a (large) subset of reac-
tions as an unique object. In this paper, we call this object compartment. Our interest
is to understand the interactions between different compartments. In fact, these inter-
actions are described in detail by response functions 1, that can be derived from the
reactions taking place inside each compartment. Once the response functions have
been derived, one can study the resulting response function equation and ignore the
detailed information on the processes taking place inside each compartment.
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We anticipate that the evolution of the number of elements N,, in the compartment «
will be described, in the linear case and under suitable assumptions on the interactions
between the compartments of the biochemical system, by the following system of
equations

d Ny (1)

_ _ _ 0
2 = Bu() = Da(t), Na(0) = N @)

where B, satisfies the renewal equation

t
By(t) = BY(1) + Zf Bp(s)®py (1 — 5)ds 3)
pta”?

and where Dy, is a function of By, namely
t
Dy(t) = DY (1) +/0 ko (t — 5)Bg(s)ds. 4)

In our study, the variable « € X is usually a compartment of a larger system 2. More
precisely, €2 is the set of all possible states of elements in the system. Then, X is a
partition of €2, i.e. X is the set of all compartments «. We assume that €2, and hence
also X, is finite. In particular, (2)—(4) is a finite system of equations. In this paper we
mainly study the system of Egs. (2)—(4). However we also analyse a generalization
of it, called GRFE (see Sect.2.2) where no assumption is required on the interactions
between the compartments of the network.

We will refer from now on to the Egs. (2)—(4) as Response Function Equations
(RFEs). Notice that we are assuming that the chemicals in the system are in different
states and the changes in the density of elements in a certain state is only due to jumps
from one state to another. Hence, in this paper we restrict ourselves to conservative
system, i.e. systems for which the total number of elements is constant in time. How-
ever, it would be possible to study also non-conservative systems, similar to the ones
which appear naturally in population dynamics, see e.g. Diekmann et al. (1998).

The functions By, D, yield the total fluxes of elements from any compartment
B € X towards ¢ € X, o # B and from the compartment « towards any other
compartment § € X, B # « respectively. Notice that the set of functions {B,}, {Dy}
are related by means of input-response equations of the form (1). More precisely, a flux
Bg(s) arriving to the compartment 8 € X at time s yields aresponse Bg(s)® gy (t —5)
at the compartment « at time 7. The formula yielding B, (¢) in (3) takes into account
the sum of the fluxes arriving to the compartment g for all times s € (0, 7) .

The function Dg is the total flux of elements, that were already in the compartment
a at time 0, to any compartment 8 € X. Similarly Bg is the flux of elements arriving
in o from any compartment §, given that they where in g already at time equal zero.

Since we assume that Y,y Ny is conserved, we assume Y, D = 3",y BY
as well as

aeX

ko= Y. Dup. ®)
pex\la)
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Furthermore, for consistency, we need to assume

Na(0) = f " D20y ©)
0

for every @ € X. This is a natural assumption that guarantees that the out-flux from
the compartment « of the elements, which where in « already at time ¢t = 0, must be
less than the total number of elements in « at time 0.

Finally, we assume

> / Dop(r)dt = 1, )

peX\{a}

if it is possible to go from compartment « to any other compartment 8. Otherwise, if
« is not connected to any B € X then

> / Do (1) dt = 0. 8)

peX\{a}

Assumption (7) guarantees that an element moves away from a certain state in finite
time with probability one.

Equations of the form (2)—(4) are one of the main objects of our study in this paper.
Although in this paper we are mainly concerned with linear models, we also introduce
some non-linear variants.

Let us recall that equations of the form (3) are commonly referred to as renewal
equations, (REs). Such equations, as well as some non-linear versions of them, have
been extensively studied in the mathematical literature. For instance, they have been
used to analyze structured populations, see e.g. Feller (1967), Diekmann et al. (1998),
Gripenberg et al. (1990), Franco et al. (2021, 2023), or epidemiological models, see
e.g. Diekmann et al. (2013), Inaba (2017), Kermack and McKendrick (1927). Simi-
lar equations, in which ®4g contain in addition a dependence on the concentrations
{N, }VGQ’ have been considered in Thurley et al. (2018).

It is known that linear renewal equations modelling the evolution in time of a
structured population can be reformulated as a partial differential equation with a
transport term and with birth-death terms. See for instance (Calsina et al. 2016).
Similarly, this is possible for the RFEs (2)—(4). The corresponding PDEs contain a
transport term and birth-death terms. We refer to these types of models as structured
population equations (SPEs). They have the form

O fa(t, x) 4+ 0x fo(t, x) = —Aqg(X) fo(t,x), x>0, t >0, xeX
foto= Y / A ) 5 (1, X)dlx ©)

BeX\{a}
Jfu(0,x) = fa,O (x)
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where Ag (x) 1= Dy (g 2ap(x) = 0.

In the context of this paper, the family of solutions {fy(z, x)} of the Eq. (9)
is the density of elements with state in the compartment « € X and with age
x at time ¢. The particular type of SPEs considered here is conservative, i.e.
0y (Zaesz fooo falt, x)dx) = 0. Notice that in these equations we assume that the
elements of the population with trait in « and age x are removed with rate A, (x) and
they re-appear in the population as elements with traitin 8 # « and age x = 0 at rate
Aaf-

ﬁUsually in classical structured population models the parameter x could be the
age, the size or the immunity level against a certain pathogen, see (Diekmann et al.
1998; Franco et al. 2021). In this model x is the time for which an element has
been in a certain compartment. Introducing the age structure allows to reduce the non-
Markovian system of RFEs, with forcing function Bg satisfying a suitable consistency
condition (cf. 67), to a Markovian system of PDEs. Here with Markovian system of
PDEs we mean that the transition from a certain state to another one does not depend
on the history of the function { f, }.

Let us remark that SPEs of the form (9) have been extensively used in Mathemat-
ical Biology, in particular in population dynamics, see for instance (Perthame 2006).
Solutions to SPEs describe the evolution of individuals (e.g. cells, humans, animals,
etc.) in a population structured via a certain variable (e.g. age, size, immunity against
a certain pathogen). In this paper, we study the equivalence of a generalization of the
SPE (9) with a generalization of the RFE (2)—(4), namely the GRFE (see Sect.2.3).

Chemical systems in Systems Biology are often formulated as ODEs. Here, we
denote by €2 the finite set of possible states of the elements in the system. The elements
are for instance cells in different states or, alternatively, chemical substances which
can be transformed in another one by means of chemical reactions.

The system is described by a finite number of concentrations n(t) = (n;(t))icq €
]le‘. Here, |2|] € N denotes the total number of states. The concentrations evolve
according to ODEs of the form

n 5 _ 4 0) = 10
E(t)_ n(t), n(0) = ny, (10)

where the matrix A € RI$2IXI9 gatisfies

Aii=— Y Ay foralli € Q Ay >0fork #i.
keQ\{i}

As we will see in this paper, one can reduce a system of ODEs (10) to the RFEs
(2)-(4). To this end, we partition the set of states 2 into compartments, i.e. in a
family of disjoint sets « € X. Then, our study concerns merely the concentrations
No = Y ey Nk Within each compartment & € X as well as the inward and outward
fluxes. Let us mention that for general choices of matrices A these fluxes solve more
general RFEs than those in (2)—(4).

It is important to remark that, while the evolution of the solution n € lel of (10)
is Markovian, the evolution of {Ny}4cx is non-Markovian. Therefore, we say that
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reformulating the ODEs (10) as a RFE is a demarkovianization process. Notice that the
ODE:s (10) are in general not equivalent to the RFEs (2)—(4), unless some information
on the internal states of each compartment is available. However, the information on
the evolution of internal states before time 0 is contained in the functions {Dg} and
{Bg}. Similarly, the response functions ®4g(t) are given by the evolution of internal
states at time 7.

Once a RFE has been derived from a ODEs system, we can think of each com-
partment as a black box. The RFE model describes interactions between these black
boxes. On the other hand, the concentrations n; can be interpreted as a set of internal
variables, which characterize each compartment completely. The demarkovianization
procedure yields a system with a smaller number of variables. Thus, one replaces a
large Markovian system by a smaller non-Markovian system.

This procedure is reminiscent of the construction of so-called hidden Markov mod-
els (cf. Baum and Petrie (1966)). The goal in that case is to study the evolution of a
Markov-process X, with unobservable (hidden) variables, by analysing only the evo-
lution of the observable variables. We refer to Bishop and Thompson (1986) where
hidden Markov processes have been applied to analyse DNA sequences for the first
time.

Itis relevant to mention that the demarkovianization process in this paper is different
from a procedure called lumping, which has been extensively studied in chemical
engineering, see (Atay and Roncoroni 2017). In lumping a large system of ODEs is
reduced to a smaller system of ODEs, i.e. a Markovian process. This is only possible
if the initial system of ODEs has a particular structure. In the procedure studied here
the systems obtained are in general non-Markovian.

Furthermore, let us mention that ODEs of the from (10) describe pure jump Markov
processes. Similarly, RFEs of the form (2)—(4) describe the so-called semi-Markov
processes, see (Gyllenberg and Silvestrov 2008). These semi-Markov processes are,
as well, pure jump processes. However, while in the case of Markov processes jump
times are always exponentially distributed, semi-Markov processes allow for more
general distributions of the jump times. In fact, the response functions ®g are exactly
the probability densities of these jump time distributions.

Let us now give an overview of the problems studied in this paper using the response
function formalism. First of all, we study the relation between the ODEs and the
RFEs in the linear case. We formulate in a precise manner the response function ®gg
corresponding to the decomposition in compartments of the systems of ODEs (10).
In addition, we prove that for any set of response functions ®4g satisfying (7) it is
possible to find a sequence of ODEs with the form (10), such that the corresponding
response functions converge to ®4g. In other words, we prove that the set of response
functions corresponding to the class of ODEs (10) is dense in the set of probability
measures (endowed with the weak topology). We refer to Sect. 3 for more details.

In this paper we consider also systems of the form (10) satisfying the detailed
balance condition, i.e. we assume that at the equilibrium each individual reaction is
balanced (cf. Liggett (1985)). It turns out that the class of response functions that can
be derived from these systems is much smaller than the one obtained for the general
systems with the form (10). More precisely, the response functions ®,g obtained from
a general class of ODE:s satisfying the detailed balance condition belong to the family
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of completely monotone functions, i.e. they are Laplace transforms of non-negative
measures (see Theorem 3.2). We remark that, to have completely monotone response
functions is a necessary condition for systems originating from ODEs with detailed
balance, but it is not sufficient. There are also systems of ODEs, that do not satisfy the
detailed balance condition, for which the response function is completely monotone.
Theorem 3.2 provides a way to discriminate these systems from the ones satisfying
the detailed balance condition.

We underline that the detailed balance property is a consequence of the reversibility
in time of the quantum mechanical equations (Boyd 1974). Therefore, closed biochem-
ical systems must satisfy the detailed balance property. However, many biological
systems are open and exchange substances with the environment, for instance they
consume ATP molecules and release ADP molecules. The outfluxes/influxes of sub-
stances keep these systems out of equilibrium and justify the lack of detailed balance,
which is typical of many biological systems. A few examples of biological systems
for which it has been experimentally estabilshed that they operate out of equilibrium
are molecular motors ( Alberts et al. 2002), actively beating Chlamydomonasflagella
( Battle et al. 2016) or the kinetic proofreading mechanisms (see Sect.7.1)

As far as we know, this is the first property that has been derived for response
functions that at the microscopic level are described by reactions satisfying the detailed
balance property. It is relevant to mention that the characterization of biochemical
systems for which the detailed balance condition holds or fails is an active research area
(see for instance (Battle et al. 2016; Li et al. 2019; Martinez et al. 2019)). For instance
in Martinez et al. (2019) a measure of the degree of irreversibility of general semi-
Markov processes has been obtained. However, notice that the question of determining
if the semi-Markov process under consideration has been obtained from a chemical
system satisfying the detailed balance condition, is not addressed in Martinez et al.
(2019).

Recall that the demarkovianization procedure yields a system of RFEs, which are in
general non-Markovian. It is then relevant to classify the response functions for which
the corresponding RFEs are actually Markovian. In fact, we prove, for a specific class
of forcing function, that such response functions are exactly given by exponentials. A
similar result is known for REs arising in population dynamics and in epidemiology,
see (Diekmann et al. 2020; Dieckmann and Inaba 2023). Furthermore, in terms of semi-
Markov processes, this result is related to the fact that the only jump time distribution
which yields a Markov process is the exponential distribution.

Next, we study the long-time behaviour of solutions to (2)—(4). Specifically, we
give conditions on the response functions that guarantee that the solution {N,} to
(2)—(4) converge to a unique stable distribution. For this we rely on Laplace transform
methods similar to the ones in Diekmann et al. (2012).

Another issue that we discuss in this paper is the reformulation of RFEs of the form
(2)—(4) in terms of SPEs of the form (9). This reformulation relies on the introduction
of a canonical age structure. We stress that the age structure will not be an intrinsic
property of the elements of the system, but a set of auxiliary variables that allows to
Markovianize the evolution of the densities of elements in the compartments.

In order to illustrate the use of the formalism of RFEs developed in this paper, we
provide several examples of linear models, which are well-established in Biochemistry
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and in Systems Biology. In particular, we study the evolution in time of two variations
of the classical Hopfield model (Hopfield 1974) of kinetic proofreading using the
machinery of RFEs. Furthermore, we exhibit a model of polymerization combined
with proofreading (see (Pigolotti and Sartori 2016)) that results in a non-Markovian
polymerization rate. Then, we also formulate in terms of RFEs a linear version of the
classical Barkai-Leibler model for robust adaptation (Barkai and Leibler 1997).

Finally, we consider examples of non-linear models. In this situation the class
of RFEs must be much more general than the one in (1). Specifically, it would be
relevant to determine under which conditions a class of RFEs is equivalent to non-
linear chemical reactions with non-linearities of the kind of the mass action or more
complicated ones like Michaelis-Menten or Hill’s law. In particular, the response
function contains in general, multiple integrals of the form

t t
/ / I(sy) ... I(s)¥(t —s1,...t —sy)dsy...ds,. (11

Notice that operators with the form (11) can provide information on the time corre-
lations of the signal 7(s). In contrast, such correlations can not be described by the
integral operators in (1). This is not surprising since linear ODE systems cannot yield
information about time correlations of the incoming signal, in contrast with non-linear
systems.

The non-linear examples discussed here include a model of non-Markovian poly-
merization as well as a system of ODEs describing the standard Coherent Type 1 Feed
Forward Loop. The latter has been extensively considered in Systems Biology (cf.
Alon (2019)).

Some of the results of this paper have been derived in different contexts in the liter-
ature, as for instance the characterization of response functions associated Markovian
dynamics or the density of the response functions associated to ODEs systems in the
space of probability measures. However, in order to unify the notation and to present
the results in the context of chemical reactions considered in this paper, we decided
to include the proofs of these results here.

1.1 Notation and plan of the paper

Before explaining the plan of this paper let us collect here some notation used later
on. First of all we define R} := [0, 00) and R, := (0, c0). Given a set 2, we
denote with 2% to denote the set of all subsets of Q. We denote by C.(R.) the space
of continuous functions with compact support endowed with the supremum norm.
Moreover we write M(R.) for the space of Radon measures on R ;. We denote with
M (R4 ) the cone of non-negative Radon measures and with M (R4 ) the space of
bounded Radon measures. Furthermore, we write M (R4 ) to indicate the cone of
non-negative bounded Radon measures. Let us recall that endowing Mj(R,) with
the total variation norm || - ||7v yields a Banach space which can be identified with
Co(R4)*.Here, Co(R ) denotes the space of continuous functions vanishing at infinity
endowed with the supremum norm.
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Furthermore, let us recall that the weak convergence in the sense of measures is
defined by duality with bounded continuous functions Cp (R ), i.e. i, —u if and only
if

/¢(X)Mn(dx)—>/ ¢ (x) pu(dx)
R, R,

as n — oo for any ¢ € Cp(Ry). Let us denote by d,, a metric inducing weak
convergence, e.g. the Lévy-Prokhorov metric.

The space C([0, T']; M4 »(R;)) contains all continuous functions from [0, 7] to
M »(R;). Here, we endow the space M ;,(R ) with the Wasserstein distance W
defined by

Wi(u,v) == sup / @(x)(n —v)(dx)
{”@”Li})fl} R+

where the supremum is taken over the Lipschitz functions and where

lp(x) — @(y)]
lelip = ll¢llc +  sup ~ ————.
{x,yeR L, x#£y} |x — ¥l

1

loc

R to R™*™ that are locally integrable and with Wlln’c1 (R4, R) the space of locally

absolutely continuous functions from R to R. Let us also define by L' (R, e~20/dt)

the space of measurable functions f from R, toR suchthats > f(r)e?’ is integrable.
In addition, we write f (z) for the Laplace transform of f, i.e.

Furthermore, we denote with L; (R, R"*™) the space of measurable functions from

f) = /OO e M F(t)dt.
0

Finally, for A € R"™™ we write ||A| to indicate the matrix norm induced by
the standard euclidean norm on R” and R™. As no ambiguity should arise we abuse
notation and write || - || for the standard euclidean norm for vectors.

The paper is organized as follows. In Sect. 2 we discuss the reformulation of a linear
systems of ODEs (10) in a system of RFEs. In Sect.3 we characterize the response
functions corresponding to general linear systems of ODEs as well as systems with
detailed balance. Section 4 is devoted to the characterization of response functions ®qg
in (2)—(4) corresponding to a Markovian evolution. In particular, we prove that such
response functions are exactly exponentials. Then, we analyze the long-time behaviour
of solutions to (2)—(4) in Sect.5. Furthermore, the equivalence of RFEs and SPEs is
discussed in Sect. 6. In Sects. 7 and 8 we present both linear and non-linear examples
of biochemical systems whose response can be described using RFEs. Finally, we
include some concluding remarks in Sect. 9.
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2 Reformulation of linear ODEs in terms of RFEs

In this section we study how to rewrite systems of ODEs of the form (10) using the
RFEs formalism. More precisely, we will show that the concentrations of elements
with different states in the compartment «, {ny} with n, € lel satisfy a system of
ODE:s (cf. (15)). Then we define the concentration N, of individuals with states in
compartment & € X by

No(t) =Y (na (1)) = e na(?). (12)

jea

Here, we use the notation

e,=(,....,)T eR". (13)

for e,. As we will see, the evolution of {N,} is given by a generalization of the RFEs
described in the introduction, cf. (2)—(4), which are valid only when the compartments
have at most one entrance point. In Sect.2.1 we introduce the decomposition of the
system (10) into compartments. In Sect.2.2 we formulate and study the generalized
RFEs. In Sect. 2.3, instead, we explain the relation between the system of ODEs (15)
and the RFEs.

2.1 Decomposition into compartments

In this section we introduce the decomposition of the system (10) into compartments.
We also give a definition of a special class of decompositions into compartments that
have at most one entrance point.

Recall that the set of the states, €2, is finite. The dynamics of concentrations n =

(ni)icq € R are given by

dn(t)
dt

= An(t), t>0. (14)

We assume the matrix A € RI$2I*I2 o be of the form

AiJ':)\jiZOfori,jEQ,i#j, Ajj = — Z Aik-
keQ\(i)

Hence, ele A = 0 where we are using the notation (13). We recall that A ;; is the jump
rate from state i to j. The elements of the matrix A are defined as A;; = A j; instead
of A;; = X;j in order to avoid to have the matrix AT in (14).

Let us note that the system of ODEs (14) is related to a pure Markov jump process
with jump rates A;; > 0. Furthermore, these rates induce a graph structure on the
state space §2. More precisely, we can define the set of the (directed) edges £ C Q2
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Fig. 1 Partition of a graph in QO - - B —

two compartments « and . The = T v A

straight lines connecting the v T \ "\ / A

elements are Markovian SN : < \

reactions ! \ — / \ \
: LN

RV

\ / sy

by £ = {(i, j)e?: Aij > 0}. Then (€2, £) is a directed graph. See Fig. 1 for a
graphical representation of the division into compartments.

For our reduction in compartments we choose a partition X C 2% of the set .
Accordingly, the solution of (14) can be decomposed in n(t) = (ny(t))aex Where
ny(t) € le‘ is the evolution in time of the density of elements in the compartment
o € X. In order to specify the equations solved by {rny }cx, we decompose the matrix
A as

A = (Aaﬂ)a,ﬂex :

Here, the matrices Aqpg € RI«I¥I8I are defined by Aug = (Aij)ica,jep = (Aji)ica,jep
for every o, B € X such that @ # B. Instead, when o = 8 we define

Agqg = Egg — Cy.

where the matrices Eyq € lelxlal are given by (Eqq)ij = Aij = Aj; wheni, j € a,

i # j. While fori = j we have (Eqq)ii = — D _jeq Mik- The matrix Cy € lelxla‘
contains the loss terms due to the jumps from « to other compartments. In particular,
Cy is a diagonal matrix of the form (Cy);; = ZjEQ\{a} Aij wherei € a.

As a consequence of (14) we have for all ng

dngy
70) = Egqng(t) — Cyng(t) + Z Aaﬂnﬁ(t)- (15)

BeX\{a}

Accordingly, the initial condition is ny(0) = ng for a given ng € le‘. Finally, the
graph structure (€2, £) suggests the following definition.

Definition 2.1 (Entrance point) Consider a directed graph (€2, £) and a partition X C
29 Leta € X. Astatei € « is an entrance point if there exists § € X\{«}and j €
such that (j,i) € £.

As mentioned in the introduction we sometimes restrict our attention to decomposi-
tions into compartments that have at most one entrance point. This single entrance
point (if it exists) is then denoted by i, € «.
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2.2 Generalized RFEs

In this section we introduce the generalization of the RFE, termed GRFE. While RFEs
describe the interactions between compartments that have at most one entrance point,
GRFEs do not require this assumption on the compartments. The evolution in time of
the concentrations of elements in the compartment & € X according to the GRFE is
given by

%(r)zelsam—e;%(t), Nu(0) = N§ > 0, (16)
t
Sa() =Sp0)+ Y / Gpa(t — 5)Sp(s)ds, (17)
peX\la) 70
t
Jo(1) = Jo?(t)+/ Ko(t — 5)Sy(s)ds. (18)
0

The fluxes {Sy (1)}, { Jo ()} with Sy, Jy € lel as well as the concentrations { N, } with
Ny € R‘fl are the unknowns. Instead, the kernels Gog(t) € R‘f‘xla‘, Ky(t) € lelxla‘
and the forcing functions 52 (1) € R‘fl, Jg (1) € R‘f' are given data.

Let us mention that (16)—(18) is a closed system of equations, so once {Sy} is
known, we can deduce {J,} and {N,}. While the influxes and the outfluxes {By}
and {D,} in (2)—(4) are real valued functions of time, the fluxes {S,} and {J,} are
now vector-valued. Here, the i-th component of S, can be interpreted as the flux of
elements, coming from any other compartment, to the state i € «. Analogously, the
i-th component of the vector Jy is the out-flux from the state i € « to any state j in
some compartment 8 # «.

Concerning the well-posedness of the system (16)—(18) we rely on the following
result.

Lemma 2.1 Assume that forall o, f € X

Gap € LE Ry RN Ky e LL @ RN, 80 00 e L Ry R,
(19)

Then, the system (16)—(18) has a unique solution with Sy, Jy € LllOc R4; R‘fl) and
Ny € WEHI Ry R) forall o € X.

Proof We have to prove existence and uniqueness of a solution of the renewal Eq. (17)
for every o € X. Existence and uniqueness in LlloC of a solution for (17) follows from
the existence of a unique resolvent R € Llloc, see e.g. (Gripenberg et al. (1990),Section
2.3) for the definition of resolvent and for the proof of its existence and uniqueness.
The resolvent is given by an infinite series of convolutions involving the kernels, hence
it is positive when the kernels are positive. This, together with the fact that the forcing
functions have non-negative entries, implies that also the solution {Sy}, {Jy} have

non-negative entries. O
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The solutions to (17)—(18) do not yield, in general, non-negative concentrations { N, }.
However, as we see in the following lemma, this holds under additional assumptions
on the kernels and the forcing functions.

Lemma 2.2 Under the assumptions in Lemma 2.1 consider the unique solution of
(16)—(18). Assume in addition that forall@ € X, j € «

o o
/ el JO(rydr < NY, f leg Ko(r)]jdr < 1. (20)
0 0

Then, we have Ny (t) > 0 forallt > 0, ¢ € X.

Remark 2.1 Let us mention that condition (20) is sufficient to gurantee non-negativity
of Ny, but it is not necessary. Condition (20) appears very naturally, when we assume
that the kernels {Gqg}, {Ky} are non zero. The first inequality in (20) ensures that
the total number of elements, that where in « already at time zero, removed from
compartment « does not exceed Ng . The second inequality can be interpreted by
viewing (16)—(18) as a semi-Markov process. The integral kernels are related to the
jump probabilities. Hence, (20) ensures that the probability to leave « via state j € «
is bounded by one.

Proof of Lemma 2.2 According to (16), we write

t
No (1) = Ng(0) +/ (elSa(s) - eIJa(s)) ds
0
t K
= Ny (0) +/ (e;fsa(s) —el J0(s) —/ e) Ko(s —r)Sq(r) dr) ds.
0 0

Here, we used (18). We then obtain from (20)

t Ky
Ny (1) z/ (e;[sa(s)—/ e;[Ka(s—r)Sa(r)dr> ds
0 0

t t
:/ e (1,a|x|a| —/ Ko(r — s)dr) Sy(s)ds > 0,
0 K

since (Sy); > Oforall@ € X, j € a. This concludes the proof. 0O

We now provide some conditions ensuring the conservation of mass.

Lemma 2.3 Under the assumption in Lemma 2.1 consider the unique solution to (16)—
(18). Assume that

Y el (Sg(t)—Jo?(t)) =0, Y efGup)—elKa) =0 Q1)

aeX BeX\{a}

forall & € X. Then, the total mass is conserved Y,y No(t) =Y ,cx NO.
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Proof We obtain from (16)—(18)

E3 Nar = Y ] (520 - 220)

aeX aeX

t t
+ > /Oe(IGﬂa(t—S)Sﬁ(s)ds—Z/O eq Ko(t — 5)Sq(s)ds

o, feX, a#p aeX

aeX BeX\{o}

t
:Z/ Sa(s){ > egGaﬂ(t—s)—e(IKa(l—s)}ds:O.
0

2.3 Generalized RFEs corresponding to the ODEs model

The main result of this section yields that generalized RFE, cf. (16)—(18), appear as
effective equations for {ny} solving (15).

Theorem 2.4 (ODE to RFE) Consider n(t) € le‘ solution to (14) and N, defined in
(12). Then, {Ny} satisfies (16). The corresponding fluxes S, and J, solve the system
(17)—(18) with kernels

Gpa(t) = Agpe' ™, 1 >0, (22)
Ko@ij= > (efApe) () . i jea =0, @3
BeX\(a) ’ Y
and forcing functions
Se)y =Y Gpa(ting; JJ(t) = Ko()n, >0, (24)
BeX\{a}

Furthermore, the fluxes are given in terms of n(t) by

Sa® =D Awpnp®, Ual)i = ma@)i Y (efAs) . ica @5)
BeX\{a} peX\{a)

foralla € X.

In order to prove Theorem 2.4 we first show that the ODE (15) can be reformulated

using the response function formalism by a system involving fluxes of the form / (ij .
This term is the flux from the state i € « to the state j € 8. In the proof of Theorem
2.4 below we will obtain (16)—(18) from the system solved by {N,} and the fluxes

(I}
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Let us first give an informal derivation of the equations solved by {/N,} and the

fluxes {/ (ZS} First of all, the change of the concentration of the compartments is just
due to the individual fluxes summed appropriately, thus yielding

Wl 5> > Yo-Y Y Yo 6)

ica peX\{a} jep ica peX\{a} jep

Here, the gain term on the right hand side involves the summation over each individual
state j € B for some compartment 8 # « into some state i € «. The loss term has a

similar form. Concerning the flux / ;{3 from state i € « to state j € B there are two
contributions.

(i) One contribution is due to elements that are in «, in some state » € «, already
at time zero. When they evolve in time they reach state i € o and jump to state
Jj € Battimet.

(i1) The other contribution is due to the elements that jump from some state m €
y, ¥y # «a to some state r € « at time s € (0, t). Then, they evolve in the
compartment ¢ to reach state i € « and jump to state j € § at time ¢.

The system for the fluxes is therefore given by
. . t

Ljy(t) = Tog(t) + Z Z } Z / Wap(t —sir.i, I ()ds  (27)
red yeX\{a mey 0

foralli € o, j € B and where

Top() =Y Wap(t:ri. j)(nd),. (28)

rea

The above system has again the form of RFEs. The precise form of the kernels are
given in the following lemma.

Let us mention that Eqgs. (26) and (27) have been formulated in the supplementary
materials of Thurley and Falcke (2011).
Lemma2.5 Let n(t) € lel be the solution to (14) and {Ny} defined in (12). Then
{Ny} satisfies (26) and the corresponding fluxes [ Zg are given in terms of n(t) by

Itft{?(t) = (Aga) ji(na ()i = Aij(ne(1));. (29)

Furthermore, the fluxes I (Zg solve (27) with kernels

Wap(ti i ) = (Agadji (€40) =gy () (30)

forr, i € «, j € B and forcing functions 7;]/3 defined by (28).
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Proof By definition of Ny, in (12), we have

d d
T Na(0) = e —nu(t) = € | Eaanta(t) = Cana®) + 3 Awprp(®) | .
BeX\{a}

where we used (15). By definition of Ey, we infer e;r Eyo = 0. Similarly, by definition
of Cy and Ag, we have that

e;rcoz: Z e;—Aﬁa.
BeX\{a}

As a consequence of these observations we deduce that

d
N == D efApana()+ D ef Aggnp(t)
BeX\{a} BeX\{a}
== > Y S Ap) i@+ DD (Aap)ij(np(1))
BeX\{a} jep ica ica peX\(a}) jep
== D D Lp0+d0 D0 Y I
ica BeX\{a} jeB ica BeX\{a}) jeB

with 1,7, (¢) given by (29).
We now show that these fluxes satisfy (27) with corresponding kernels and forcing
functions in (30) respectively (28). To this end, we note that due to (15) we have

t
ng(t) = e'teend 4 Z fe(’_s)A““Aayny(s)ds.
yeX\fa} 70

Writing the i-th component of the above expression and multiplying by A;; yields

L1 (0) = Aij(na(0);

=25y 3 () i),

rea

1
DD DY /0 (%) (Aay),,, 1y (5)mds

rea yeX\{a}mey

.. t
T+ XX [ = siri i g 6

rea yeX\{a}mey

=To0+> > Z/Otlllaﬂ(t—s;r,i,j)I;,”Of(s)ds

rea yeX\{a} mey

This concludes the proof. O
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With this we can give the proof of Theorem 2.4.

Proof of Theorem 2.4 According to Lemma 2.5 the function {N,} solves (26) with
fluxes satisfying (29). Thus defining the fluxes {S,}, {/,} by

Sai= Y Y L Uai= Y. Y I 31)
BeX\{a} jep BeX\{a} jep
we obtain (16). Note that the formula in (25) is a consequence of (29) and (31).
Moreover, from (27) we obtain
L . t
Ly (1) = Top (1) + Z/O Wop(t — 537, i, j)(Sa(s))ds. (32)
rea

Consequently, summing over § € X \ {«} and over j € f yields that {J,} satisfies
Eq. (18) with kernels and forcing functions given by

Ka@ir = Y Y Waptiriio ). Goni= Y. S Ts.
BeX\{a} jep BeX\{a} jep

Thus, (23) and (24) follow from the formula for the functions Wyg, cf. (30). We can
argue similarly to deduce that {Sg} satisfy Eq. (17) by summing overa € X andi € o
in Eq. (27) and defining

Gap)jr = Y Wap(tiriis ), (S§)i= Y. Y Tog(0)

ica aeX\{B} ica
The two Eqgs. (22) and (24) are, therefore, a consequence of (30). O

Remark 2.2 The kernels given by (22) and (23) satisfy both the conditions in Lemma
2.2 and 2.3. Indeed, we have with for any 7 > 0

T T
| el k=3 5 3 [ g (¢4)

icea peX\{a} kep

- Z/OT(CQ)H (etAM>i,- dr.

ica

Recall the definition of Cy, in Sect.2.1. Using Ay = Eqq — Cy We obtain

T T
[ el Ko(r)dr = e (1 - eTAW) tel </ E g Ao dt) —e (1 - eTAW) :
0 0

since e;— Eq = 0. Since the semigroup e’4e« induced by Ay is positivity preserving
we obtain the second inequality in (20). For the first in (20) we use (24) and the

@ Springer



31  Page 18 of 56 E. Franco et al.

previous reasoning
T
fo e) Ko()nddr = e (1 - eTAw) nd <elnd = N0

Finally, both conditions in (21) follow from (22) and (23). More precisely, we have
forallw € X and k € o

> lefGap(lk — [eg Ko (D)
BeX\{a}

Y EY (), ¥ Y (), <o

BeX\{a} jep ica BeX\{a} jep ica

We conclude this section with the special case of system of ODEs (10) with graph
structure (€2, £) that is decomposed into compartments with at most one entrance point
(see Definition 2.1). Then the system of Eqgs. (16)—(18) can be reduced to (2)—(4).

Lemma 2.6 Consider n(t) € ]le‘ solution to (14) and N, defined in (12). Further-
more, assume that for all @ € X there is at most one entrance point in (2, £), denoted
by i, if it exists. Then the following holds.

(i) Forall x € X we have (Sg)j = (Sa)j =0forall j # ig.
(ii) The functions {By} = {(Sa)i, }, (Do} = {e(I Jo} satisfy (3)—(4) with kernels and
forcing functions

e Zjea(Ka)jia ifiqy € a exists,
“r 0 otherwise,

(Gﬁa)iai;; lfioz € «, iﬁ (S ,3 exist,
Dpy = ]
0 otherwise,

BO . (8%, ifiy € a exists, DO e T 0
pES ] o =€y Jy .
0 otherwise,

(iii) Finally, {Ny} satisfies (2) with fluxes { By, Dy}

Proof We prove each claim separately.

Claim (i). Let us note that for o, 8 € X and j # iy, j € B we have (Agp) j¢ =
Agj = 0 forall £ € B. In particular, by (22) we have (Ggy)jx = 0 for all k € B.
Hence, (24) yields (i).

Claim (ii). By Theorem 2.4 the fluxes S, solve the system (17). The i,-th compo-
nent, if it exists, yields (3) for ®g, as in (ii) due to (i).
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Furthermore, {J,} solve (18). Thus, (i) and summing over j € « yields (4) with
kernels @ as in (ii).

Claim (iii). Finally, we conclude (iii) from (16) and B, = e;rSa = (So)i, if iy
exists, B, = 0 otherwise. O

Remark 2.3 Let us recall that the kernels {®qp}«, gex in (2)—(4) are assumed to satisfy

> /Oo Dop(1)dt = 1. (33)

pex\(a}*0

if the compartment « is not a sink, i.e., if there are connections to any other compart-
ment B # «. In the latter case the kernels are zero @44 = 0 for all 8 # «.

However, even if @44 # 0 a further assumption on the compartment o is necessary
to obtain (33). Observe that from (ii) in Lemma 2.6 and form (22) it follows that

q)olﬂ (t) — (A'Bae[Aaa)

l'ﬁ-,ioz

Thus, ®yg # 0 implies that there is a path in (€2, &) from i, to ig. However, in « there
could be a state A € « that has no path to any entrance point ig, 8 # «, but there
is a path from i, to A. Hence, there is a sink inside the compartment «. In this case,
(33) fails. The reason is that lim,_, o, €' 4= ei, 7 0. In fact, the left hand side in (33)
can be reformulated as follows. Note that (Agy);,; = 0 for j # ig and any i € «,
since ig is the only entrance point, cf. Definition 2.1. We conclude from this and the
conservation property Y sc y\ (4} eﬂglAﬂa = _e|Ta|A<w that

Agge e dt =1 — lim e‘—gle’A“"‘eia.

oo
0 —>00

Z / d>aﬁ(t)dz=—e|1;‘/
0

BeX\{a}

Thus, we need necessarily lim;_, oo e‘zle’Aw e;, = 0to ensure (33). This is satisfied if
any state j € « that has a path from 7, to j also has a path to some entrance point ig,

B #a.

3 Approximation of measures by means of response functions

In this section, we are concerned with approximation results for the kernels { @}, gex
appearing in (3). We restrict ourselves to the case that each compartment has at most
one entrance point. Accordingly, the RFEs have the form (2)-(4). In Sect.3.1 we
prove that the set of the response functions obtained form ODEs of the form (10) is
dense in the space of probability measures. In Sect. 3.2, we prove that if we assume
that (10) satisfies the detailed balance condition, then the response functions must be
completely monotone functions.
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3.1 Density of the response functions obtained from ODEs in the space of
probability measures

Recall that in Sect. 2 we proved that a system of ODEs of the form (10) can be reduced
to the system (2)—(4) by decomposing the state space into compartments with at most
one entrance point, cf. Theorem 2.4 and Lemma 2.6. Furthermore, the corresponding
kernels {Wyg}a,gex have the form

\yaﬁ(t) — (AﬂaetA‘”") i — Z (Aﬁa)iﬁ’j <etAaa)j’ia — Z)"j,iﬂ (e[AaDt) ,

18:ly N - Jola
jea jea

(34)

where iy, € «, ig € B are the entrance points in o and B, if they exist, Wy = 0
otherwise.

We now show that for any set of integral kernels {®gq}g ocx satisfying (7) it is
possible to find a sequence of kernels {Wqp} as in (34) that is arbitrarily close (in a
suitable sense) to the kernel {® gy } g «ex - In other words, we prove that for any system
of the form (2)—(4) we can find an approximating sequence of systems of ODEs of the
form (10).

In order to prove this we need to specify

(i) a state space €/, on which the approximating ODEs will be defined;
(i1) the jump rates between the states, i.e. a matrix A € RI 1> yielding an ODE
system (10). This defines a directed graph (2, £');
(iii) a decomposition X’ C 2% into compartments.

Since the kernels {®qp}p «cx are labeled by the set X, the decomposition X " needs
to be identified with X. More precisely, we require the existence of a relabeling, i.e.
there is a bijective mapping ¢ : X — X’ which associates to each compartment & € X
a compartment ((«) = o’ € X'. Then, we apply the procedure in Sect.2 to (2, &)
and the decomposition X’ which yields kernels {Wgy'} g7 o'c x'- Choosing (', £’) and
X' appropriately, these kernels yield an approximation to {®g}g.vex-

The approximation result holds in terms of the weak topology of measures. Recall
that we denote by d,, a metric inducing weak convergence, see Sect. 1.1. Let us note
that in the precise statement below we assume that the response functions are merely
finite, non-negative measures ®,5 € M (R ) rather than measurable functions.

Theorem 3.1 Consider a family of finite, non-negative measure kernels {®yg}g.0cx
with | X| < oo satisfying (7) or (8). Let ¢ > 0 be arbitrary. Then, we can find a
finite state space ', a decomposition X' C 2% and a matrix A € RIXIT \with the
following properties.

(i) The matrix A satisfies A;j > 0 foralli # j, i, j € Q and eﬂ;z,lA =0.
(ii) There is a bijectiont : X — X'
(iii) The partition X' decomposes (2'; ') into compartments with at most one
entrance point, denoted by iy € a, o € X' if it exists, see Definition 2.1.
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(iv) The kernels given by

Wop(t) = Z (Aﬁa)iﬁ,j (etAaa> (35)

: Joia
jea

ifiq, wap € a exist, Wog = 0 otherwise are such that

o0
/ Was(1) di = Bus(By) = pup.
0

1 1
Z dy (p—‘lh(a),z(ﬁ)(f) dt, p—<1>a,3> <e.

@,BEX. pap>0 op op

Furthermore, let us mention that the above result is reminiscent of the so-called phase
method in queuing theory, see e.g. (Asmussen (2003), Section II1.4), allowing to
approximate any probability measure on (0, co) by a combination of exponentially
distributed times. For the proof of Theorem 3.1 we make use of this construction which
contains probabilistic arguments.

Proof of Theorem 3.1 We split the proof into two steps. In the first step we recall a
standard result from queuing theory which allows to approximate any probability
distribution on R . Furthermore, we show how to obtain such approximations from
ODE models of the form (10) for a certain choice of matrices A. In the context of the
above theorem, this allows to approximate one given response function by an ODE
model. This serves as a basic building block for the next step. In Step 2 we then show
how to construct the whole state space " with a partition X’ as well as the matrix A
that allows to find an approximation for all response functions {®yg} simultaneously.

Step 1. Let us recall the following result from (Asmussen (2003), Theorem 4.2):
any probability measure ® on (0, o) can be approximated in the weak topology by
distributions F with density

m—+1

L
F@ =Y ajymm®), yum®) = e M 1>0 (36)
J

for some L € N, g; > 0,3 ;¢q; = 1 and some M € N, m; € N. Here, ya,m
is the density of the Gamma distribution appearing as an m-fold convolution of the
exponential distribution with rate M € N. Thus, for ¢ > 0 we can find corresponding
parameters such that dy, (F, ®) < ¢ with the measure F = f(t) dt.

We now construct an ODE system of the form (10) and relate f(¢) in (36) with
the response function corresponding to the ODEs system. We start by describing the
structure of the graph. Consider one starting node ¢ and L chains with m; nodes
(that we denote with x,; with 1 < j < L and 1 < n < m;) bifurcating from ¢.
Furthermore, all chains have w as final node, see Fig.2.
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Fig.2 Graph structure X141 Xomt
corresponding to approximation R — —
in Step 1 . \

C w

./

XI'L XmL,L

We assume that the rate to jump from ¢ to x;; is equal to g; M while the rate to
jump from x,_j j to x, ; is equal to M. Finally the rate to go from x,,; to w is also
equal to M. This defines the ODE system

g

— =-Mc, 0)=1
i ¢, ¢(0)
d .
th” = g;Mt — Mxy;, x1.;00)=0, forl<j<L
d .
Zr;’] =Mx,_1j —Mx,j, x,;0)=0, forl<j<Land2<n<m;j

(37)
which can be written also as ‘é—f = Ax where x = (¢, x1,1, ... Xp, 1) and where the
matrix A is such that A;; > O fori # j and eIA =0.
We now prove that M Z]L:l Xmj—1,j(t) = f(t). Indeed

quMj+l

L
f@) = Z‘]jVM,mj(Z) = < Gt Myt

L
=M) T i@ (38

Jj=1 Jj=1
where the last equality has been obtained solving (37) via Laplace transforms. Equality
(38) implies that M ZjeL xm_/.’j(t) = f(t).Notice thatif & = {¢, x1,1,...x5,,.} and
B = {w} are two compartments, then f(¢) is the response function ®yg in Lemma
2.6.

Step 2. We now use Step 1 to construct the state space €/, the matrix A and the
partition X’. To this end, we construct as in Step 1 probability measures Fg, for each
pair of compartments, with densities f, of the form (36) that satisfy

1
Y du (Fa;s, —<1>a,a> <e. (39)
Pap

a,BeX, pup>0

Observe that ﬁ@alg is a probability measure.

We now construct the ODE system and its corresponding graph. First, let (iy)yex
be states representing the entrance points of the compartments to be constructed. Next,
we fix one compartment &« € X and specify the states and rates inside the compartment
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Fig.3 Graph structure in CGB
compartments in Step 2. Here — > — > o iB
with {Cppla-p we denote the
graphs that connect { = {yg to
® =ig asinFig.2

o' = (o) C Q. Forany B # a with peg > 0 introduce a state {og. The rate to jump
from iy, to {up is given by Mpyg.
Now we add to the state {yg the graph in Step 1, see Fig. 3, with end point w := ig.
We can repeat this construction for any compartment and we obtain the state space
', the partition X', the relabeling ¢ : X — X’ and the matrix A. By definition A
satisfies statement (i) in the theorem. Also statements (ii) and (iii) are satisfied.
Finally, concerning (iv) we use Step 1 to deduce that for every o # B the approxi-
mation (39) holds for the measures Fyg with densities given by

fop®) = 3 (Apa), ; (€700) | = Wap(0).

jea

3.2 Response functions corresponding to ODEs satisfying the detailed balance
condition

In this section we demonstrate that a particular structure of the biochemistry of the
system imposes some restriction on the form of the response functions. Specifically
we consider here systems satisfying the detailed balance condition.

We say that the ODE model (10) satisfies the detailed balance condition if there
isu e ]le‘, wj >0, cqui = 1suchthat Au = 0and A;ju; = Aj;p; for all
i, j € Q. The latter condition is equivalent to the fact that M~!AM is a symmetric
matrix, where

M := diag ({\/itj}jeq) -

Let us mention that the vector p is usually referred to as the equilibrium distribution
of the ODE system. We will prove, see Theorem 3.2, that the corresponding response
functions are completely monotone. We recall that a completely monotone function
f : Ry — Ris continuous on R and satisfies (—1)" f"(r) > 0 for all n € Ny,
t > 0. An example of completely monotone function is the exponential function e~/
with A > 0 or the function 1/¢ for ¢ > 0. It is well-known that completely monotone
functions are exactly the Laplace transforms of non-negative finite Borel measures on
R4. See for instance (Feller 1967, Chapter XIII).
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We have the following result.

Theorem 3.2 Let (10) with A € RIS satisfy detailed balance for p € le‘. Let
X be a decomposition such that any compartment has at most one entrance point in
(2, ). Then, we have for all a, B € X, a # B and some kj, v; > 0

Spa(t) = higi, Y Kkje . Y k=1,

JjeB JjeB

whenever the entrance points iy € o, ig € B exists, otherwise ® g, = 0. In particular,
Dy is completely monotone.

Theorem 3.2 implies that not all the sets of kernels {® g, } can be approximated by
those appearing in an ODE model (10) with detailed balance. This is in contrast with
Theorem 3.1 and implies a very strong restriction on the integral kernels that can be
approximated by models satisfying the detailed balance condition.

Proof of Theorem 3.2 Let «, B € X with entrance points iy, ig, respectively. By The-
orem 2.4 and Lemma 2.6 we have

0100 = (Auge™) =y, (1)
i,

ig,ig ’

Here, we used that Ag, has only one non-zero element due to the detailed balance
condition and the assumption that there is at most one entrance point in «, 8. Let us
define M#P = diag({ﬁ}jeﬁ). Using the decomposition Agg = Egg — Cg as in
Sect.2.1 we obtain that Dgg := (Mﬁ)_lAﬁf;Mﬂ is symmetric because the matrix A
satisfies the detailed balance condition and therefore the blocks Agg also satisfy the
detailed balance condition. Recall that Egg defines a conservative ODE system, while
—Cp is an additional loss term in Agg = Egg — Cg. Thus, the eigenvalues {v;};ep
of Dgg are non-positive. Using an orthonormal basis of eigenvectors we deduce that
there is an orthogonal matrix Q such that

palt) = hipi, (Qdiag (™" jep) ©T) =i, Y Q1™

is jeB
Since Q is orthogonal we have Zjeﬂ Q%,iﬂ = 1. Defining «; := Q; i, concludes the

proof. O

4 Characterization of response functions yielding Markovian
dynamics

As anticipated in the introduction, one important property that is lost when reformu-
lating the system of ODEs (14) using the response function formalism (16)—(18), is
the Markovianity of the evolution of the number of individuals {N}.

In this section, we give a precise definition of Markovianity and characterize the
integral kernels yielding a Markovian dynamics. To this end, we restrict ourselves to
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decompositions X of the state 2 into compartments with at most one entrance point.
In other words, we restrict our attention to RFEs of the form (2)—(4) with forcing
function satisfying particular conditions (see (42)).

As we will see, kernels inducing a Markovian dynamics are exactly given by
exponentials, and they correspond to Markov jump processes involving exponentially
distributed waiting times, see Theorem 4.2 below. Similar results, for some type of
non-linear structured population models can be found in Diekmann et al. (2020). Here
we present a simple proof for the linear renewal equations considered in this paper.

Definition 4.1 (Markovianity) We say that the evolution induced by (2)—(4) is Marko-
vian if and only if any solution N of Eq. (2) can be written in the form

N(t) = AN (40)

forall NO € RIX!. Furthermore, the matrix A € RIX*IXlis independent of N° € lel,
satisfying A;; = — Zi#k Ay foreveryi € {1,...,|X|}.

Since we apply the Laplace transform in the proof of Theorem 4.2 below, the
following lemma is useful.

Lemma 4.1 Assume that each compartment in « € X has at most one entrance point.
Letzog > Osuchthat {ky}, {Pap}, {Dg}, {Bg} e L'(Ry, e~ dr) foreverya, B € X.

Then, there exists a unique solution { Ny, By, Dy} to (2)—(4) such that for every o €
X itholdsthat B, D, € LI(R+, e X0!dt) for some xg > zoand Ny € Wl’l(R+, R4)
satisfies

o
/ Ne(H)e ™™ dt < oo. 1)
0

Proof We refer to (Gripenberg et al. (1990), Section 3.3) for the existence of By €
L! (R, e *0dt) for some xo > zg. Thanks to the assumptions on k, and Dg we
deduce that D, € L' (R, e *0"dt). Hence (41) follows by Gronwall’s Theorem. O

Theorem 4.2 (Markovianity for RFEs with at most one entrance point) Under the
conditions of Lemma 4.1, assume moreover that {ky}, {Pup} satisfy (5) and that for
every a € X either equality (7) or (8) holds. Let {Ny, By, Dy} be the solution to
(2)-(4) with

DY(t) = ko (1)NJ, BI)= Y ®up(t)N} (42)
BeX\{a}

foreveryt > 0and N° € RIXI. Then, the evolution of {N} is Markovian, in the sense
of Definition 4.1, if and only if for allt > 0

Dp (1) = hgpe " LreXile by 43)

for some Lqp € R
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Proof Step 1. We first assume that the dynamics are Markovian and deduce (43). Let
A = {z € C: Nz > xo}. We apply the Laplace transform to each term in (3)—(4)
yielding

D(z) = D°(z) + 0(2)B(2) (44)
B(z) = B°(2) + M(z)B(2) (45)

for z € A. Here, ﬁ(z) € R‘f‘ is the vector whose «-th element is the Laplace
transform of D, and we define ﬁo(z), éo(z), é(z) € lel analogously. The matrix
0(z) is diagonal with (Q(2))aa = ko (2) and (M (2))ap = Pga(2).

Similarly, we obtain from (2) that

N@) =N+ B(z) — D(2), (46)

for z € A. Notice that z — (I — M(z)) isa meromorphic map on A. We denote
by P the set of poles in A. From Eq. (45) we deduce that for z € A \ P it holds that

B(z) = (I — M) ' Bx). (47)
Substituting this in (46) and using (44) we obtain
N@) =N+ (I — Q@) (I — M) ' B%) — D°(z) (48)

for z € A\ P. By assumption there exists a matrix A with ‘2—’;’ = AN. Since N
satisfies (41) the spectral radius of the matrix A is smaller or equal than x¢. Applying
the Laplace transform yields

N(z) = (zI — A)"'NO. (49)

for z € A. Thus, combining (48), (49) and B%(z) = M(z2)N°, D°(z) = Q(z)N° we
obtain

Al = AN = (I - Q@) (I — M) ' MN® - Q(z)N°
for z € A\ P. Since this holds for any N* € RIXI this implies

ARl -A'=U-0@) T -M®@) ' M2 - Q@)
=1+ —-Q0@)UI—-Mz)™".

After rearranging we obtain

M) =z20@) + A — Q(2)) (50)
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forz € A\ P.Now recall that Q(z) is diagonal with Qy4(z) = ke (z) and (M (2)qe =
0. Thus, (50) yields for z € A\ P

2k (2) + Aaa(l — ke(2)) = 0 (51)
where Ayy := Age- When instead o #~ S then
2D (2) = a1 — ko (2)) (52)

forz € A\ P, where Ayg := Apy. Thus, (51) and (52) yield

2 }\ota )\aﬂ
2Dy (z) = A 1+ =z 53
aﬂ() aﬂ( Z_)taa> Z_)\oux ( )

forz € A\ P. We deduce that $og(r) = Aaﬂe”\“a and that ky (1) = —Aqge' . Then,
(43) follows from Aaa = — > gc x\ () Aap-

Step 2. Assume now that @ is given by (43). Then we have ®yg(2) = Ao/ (2—Aaa)
and ky (z) = —rga /(2 — rao) for z > 0, where Ay = — Zﬁex\{a} Agq. Let us define
the matrix M(z) via My (2) = 0, Mug(z) = éﬁa(z) = Aga/(z — Agg) and the

diagonal matrix Q(z) via Quq(z) = lga (2) = —daa/(Z— raa)- Asin Step 1, we apply
the Laplace transform to (2)—(4) and use (47), yielding for z > 0

ZN@) =N+ (I — Q) — M(2)) 'M()N° — Q(z)N®
= — Q@)1 — M) 'N°.

Thus, the matrix A(z) := z — z(I — M(2))(I — Q(z))_1 satisfies N(z) = (zI —
A)~!'NO. To conclude, notice that Ayp(z) = Agy When a # B while Ay (2) = Aq-
In particular, A is independent of z. Thus, the requirements of Definition 4.1 are
satisfied. O

5 Long-time behaviour of the solution of the classical RFEs

In this section we study the long-time behaviour of equations of the form (2)—(4).
Once the asymptotic behaviour of B(f) is known, the one of the vector D(¢) follows
from the equality (4). Similarly the long-time behaviour of N, satisfying (2), can be
obtained starting from the asymptotics of B and D.

To study the long-time behaviour of B(f) we will need to make an additional
assumption on the kernels ®. More precisely we assume that the matrix & such that
(®)op = Ppq is irreducible. This corresponds to assuming that every compartment o
can be reached by any other compartment . In other words the graph having as ver-
texes the compartments must be strongly connected. This assumption guarantees the
existence of an invariant measure, which is proven here to be stable. The irreducibility
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assumption of ® corresponds to the irreducibility property which guarantees the exis-
tence of and convergence to an invariant measure for Markov chains (Feller (1967),
Chapter VIII).

To analyse the long-time behaviour of (3) we will use Laplace transforms. In par-
ticular, we follow the approach in Diekmann et al. (2012). In order to apply Laplace
transforms we make the same assumptions as in Theorem 4.2 on the forcing function
B and on the kernel ®. We also use the same notation as in the proof of Theorem 4.2
for M(z), A, P. Namely A is the subset of the complex plain on which the Laplace
transform is defined, (M (2))qp = CiDﬂa (z) for z € A and P is the set of the poles of
the map z — (I — M(z))~!, which is meromorphic on A. For z € A\ P we have,
cf. (47),

B(z) = — M)~ BQ). (54)

The first step for analysing the long-time behaviour of B consists in finding a solution
(r,v),withr e Randv € Rlxl, to the non-linear eigenproblem

v=M()v. (55)

We call this eigenproblem non-linear to distinguish it from the classical eigenproblem
of the form Mv = rv. In this case the non-linearity is due to the non-linear dependence
of M(r) on r. Notice that the solutions r of Eq. (55) are the poles of the function
2> 1 — M(2).

Lemma 5.1 Let the assumptions of Lemma 4.1 hold. Moreover, assume that for every
z € R the matrix M (2) is irreducible, i.e. for every i # j there exists a k > 0 such
that (M(z)k)ij % 0. Then there exists a unique real eigen-couple (z,v) = (0, vp)

satisfying Eq. (55) with vy € ]lel.

Proof We recall that by the Perron—Frobenius theorem for irreducible matrices, see
(Carl 2000), for every z € R the spectral radius p(M(z)) of the matrix M(z) is a
simple eigenvalue of M (z). Moreover, the corresponding eigenvector v, has positive
entries v, € lel.

By the definition of M (z), elTX| is a left-eigenvector of M (0), hence the matrix M (0)
has only one eigenvalue A = 1, corresponding to the normalized eigenvector vg. Since
on the other hand p(M(0)) < ||M(0)]| < 1, the Perron—Frobenius theorem implies
that p(M(0)) = 1.

Moreover, the function R — R : 7 = p(M(z)) is strictly decreasing. Indeed, recall
that p(M (z)) = limy_ o0 || M (2)*||'/*, where | - || is the matrix norm induced by the
standard euclidean norm. All the entries of the matrix M (z) are strictly decreasing as
a function of z € R, which implies the claim.

Thus, we infer p(M (z)) < 1 forz > 0 while p(M(z)) > 1 for z < 0. Furthermore,
by the Perron—Frobenius theorem all eigenvectors with positive entries are associated
to the eigenvalue given by the spectral radius p(M (z)). Consequently, (0, vg) is the
unique real eigen-solution of (55). O
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Theorem 5.2 (Long-time behaviour) Let the assumptions of Lemma 5.1 hold. Let vy

be as in Lemma 5.1. Denote with B € L1 Ry; Rfl) the solution of Eq. (3). Then there
exist three constants cy > 0, &, C > 0 such that

| B(t) — covoll < Ce™™

forallt > 0. Here, cy depends only on the vector fooo BO(s) ds.

Before starting the proof of Theorem 5.2 we state Wielandt’s theorem (see Carl (2000),
Chapter 8.3). This theorem will be used in the proof of Theorem 5.2.

Theorem 5.3 (Wielandt’s theorem) Let A, B € C"*". If B < A where A us irre-
ducible, then p(B) < p(B). If equality holds (i.e. if © = p(A)e'® € o (B) for some
¢ € R, then

i —1 : i0;
B = ¢ DAD™! for some D = diag{e’ L

Proof of Theorem 5.2 By the Laplace inversion formula, see Diekmann et al. (2012),
applied to (54) we have that

1 y+iT R
B(t) = — lim (I — M(2))"'B%(2)dz (56)
27w T—o0 y—iT

for y > sup{Rez : det(/ — M(z)) = 0}.

We now compute the integral on the right-hand side of Eq. (56). To this end, we
first prove that there exists an ¢ > 0 such that, if z € C satisfies det(/ — M(z)) = 0,
then Nz < —e or z = 0. Indeed assume that there exists az € R\ {0} such that
det(/ — M(i7)) = 0. In particular, M (i7) has one as eigenvalue. Note that the absolute
value of any element of the matrix M (iZ) is smaller or equal than the corresponding
element of M (0). Consequently, by Wielandt’s theorem there is a diagonal unitary
matrix D such that M (iz) = DM (0)D~!. More precisely, the diagonal elements of D
have the form Dy, = e'*e for some o € R. We infer M (iZ)gp = € “e=H8) M(0)qp.
As a consequence we have

0 . —
/ (1 . ez(ﬂa—#ﬁ—zt)) @aﬁ(t)dt =0.
0

Since 7 # 0 we obtain ®yg(f) = 0 a.e., which contradicts the assumption that the
matrix M (z) is irreducible. We deduce that det(/ — M(z)) = 0 implies Nz < O or
z=0.

We now prove that there exists an ¢ such thatif det(l — M(z)) = Othen )iz < —e or
z = 0. Thanks to the Riemann Lebesgue Lemma for every x < 0 there existsang > 0
such that the matrix (I — M (s + in)) is invertible for every s € [x, 0] and || > no.
Moreover, since the function z — (I — M(z)) ! is meromorphic, we deduce that the
number of poles contained in the compact set {A € C : |JA| < no and NRNA € [x, 0]} is
finite. Hence, we can choose ¢ > 0 small enough so that z — (I — M(z))~! has only
one pole z = 0 in the set {A € C : NA > —e}.
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Therefore we can consider any y > 0 in (56). We deduce that

T
/y (I = M) B(2)dz = ?{ ¢'(1 =M (@)~ B%(2)dz
y—iT r

3
—~ Z/ (1 — M(2) ' B%(2)dz
i=1 YT

where I' := U?: I'i and where I'y is the segment in the complex plane connecting
y+iT toy —iT, I'; is the segment connecting y +i7T to —¢ +iT, I'3 is the segment
connecting —¢ + 17 to —e — i T, finally I'y connects —e —iT toy —iT.

By the residue theorem we have

— @ (I — M(2)"'B%(2)dz = Res.—o(I — M(2)) "' B°(z).
27‘[1 r

We now compute Res,—o(I — M(z))~! 1§0(z). To this end, we notice that for small z
we have the following Laurent series representation of (I — M ()~

o0

I-M@)"'= ) I'Ra,

n=—p

where R, € RIXIXIXI > 1. Since (I — M(2)™'(I — M) = (I — M) —
M(z))~! = I we deduce that (I — M(z))R_; = 0 which implies that R_jv =
avp for every vector v and for some o € C that depends on v. Thus Res,—o(I —
M(z))_léo(z) = R_léo(O) = covo where the constant ¢y > 0 depends on 30(0) =
]OOO Bo(s) ds. In addition, by the Riemann Lebesgue Lemma, we have that

. 1 7t —1p0
lim — e (I —M(z))” B (2)dz| =0
T—oo 2mi || Jr,
fori = 1, 2. Moreover
. 1 t —1 50
lim — (I —M(2)” B (2)dz
T—oo 2mi | Jr,
—e+iT R
= lim — / (I — M(2)"'BY(z)dz| < Ce .
T—o00 271 —e—iT

The desired conclusion follows.
O

Lemma 5.4 Make the assumptions of Theorem 5.2. Let K € Rl_i(lxlxl be the diagonal
matrix s.t. Ky = ko. Denote with D € lel the function given by (4). Assume that
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there exist zo, C1, Co > 0 such that for every t > 0
ke < Cre™" and DY < Cye™2!
for every o € X. Then there exist two constants C, p > 0 such that
ID(1) — covoll < Ce™”

for everyt > 0, where the constant c is the same as in Theorem 5.2.

Proof First of all, note that fooo ko (t)dt = 1 for every @ € X since {®} is irreducible.
Then, by definition of D(¢) and the bounds on DY, ko, we have

t t 00
ID(t) — covoll = H Do(t) —I—/ K(s)B(t — s)ds — CO/ K(s)vods — CO/ K(s)vods
0 0 t

t
< Ce™ %00 4 H / K(s)[B(t — 5) — couglds| < Ce %!
0

t t
+ f 1K) 1B — s) — couoll ds < Ce™" 4 Ce*! / IK(s) | ¥ ds
0 0

t
< Ce 200 4 Ce_gt/ e g < Com P!
0

for some p > 0. Notice that for the above computation we have used the long-time
behaviour of B computed in Theorem 5.2 and the bounds on k, and D2. O

Theorem 5.5 Make the assumptions of Theorem 5.2. Let K € lel be the diagonal
matrix s.t. Kyy = ky. Assume in addition that N° = fooo Do(s)ds. Then the solution

N(t) € RLX‘ of (2) is such that there exists two positive constants r and C such that
forallt >0

o0
HN(I) - cov()[ sK(s)ds| < Ce™™, (57)
0

where cq is the same constant as in Theorem 5.2.

Proof By definition of N = (Ny)qex we have that
t
N(t) = N0+/ [B(s) — D(s)]ds.
0
Then

HN(I) L) /00 vK(v)dv
0

|

t o0
NO +/ [B(s) — D(s)]ds — cov()/ vK(v)dv
0 0
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|

=<

0]

t s
NO +f |:B(s) — D) —f K(s — v)B(v)dv:| ds — cov()/ vK(v)dv
0 0 0

t
NO — f DO(s)ds
0
t N o
/ |:B(s) — / K(s — v)B(v)dv] ds — covo/ vK(v)dv
0 0 0

We know that, for some positive constants C1, C2, C3 and zg, € > 0

o o0
Vo / / K(v)dvds
t s

"

t
HNO— / DO(s)ds| < Cre™, ||B(t) — couoll < Cae™,
0

< Cze™ 207,

Then, we conclude

t
HNO— / DO(s)ds
0

t s
+ H/ |:B(s) - / K(s — v)B(v)dvi| ds — covg /00 vK(v)dv
0 0 0

t o0 t oo
< (C1 + C3)e™ 0! 4 ”/ B(s) K(v)dvds — C()UQ/ K(v)dvds
0 0

r—s r—s

t o0
< Ce 0! H/ [B(s) — covo] K(v)dvds| < Ce™%0!
0 t—s

t o0
+/(; [|B(s) — covoll ” K)dv
t—s

'
ds < Ce™ %07 4 C/ T8N0 gg < CoTT!
0

for some r, C > 0. O

6 Response functions and structured population equations

In this section, we study the relation between the formalism of response functions
introduced in Sect. 2 and the formalism of structured population models, which is often
used in biology, see for instance (Perthame 2006). The theory of structured population
models is a very well devolped field. Therefore relating structured population equations
to RFEs can help the understanding of RFEs. Moreover as explained in the introduction
the RFEs are, in general, non-Markovian equations, while SPEs are Markovian. In
Sect. 6.1 we study the relation between (2)—(4) and (9), while in Sect. 6.2 we consider
the equivalence between (16)—(18) and generalizations of (9). We notice that in order
to obtain this equivalence it is crucial to study the properties of the forcing function
{Bg} which describes the transient response of the system, (cf. 67). Finally, in Sect. 6.3
we describe the conditions on the initial data {ng} that allow to rewrite the ODE model
(15) as SPEs.
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6.1 Classical RFEs

Here, we reformulate (2)—(4) as a structured population model and we study the equiv-
alence of the two formulations. To this end, we introduce the concept of age of an
individual in some compartment «. In this section, we assume that every element
enters the compartment o with the same age & = 0.

Let f, (¢, &) be the number of elements in the compartment « with age & at time ¢.
Since here we assume that all the elements enter the compartment o with age & = 0,
the age of an element in the compartment « at a certain time ¢ > 0 is just § = ¢ — 7,
where 7 is the time at which it entered in «.

We then have the following evolution equation for f

Or fo (£, 8) + 0¢ fu (1, §) = —Au(§) fult, ), (58)

fat.0)= > / hpa () fp(t, My (59)
BeX\{a}

Fu(0,£) = m (—g)e o Aeds (60)

where Ay () = ZﬂeX\{ot} Agp(§). Indeed, f,(z, &) changes in time due to the aging
of the elements, described by the transport term in (58), due to jumps from the com-
partment « to any other compartment 8 € X, described by the loss term in (58), and,
finally, due to the fact that elements enter the compartment « with age zero, from any
other compartment 8 € X. Accordingly, Aqg(n) in the above equation is the rate at
which an individual, which has been in the compartment « for a time interval of length
1, jumps from compartment « to compartment §. Finally, my (—£) in (60) is the num-
ber of elements with state in the compartment « at time —&. We then obtain f (0, &),
multiplying m (§) by the probability that these elements stay in the compartment «

up to time 0, namely multiplying by e~ J5 Aals)ds .
Definition 6.1 Let A,g € Cp(Ry) be non-negative for every o, 8 € X. Assume
that fO? € M4 p(Ry) for every ¢ € X. A family of functions {f,} with f, €

C([0, TT; M4 p(Ry)) is a solution of Eq. (58), with initial condition fo?(-), if for
every ¢ € C L] (R4) the map ¢ +— fR+ 0(&) fo(t, d&) is differentiable and

d
7 w(é)fa(t,d$)=/ [¢/(€) — Aa(E)p(E))] fult. dE) (61)
tJR, R,

+0) Y f g () fp (2. dn) (62)
BeX\{a}
for every o € X. Furthermore f, (0, -) = fo(l) ).

We recall that in the definition of C([0, T], M4+ »(R4+)) we endow the space
M p(R4) with the Wasserstein distance, see Sect. 1.1.

Lemma 6.1 Let Ay € Cp(Ry) to be non-negative for every a, B € X. Let my €
My p(Ry) for o € X. Assume that fo? is given by (60). Then there exists a unique

@ Springer



31  Page34o0f56 E. Franco et al.

solution { fo} with f, € C([0, T1, M4 p(Ry)) forall @ € X to Eq. (58) in the sense
of Definition 6.1. The solution satisfies

f oo AV £ (1 gy < o, (63)
Ry

forevery o € X and every t > 0, where Ay (1) = Zﬁex\{a} Aag (D).

Proof We can rewrite Eq. (61) in fixed point form as follows. We use the notation
Y := C([0, T], M+,;,(]R+))|X | where Y is endowed with the metric induced by the
distance

dr(f,8) = sup Wi(falt,)gu(t,").

aex €071

Given a f = (fy) € Y we define the operator 7[f](¢) : C.(R;) — lel as

(TLA10). @)a = / Pt — e~ h " Aart §7 f hpa () [ (. dn)dE
BeX\{a}

+/R FOdE)p(E + e Ji T Aalw)dy (64)

where we are using the notation (-, -), to indicate the «-th component of 7[f](¢)
applied to ¢.
We define || flly := Y 4ex sup,co.77 I fa (7, )llTv and the set X7 C Y as

Xr = {f €Y :(f(0)y = f2 foreverya € X, ||f]ly < 1+Z||fo?||TV

aeX

For every f € Ar each component of the operator 7 [ f](¢) is a linear, positive and
continuous operator from C.(R4) to R and, hence, can be identified with an element
of My »(R4).

Using the bound for the parameters Ayg, we deduce that, forevery f € X7, we have
that 7[f] € Xr for sufficiently small values of 7. Similarly, for sufficiently small
values of T, the operator 7 is a contraction and hence Banach fixed point Theorem
implies that there exists a unique fixed point f € Xr.

Since the fixed point f of 7 satisfies 7[ f](t) = f(t) themapt — (f(t, ), ¢)e =
(T1f1(t), ¢)y is differentiableif ¢ € C Cl (R4). Hence, the fixed point of 7 is a solution
to (61) for T small enough. Due to the linearity of the problem || f||y stays finite for
every ¢ > (. We can then iterate the argument and prove the existence and uniqueness
of a solution to (61) for an arbitrary 7 > O.

£
To prove (63) we consider the test function @g g(§) = xg.c(€)elo 2«4V in Eq.
(64). Here xg ¢ is a smooth decreasing function such that xg ((§) =0foré > R+¢
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and xg ¢(§) = 1 for & < R. We deduce that

t
fR Xk ©)el A £ gy < /0 xeet-6 > |

pex\fa} ' R

teify®y) <C osup Y fp(t.Ry) + i fo (Ry)
tel0,T] BeX\(a)

Apa () fp (€. dn)d§

where the positive constants c¢1, C do not depend on ¢ and R. Sending ¢ to zero and
R to infinity concludes the proof. O

Since we are assuming that each of the compartments « € X has at most one entrance
point, we can consider the simplified system for { Ny, By, Dy}, cf. (2), (3), (4). In the
following two theorems, we study the equivalence between (58)—(60) and (2)—(4).

Theorem 6.2 (RF and SP) Under the assumptions of Lemma 6.1 consider the solution

{fa}with fo, € C([0, T], M4 p(R4)) to (58)—~(60). Then, the family of functions { Ny},
defined by

Na(t)=/ fu(t,dE), t>0 Va e X, (65)
Ry

satisfies (16) where { By, Dy} satisfy (3), (4) with response functions {®qg} and {ky}
given by

D (1) = hap()e™ o Bl k(1) = Ay (r)eJo Heds (66)

and with

BYt)= Y / Ppo (t —E)ymp(dE), DY) = / ko (1 — &)me (d§). (67)
peX\la) B R

Proof From Eq. (61) we deduce that

d d
0= [ s == [ ma@pean+ Y[ rpspe.ds.
dt dt Ry R4 BeX\|a) R+

Notice that we can use the test function ¢ = 1 due to (63).
The fixed point formulation of Eq. (61), namely (64), implies that

t —
/ Ao (E) fp(t, dE) = f Apat —£)e= o~ Apdy > / hyp(0) fy (€. dn)dE
R+ 0 yex\(py” R+

*/R hpa(t — E)eJo " M@V gy (68)
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Summing in the above equation over 8 € X \ {«} we deduce that

> f Mpa (&) fp(t, dE) =: Se(t)
BeX\{a}

satisfies (3) with kernel ®4g as in (66) and with the forcing function Bg given by (67).
Similarly, taking the sum over & € X \ {8} we deduce that

[ sornean=[ru-o ¥ / Ay ) fy . dn)d + D).

yeX\{a}

where k, is as in (66). Hence,
Dy = [ Ap@ st de)

satisfies (4). This concludes the proof. O

Theorem 6.3 (RF and SP) Let {N,, By, Dy} satisfy (2)—(4) with response functions
byp € CRy;Ry) and ky € C(Ry; Ry) and assume that {B0 DO} satisfy (67)
where {my} is a family of measures my € My p(Ry). Assume in addition that for
every o, f € X it holds that the function

q)aﬂ ®)

7 t>0 (69)
- ZyeX\{a} fo Dy (s)ds

Aap(t) ==

is continuous and bounded for every «, . Then the family of functions { fy} solving
(58)—(60) satisfy (65).

Before proving the theorem we remark that the continuity of Aqg as in (69) holds if we
assume that for every o, B € X the support of the function ®g is unbounded. Notice
that this assumption is true for all the examples in Sect. 7.

Proof Since {f,} solves (58)—(60) by Theorem 6.2 the functions Ny(t) =
fR+ Ju(t,dE) solve (2)—(4) with the same initial conditions as {Ny, By, Dy} and

some response functions {Cbaﬂ} given by (66). Since A, is given by

2L pex\ia) Pap(®)
t 9
1 - Zyex\{a} fo Doy (s)ds

Aa(t) =

then we have that
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t t [0} (v)
/ Ag(v)dv = / 2 pexife vaﬁ
0 o 1- ZyeX\{a} f() Dy (s)ds

t
=—In|1-— o, d
n /() Z g(s)ds

peX\{}

Hence,

t
o= Ja Aa)dv _ | _/ Z Dp(s)ds. (70)
0 pex\(o}

B:y (66) we deduce that d_Do,ﬁ = ®yp4. By uniqueness of the solution, we obtain Ny =
Ny . This concludes the proof. O

6.2 Generalized RFEs

Here, under suitable conditions on the forcing functions, we reformulate (16)—(18) as
a structured population model. As in Sect. 6.1, we assume that the elements have age
& = 0 when they enter in the compartment. We assume that f,;(z, &) is the density
of individuals that entered the compartment o with state j € «, and that have age £ at
time ¢.

The evolution in time of f,; is described by the following SPEs

Or fuj (1, E) + g fuj (£, E) = — My (€) fuj (1, E) (71)

faj@,0)= Y )" f Fpr (e, )i (mdn (72)
pex\(a} kep B+

Fuj(0.86) = mej(—&)e™Jo Maj(0)dv (73)

where My () = D g x\ (o) 2ovep Hit€)-

The transport term in (71) is due to the aging of the elements in the compartments.
Moreover, elements with "state-at-entrance” j € « and age & jump to another com-
partment with rate M, ;(§). The birth term in (72) is due to elements that entered
with any state and at any time in the past, that at time # jump to state j € «. Finally
mey(—&) in (71) is a vector whose j-th element is the density of elements with state
Jj € a at time —&.

Eq. (71)—(73) is a special case of (58)—(60). Indeed, consider in (58)—(60) a set of
compartments X such that every compartment in X is of the form {;j} with j € Q.
Moreover, we assume that the compartments {j} with j € « with ¢ € X, are not
connected, which means that ;; = 0 when i, j € a. Then (58)—(60) for the set of
compartments X reduce to (71)—(73) for the set of compartments X.

We therefore define a solution of (71)—(73) in analogy with Definition 6.1.

Definition 6.2 Let 11;; € Cp(R1) be non-negative for every i € o, j € B with
o, B € X. Assume that fo?j e My p,(R;) forevery j € o and every o € X. A family
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of functions { f;} with f; € C([0, T]; M4 »(R1)) is a solution of Eq. (71), with
initial condition fo?/.(-), if for every ¢ € Ccl. (Ry) the map ¢ — fR+ 0(&) fuj(t,dE)is
differentiable and -

d
7 (&) faj(t,dE) =/ [0 (&) — My j()p(E))] fu)(t. dE)
R, R,

+oO Y > / pi () fpr(t, dn) — (74)
BeX\{a} kep

for every j € a with @ € X. Furthermore f,;(0, -) = fo?j ).

Moreover, as a consequence of Lemma 6.1 we have the existence of a unique
solution for (71)—(73).

Lemma 6.4 Let u;; € Cp(Ry) to be non-negative for every i, j. Let myj €
My p(Ry) for o € X. Assume that fo?j is given by (60). Then there exists a unique
solution { fo j} with fo; € C([0, T], My p,(Ry)) forall j € a and o € X to Eq. (71)
in the sense of Definition 6.2. The solution satisfies, for every j € a and o € X and
everyt >0

fR eli Maj v £ (¢ dE) < oo, (75)

Where Motj(t) = Z,BEX\{O[} Zzeﬂ Ml_}(l)'
In the following two theorems, we study the equivalence between (71)—(73) and
(16)—(18).

Theorem 6.5 (RF and SP) Under the assumptions of Lemma 6.4 consider the solution
{faj} with fo; € C(0, T], M4 »(Ry)) to (71)-(73). Then, the family of functions
{Ngy}, defined by

N(t)_Z/ fojt,dE), t>0, YaeX, (76)

jea

satisfies (16). The corresponding fluxes {So} and {J,} satisfy (17) and (18) with
response functions given by

(Gap (1)) ji = pugj (1)e™ o Me W)V (77)
fork e «, j € Band
(Ko (1))ii = Myi (t)e™Jo Mai s (g (1)), =0 (78)

fori, j € a. The corresponding forcing functions have the form

S0ty = Z / Gpalt — s)mp(ds), Jo(t)—/ Ko (t — $)mg(ds). (79)
BeX\(a) R
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Here, we write m, € Rlel (mg)j =mgyj forevery j € a, a € X.
Proof We have that

d
d—Na(m:—Z/ Mo j(€) fuj(t dE)+ Y > Z/ 1k (&) for (¢, ).
t Ry R+

jea jea peX\{a} kep

As in the proof of Theorem 6.2 one can show that the function ¢ +— Sy (#) with
Sy (t) € Rl*l given by

o= ¥ >

BexX\(a) kep YR

mij (&) fpr(t, d§)

satisfies (17) with response function given by (77) and with forcing function given by
(79). Similarly, J, (1) € R'! given by

(Ja(), = /R Mo (8) fu; (1. dE)
+

satisfy (18) with response function (78) and forcing function (79). O

Theorem 6.6 (RF and SP) Let {Ny, Sy, Jo} satisfy (16)—(18) with response functions
Gup € C(Ry; R‘flx‘al) and Ky € C(Ry; le‘xla‘) assume that {Sg, JOE)} satisfy (67)
where {m;} is a family of measures my; € My p(Ry). Assume in addition that for
everyi € aand j € B with o, B € X the function

(Gap(®)) i
=2 ex\(a) 2key fol(Gay(s))kidS

wij(t) := =0 (80)

is continuous and bounded. Then the family of functions { fy;} solving (71)—(73) sat-
isfies (76).

P_roof Since { fuj} solves (71)—(73) with coefficients u;; given by (80) the functions
Ny(t) == Zjea fR+ faj(t, d§) satisfy (16)—(18) with the same forcing function as

{Ng, Sa, Jo} and some response functions {Gaﬂ} given by (79). Then

/t My (v)dv = /t ZISGX\{OC} Zjeﬁ(Gaﬁ(v))ji
o 0 1 =2 yex\ja) 2kep Jo (Gay ())rids

t
——in(1- [ Y (Gupouds

0 gex\(a) kep

Hence, e~ Jo Mai@)dv — q _ fot ZﬁeX\{a} Zkeﬁ(Gaﬁ (A:))k,'ds. We deduce that (_}aﬁ =
Gop. By uniqueness of the solution, we obtain N, = N,,. This concludes the proof. O
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6.3 Initial conditions of ODEs compatible with a SPEs reformulation

We now characterize the initial conditions of the ODE (15) that guarantee that the
corresponding forcing function 52 is of the form (79) for some m,. This allows to
associate with these ODEs a SPE of the form (71)—(73). Indeed, starting from the
ODEs (15) we can write a system of RFEs for Ny, see Theorem 2.4. Then, if Sg is
of the form (79) we can associate to this RFEs a SPEs. With this procedure we can
therefore, implicitly, associate to these ODEs an age structure.

Proposition 6.7 (ODEs and SPEs) Let Ny, be given by (12) where {ny} is the family
of solutions to (15). If for every B € X there existsamg € (./\/l+,b(]R+))|’3| such that

n =/ e S mg(de) (81)

then Ny is given by (76), where { fy;} is the solution to a SPE of the form (71)—(73).

Proof Theorem 2.4 implies that N, satisfies Eq. (16). The flux S, solves (17) with
response functions Geg(t) = A ﬁaet Awa gnd forcing functions

SO =Y Gpanlh= > Agpe'Minl = " / Gpa(t — §)mp(df),
BeX\{a} BeX\{a} pex\{a} " R~
(82)

where in the last equality we used (81). As a consequence of (82) and Theorem 6.5
we can associate to the RFEs (16)—(18) a system of SPEs of the form (71)—(73). O

As explained above, Proposition 6.7 guarantees that if (81) holds, then we can
introduce an age structure in the ODEs system.

7 Specific examples and applications: linear case

We now consider some examples of applications of the response function formalism in
biochemistry. We consider first systems leading to linear problems. The examples that
we study include the classical kinetic proofreading model introduced by Hopfield and
Ninio (Sect.7.1), a model of non-Markovian linear polymerization (Sect.7.2), and a
simple linear network inspired by the model of robust adaptation in Barkai and Leibler
(1997), (see Sect.7.3).

7.1 Kinetic proofreading, Hopfield model

Our first application concerns a kinetic proofreading mechanism due to Hopfield Hop-
field (1974) and Ninio Ninio (1975). The Hopfield model, or other mechanisms of
kinetic proofreading inspired by that, have been found in many biological processes,
including pathogen recognition from the immune system (Goldstein et al. 2004),
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McKeithan (1995), DNA replication, m-RNA translation, DNA recognition and DNA
transcription, see the review (Boeger 2022) and also (Murugan et al. 2012; Pigolotti
and Sartori 2016).

The classical Hopfield model is a biochemical network of reactions of the form

CsS, Css* (83)
MR (84)
C—-0g, S*—=P (85)

where we indicate with < the reactions having detailed balance and with %5 the
reaction that does not have detailed balance. For more complex kinetic proofreading
networks we refer to Murugan et al. (2012), Murugan et al. (2014).

It is important to notice that the state denoted by S is a complex that consists in the
combination of the molecule denoted by C with some receptor. In the formulation of
(83) and (84) we assume that the number of receptors is very large and therefore the
number of attachment points for C can be assumed to be constant. On the other hand,
S* is the phosphorylated state of S and it synthesize the product P. For example, C
could be a codon on the mRNA, S the complex made of C and a tRNA. The product P
would then be an amino acid. We refer to Chapter 7 in Alon (2019) for more biological
details.

We assume that E(S) — E(C) = E; while E(S*) — E(C) = E; where
E(S), E(S*), E(C) are the free energies of S, S* and C. We stress here that we
are choosing units of energy such that kg7 = 1 where kp is the Boltzmann constant
and T is the temperature of the system, so that the energies are dimensionless. The
affinity E; to be detected by the receptor can be different for another molecule C,
producing the complexes Sand S*. In other words, the affinity E; = E®S) — EC)
can be slightly different from E;. Specifically, if the circuit has a preference for the
molecule C over C we have E; > E;. However E; — E, can be assumed to be
constant, i.e. E| — Ey = E| — E» where E; = E(S") — E(S). The reason why we
can make this assumption is that the phosphorylation process takes place in a part of
the molecule that is far from the part of the receptor where the molecule C or C was
attached. The phosphorylation reaction (84) does not have detailed balance due to the
consumption of ATP (or energy) in an irreversible manner, see Fig. 4.

The rate of the reaction C — S is k. Due to the detailed balance condition the
rate of the reaction S — C is kef!. Indeed the detailed balance property guarantees
that kN¢ = k_Ng where k_ is the rate of the reaction S — C and where N¢ =
e EO Ny = ¢ ) are respectively the concentrations of C and S at the steady
state. Therefore k_ = k%—g = ke,

Similarly the rate of the reaction C — S$* is 8 and the one of the reaction $* — C
is B ek, Finally the rate of the reaction S — S* is «. On the other hand, due to the
lack of detailed balance, we will denote the rate of the reverse reaction S* — S as
aef2=E1 /0, where Q is a coefficient which measures the lack of detailed balance. If
Q = 1 the reaction (84) has detailed balance. On the contrary, if Q > 1 energy is
spent in an irrerversible manner to transform § into S*.
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Fig.4 Reactions in the
proofreading mechanism due to
Hopfield. In the green dashed
line, we have the compartment
{C, S, S*, 0}

More precisely, we consider the ODEs

dcC
o=kt ptwC+ keF1S + BeF2S* + F(1)

ds

T = kC = (kP oS + %eEz—El §*
ds* o (86)

= BC +aS — <—eE2_E1 + Bef2 + A) S*

dt 0

dp i

— =S

dt

The equations for C,S, S" are identical, except for the energies E| and E which are
E; and E,. The term F in (86) is an external source of substance C.

Changing the time unit, we can assume without loss of generality that k = 1 in
(86). The effective behaviour of the reactions C — P, C — P can be described via
the corresponding response functions ®, ®. The response functions ® and ® can be
obtained taking F'(t) = §o(¢).

Using the linearity and invariance under time translations of (86) we can rewrite
the total production until the time 7 in the form

d t
EP(I) :/_ood>(t—s)F(s)ds

where @ (t) = AS*(t), where S* is computed solving (86) with initial value C (—o0) =
S(—00) = §*(—00) = 0and F(t) = §p(¢). This is equivalent to solving (86) for¢t > 0
with initial conditions C(0) = 1, §(0) = $*(0) = 0, P(0) = 0, F(z) = 0O for every
t > 0 respectively.

We will denote with P, the total quantity of product generated upon excitation by
a signal F (1) = 8o(t) of the molecule C and with P, the same quantity produced by
a signal of the molecule C. Then, the total production ratio is given by

R ewadr §70)
o emdr §#0)

Po
P
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Fig.5 Plot of response function ®(7) fora = u =¢, B = 82,0 =1/e2, A =262, eF1 =2, eF2 = 4/¢5,
ef1 =8, eF2 = 16/ where e = 0.01, 5 = 1/2

where § *. §* are the Laplace transforms of S§*, $*. Taking the Laplace transform of
(86), evaluating z = 0 and solving the linear system leads to

Poo _ o 1+ B+PE/a0 &2 +EB+WA/uB+/BO +e) +(L+ B+ war/up
Poc L+ B+ E[a €2 +65((B+ h/upn +a/BO +a) +62(1+ B + war/ubn
0=~ E1=ED  g.— o1 = (2Bl _ Ea—Ey

Note that 6 € (0, 1). Consequently, the above expression is greater than 0% =
e 2(E1=ED) Let us mention that the optimal discrimination 6% agrees with the one
originally obtained in Hopfield (1974) for constant flux solutions (i.e. assuming that

C or C are constant in time, hence ignoring the first equation in (86)).

The value =21~ E1) is achieved if
A A A
o — 0, E—>0, i—>O, — =0, — =0, g“::—a -0 (87)
o B8O un Bn upn

assuming that £ is of order 1. Notice that the first three limit expressions in (87) imply
that o, B — 0 as well as Q — oo. The first two limits expression above imply that
the reaction transforming S in S* is slow, but faster than the reaction transforming
C in S*. Furthermore, Q — oo yields that detail balance is strongly violated in the
reaction (84).

In order to ensure that the last three limits expressions in (87) hold we can either
assume % < g and A < B and n of order 1. Alternatively, it is possible to obtain all
the formulas in (87) also with n — oo, we refer to the examples later for this case.
Note that & — 0 is not required. However, if w is of order one, most of the signal C
will be lost in times of order 1 (or shorter) due to the term —uC in (86).

In addition, we can also compute the total production P, under the assumptions
(87). We then obtain
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Fig.6 Reactions in the
proofreading mechanism due to
Hopfield, without the
degradation of C

1+ B+ B&/a
L+ B +u+&upn/r+ B/a+ p/oa+Eupn/ia+nu/Qr)
¢
=g (I +o(1))
where ¢ is defined as in (87) and goes to zero and £ is of order 1. We thus observe that
the quadratic discrimination is obtained in the proofreading mechanism at the cost of
having a very small fraction of molecules of C generating the product P.

We now consider specific forms of the response functions for some particular scaling
limits of the chemical coefficients. More precisely, we set

Poo = AS*(0) =

=T, (88)

for some s € (0, 1] and for ¢ — 0. In this case, we have as ¢ — 0

s
POO oo

= 0% (14 O(")), I;— = S (1+06).

Poo o &

In Fig. 5 we plot the response function ® in the case s = 1/2,& = 0.01 and A = 2¢2,
n = 2¢~1/2 together with (88). Notice that the response function ® that we obtain
from this model is not an exponential function. This means that the dynamics is non-
Markovian in general. However, as time tends to infinity ® approaches an exponential
function. This suggests that the system could be considered to be Markovian for times
large enough.

The degradation term —uC in the equation for dC/dt is usually not included in
the standard (time-independent) Hopfield problem as in Hopfield (1974), see Fig.6.
Here, since we consider a time-dependent model, the degradation term is needed to
be able to discriminate, in terms of production of P, the molecule C and the molecule
C. Indeed, in the absence of degradation, every molecule C or C would synthesize
the product P. Although, the molecule with more affinity will be much faster than the
other one in the production of P, as we explain now. We compute the average time
needed for the molecule C to produce P. This is given by
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B JoZ t@(n)dt
C et

where ®(¢) = AS*(¢t) and where S* is computed from Eq. (86) with & = 0 and with
C(0) =1, S(0) = §*(0) = 0. Notice that, since %(C + S+ §*%) = —AS*, then

/oo ®(1)dt = k/oo S*(t)dt = C(0) =1,
0 0
hence T = fooo t®(t)dt. Moreover,
T = /Ootcb(t)dt = x/ootS*(t)dt = —/wti(C(t) + S() + S*(1))dt.
0 0 0 dt

Integrating by parts and using the fact that C, S, $* decay exponentially as time tends
to infinity, we obtain that

T = / (C(t) + S(t) + S*(1))dt = C(0) + S(0) + S*(0).
0

Performing the Laplace transform in (86) we deduce that

L, Ot Bnet) (ke +a) + Guke®! + (k+ )G + k(. + pne”)
N A(BkeEr + ak + af)

We compare T with 7 under the following assumptions

A< Bneft, a < kef', Bef' « ik, % < pefr, el > 1

and deduce that

T« 2E-E)
T

This is in agreement with the results in Hopfield (1974) for solutions with constant
fluxes.

7.2 Alinear polymerization model

In this section we describe a simple (linear) polymerization model which includes a
kinetic proofreading mechanism. Polymerization processes are ubiquitous in biology.
Some of the most important examples of polymerization in biochemistry are the tran-
scription of DNA in mRNA and the translation of mRNA into polypeptides. Some
of the most widely studied mathematical models of this last process can be found in
MacDonald and Gibbs (1969), MacDonald et al. (1968), Pipkin and Gibbs (1966).
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Most of the models of polymerization used in biology that we are aware of are
Markovian. On the other hand, in all the polymerization models mentioned above
kinetic proofreading mechanism and error correcting reactions take place whenever a
monomer is incorporated to the polymer (see Pigolotti and Sartori (2016)). Hence, as
explained in Sect. 7.1, it is natural to formulate a polymerization model for these pro-
cesses in which the addition of monomers takes place in a non-Markovian manner. We
will describe in this section a very simple polymerization model using the formalism
of response functions to describe each polymerization step. Notice that we do not try
to include in this model the simultaneous reading of a single mRNA strain by several
ribosomes, as it has been done in MacDonald and Gibbs (1969), MacDonald et al.
(1968), Pipkin and Gibbs (1966). Nevertheless we remark that the model considered
here is the non-Markovian version of the model in Pipkin and Gibbs (1966).

We assume that polymers are characterized by their length £ and that polymers
interact only with monomers. When a monomer binds to a polymer a sequence of
kinetic proofreading reactions starts. After these reactions take place a monomer of
size £+ 1 is formed. Due to the proofreading mechanisms the reaction (¢) — (£+1) is
non-Markovian and, hence, we will model it using the formalism of response functions.

Let n,(¢) be the number of polymers of length ¢ at time 7. Then n, increases in time
due to the flux I, of polymers from size £ — 1 to size £ and decreases due to the flux
Iy41 of polymers from size ¢ to size £ 4 1. Namely, for £ > 1, we have

One(t) = Le(t) — L1 (1), £>1 (89)

where

t
Ii(t) = / Wt —s)lp—1(s)ds, £ > 2. (90)

—00

Here, to simplify the analysis, the response function W is assumed to be independent
on £. Moreover, we assume that fooo W(s)ds = 1.

We now study the long-time behaviour of n,. To this end we assume that there
is a constant flux of monomers entering the system, that is 7;(¢) = 1 for all + > 0.
Furthermore, we assume that n,(0) = O for every £ > 1. Taking the Laplace transform
to all the terms of Eq. (90) we deduce that

N NN A 1
Io(z) = VY (z2)Ip_1(z) for £ >2 and I(z) = =

It follows that ig () = \iJ(z)e_1 fl () = %‘i’(z)e_l. Applying the Laplace transform
also to all the terms in Eq. (89), we deduce that z7¢(z) = ig () — fg+1. Hence

fe(z) = le (b - b)) = Ziznﬁ(z)‘f—l (1-¥@).

In order to obtain the long-time asymptotics for n, we need to consider the asymptotics
of iy for z small. For z small the function W (z) can be approximated by 1 — uz where
p= [y s¥(s)ds. Then
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R | - 1 _ M _ nwo_
@) = 5 ¥ H1-d@)~ S —n0) uz =2 - ) et

as z goes to zero. Inverting the Laplace transform of %e’“zz we obtain that n; behave
like a wave front of the form ng¢(t) ~ 1 x[eu,00)(t) for large times. Notice that this
solution describes a front of concentration in the space of polymer size propagating
with speed 1 /. A more detailed description of the solution near the edge of the front
needs a more precise analysis that we will not pursue here.

7.3 Alinear chemical model of adaptation

An important concept in Systems Biology is the one of adaptation. A system shows
adaptation if it reacts to gradients (in time or space) of a chemical, rather than to
absolute values of each concentration. One of the earliest models of adaptation is the
Barkai—Leibler model of bacterial chemotaxis, see (Alon 2019; Barkai and Leibler
1997). Other models of adaptation can be found in Ferrell (2016), Tang et al. (2010).

In this section we present a very simple model showing adaptation. This model can
be thought as a linear version of the classical Barkai—Leibler model. This model is
suited for a RFE reformulation as we have an input function, a compartment where
reactions take place and an output. Although, in this case the definition of response
function has to be slightly different from the one in the previous sections. Indeed, we
will prove that the integral of the response function is equal to 0. This is necessary
to induce adaptation as it forces the system to return to its initial state, if the signal
remains constant for sufficiently long time.

The system of ODEs we consider is the following

=aY —bX +5(t)

dX
dt
dy
—=1-X
dt
with a, b > 0. Here X measures the quantity of active receptors. It increases when
the signal s(¢) starts. Instead, Y is the response regulator protein. The output of this
system will be the quantity of active receptors. We remark that the constant source
term in the second equation could be the limit value of the Michaelis-Menten law in
the saturation regime.

It is convenient to make the change of variables £ = X — 1 in the above equation,
hence

Z—f —aY — bt —b+s(t)
dy
=t 1)

Notice that the steady state of Y is reached when X = X = 1. We stress that X does
not dependent on the signal s. This is a necessary property to have adaptation.
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We now reformulate Eq. (91) using the formalism of response functions. We can
think about {£, Y} as a compartment. The output of the chains of reactions taking
place in the compartment is b€, while the input is s(#) — b. The dynamic inside the
compartment {&, Y} is driven by the following subsystem of ODEs

d|& 3
s3]
—ba . .
_10l We compute the response function ®. Applying Theorem 2.4
together with Lemma 2.6 we deduce that ®(¢) = (b, 0)elle.
Assuming that b> > 4a we deduce that the matrix A has two real eigenvalues

Ay = % (—b + Vb? - 4a), where A_ < A4 < 0 corresponding to the eigenvectors

1
V4L = _)‘i .
a

As a consequence ©(¢) = C+ek+t +C_ert. Using the fact that ®(0) = b we deduce
that

where A = |:

Cy= DAt and C_ = bh~
YT —da TV —da

Hence, ®(t) = \/ﬁ (Ape*+! — A_e*-") . Then we have the following dependence
of X on s(7)

t

X(t):l—i—l/ D) (s(t —v) — b)dv.
b Jo

Notice that fooo @ (v)dv = 0. As a consequence, if s(t) — k ast — oo withk > b,
then X (¢#) — 1 ast — oo. This form of the response function is the one that might be
expected from a system exhibiting adaptation, i.e. the output converges to a constant
value if the signal s(¢) approaches a constant value.

8 Specific examples and applications: non-linear case

In this section we present some examples of non-linear RFEs. We will not analyse
the mathematics of the models presented here in full detail. The aim of this section
is to explain how to apply the formalism of response functions in order to describe
the interactions of different parts of a biochemical system, modelled by non-linear
ODEs containing non-linearities of the form of mass action, or Michaelis-Menten. In
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Fig.7 Type I coherent Feed S\y

Forward loop X—Y —
) 2

particular, for these types of models it is possible to describe the response of a given
compartment to a given set of inputs /; by means of functionals of the form

2
R(1) =Z/ Li($)¥i (t — s)ds
n —00
t t
+ZZLOO /700 Li(s)1j(s2)¥ij(t — 51,1 — s2)dsydsy
L
t t t
+ZZZ/700 /700 /700 1i (s 1 (52) Ik (s3) Wik (t — 51, ¢ — 52, t — s3)ds1dsads3
ik

+....

92)

The main new feature of the non-linear models (92) compared to the linear ones of the
form (1) is that the response can contain information about the correlations in time of
the inputs /;.

It is interesting to mention that RFEs of the form (92) containing only linear and
quadratic terms of the inputs can yield a much richer set of responses than the linear
RFEs. In Sect. 8.1 we show that one of the most common network motifs appearing
in metabolic networks, Alon (2019), yields a response function of the form

t
Rt)=Y_ / Ii($) Vi (t — s)ds

t t
+ZZ/_OO /_Oo li(s1) 1 (s2)Yij(t — 51,1 — s2)ds1dsy.
i

Moreover, we will see that these type of response functions allow to describe the most
distinguished features associated to this particular network motif.

Furthermore, in Sect. 8.2 we formulate equations that describe a non-Markovian
polymerization model.

8.1 Feed forward network

We can illustrate the usefulness of the theory of RFEs computing the RFEs for a
specific biochemical network, namely the so-called Coherent Type 1 Feed Forward
Loop (C1FFL). This network motif has been found often in many metabolic networks,
we refer to Alon (2019) for an extensive description of this motif.

We assume that a signal S activates a protein X, which promotes the production of a
protein Y. Then the proteins X and Y jointly produce Z. This motif can be represented
as in Fig. 7, using the logic formalism of the AND/OR-gates.

@ Springer



31 Page 50 of 56 E. Franco et al.

The main feature of the C1FFL is that it yields a delay in the production of Z,
upon activation of the signal S. Instead, when the signals S stops, the production of
Z stops immediately. Therefore, using the terminology of Alon (2019), this network
is a sign-sensitive delay element. In this section, we will show a class of response
functions exhibiting sign-sensitive delay. The biological advantage of this mechanism
is that it avoids to produce an immediate response to a fast fluctuating input signal.
We present now a system of ODEs representing the C1FFL and we examine the REFs
type of equations that describe the relation between the input and the output of the
system.

A possible way of modelling the C1FFL is with the following system of ODEs

dX S X

2 _S—ua

dt

dy

— =X-bY

dt

dZ—XY Z (93)
dr e

where a, b, c are positive constants. From this system of equation we deduce that

t t
X(@t) = f e I8 (s)ds, Y1) = / e P X (s)ds. (94)

—00

Using (94) we obtain

t t s
Y(t) = / e U= x(5) = / e b—s) / S()e ™4 gyds
- o0

o0 —00 -
' ! 1 '
=t / / es(b_a)dsS(v)eavdvz S / (1 — e(”_t)(b_“)) eV S(v)dv.
—o00 Jv b—a —00

Finally, from the equation for Z we infer that

t
Z(z):/ X(s)Y (s)e U9 g
—0Q

s (1 _ e(h—a)(w—S)>

t s
= ¢! / ele—2a)s / eV S(v)dv / -~ Ze%iS(w)dw | ds.
—00 —00 —00 b—a

Using Fubini, we deduce that

t t
Z(t) = f / Kt —v,t—w)S(w)Sw)dwdv (95)
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0.00002

0.00001

q

Fig.8 Plot of kernel K(n, &) inthecasea =c=5,b=1

where
0 (1 — e~ b-aE+)
K, &) = / elc W3 gmalEtn - ds, &1n=>0.
—min{n,&} —a
Note that
_ p—(b=a)(E+s)
1—e -0

b—a -

in the domain of integration. See Fig. 8 for a plotinthe casea =c =5,b = 1.

In order to gain insights on the RFE (95) we consider a limit situation. To this end,
we assume that a >> 1 and that ¢ > 1. This means that we assume that the time scales
1/a and 1/c are much smaller than the characteristic time scale in which the signal S
changes. Therefore, (93) implies that fora > 1 and ¢ > 1

t
X))~ 25(1‘), Y1)~ i/ e P9 8(s)ds

—00

and
1 t
Z(t) ~ TS(I)/ S(s)e P=9gs.
a=c S

Assume that S has maximum value S,,. Then, the function Z(¢) reaches values of
the order of magnitude of its saturation value S,% Ja’cb for times of order 1/b. This
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motivates to define the function S such that S(zr) = S(tb) and to make the time
rescaling T = bt. We also introduce the new variable £ (1) = azch(f)/S,%. Then for
7 of order 1 we have

£(7) mE(r)/r S(s)e g5 = /r /T Ko(t —s,7 —v)S (s) S(v)dsdv

(96)
where
Ko(s1, $2) = e *180(52) xR, (51)-
The kernel K is not symmetric, but we can rewrite (96) as
T T _ _ _
E(r) ~ / f Ko(t —s, 7 —v)S (s) S(v)dsdv 97
—00 —00

where

Ko(s1.52) = = (€71 80(s2) xw, (51) + € 280(s1) xR, (52)) -

N =

We can examine now the response of the system to two signals, namely to S1(t) =
X[0,00)(T) and So(t) = X(=o00.7(T) With t > 0. Some care is needed to consider signals
that are characteristic functions. In practise, the signals S and S must be understood
as functions that change their values in time scales that are much larger than 1/ba and
1/bc. Notice that the response to the signal S yields &(t) = 0 for every T > 7. So
when the signal S, suddenly stops, the level of £ decays instantaneously. On the other
hand, in the case of the signal S & reaches its saturation 1 after times t of order 1.
This is the expected behaviour for the C1FFL system.

We conclude this section by stressing that most of the network motifs in Alon
(2019) can be formulated and analysed using non-linear RFEs including terms of the
form (11), as we did in this section for the C1FFL.

8.2 A nonlinear polymerization model

We formulate now a non-Markovian, non-linear polymerization model that has some
analogies with the classical Becker-Doring equations. The Becker-Doring equations
are a classical polymerization model that has been extensively studied as a model of
phase transitions (see for instance (Hingant and Yvinec 2017)). The main difference
between our model and the classical polymerization models is that in our case the
addition of a monomer takes place in a non-Markovian way.

More precisely, we consider a population of polymers which can have different
clusters sizes £. As in Sect. 7.2, we assume that polymers grow due to attachment of
a monomer and we assume that the reaction (¢) + (1) — (£ + 1) is non-Markovian.
More precisely, we assume that, when a monomer and a polymer of size £ bind, they
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do not form immediately a polymer of size £ 4- 1. Instead we assume that the addition
of a monomer takes place by means of a chain of reactions that we do not try to model
in detail, but that we represent with RFEs. Each of the reactions inside the chain can be
assumed to be Markovian, but, as we have extensively seen in this paper, the relation
between the inputs (in this case a monomer of size £ and one of size 1) and the output
(which in this case is a monomer of size £ 4 1) is typically non-Markovian and should
be described using the formalism of response functions in this setting.

The main assumption of this model is that there exists an intermediate state after
the attachment of a monomer to a polymer of size ¢ that describes the transient state
until the polymer can be considered to have size £ + 1. We denote the density of these
intermediate states with w,. The equations describing the dynamics of the system of
polymers is the following

dne + +1

— = —nng+ng —n

o 1he +nee1 —ng + Iy

dwy I

B

dt 1M¢—1 4

dn, 00 00

b :2n2—2n1n3—2n%+2n£+1+5,
=2 =2

where S is a source of monomers. The flux I, is given by

t
Ii(t) = / Wt —s)ni(s)ne—1(s)ds £ > 2.

—00

Notice that S = 4 (302, tng + 3", Lwy).

In contrast with the model described in Sect.7.2, here we have that the influx of
polymer of size £ depends on the history of the number of monomers of size £ and of
size 1, namely on all the values of ny; and n in the time interval (—oo, ¢].

9 Conclusions

In this paper we propose to use the formalism of RFEs to model complex biochem-
ical systems. As explained in this paper, the interactions between different parts of
biochemical systems can be non-Markovian. Since the RFEs can be thought as non-
Markovian equations they are well suited to model these interactions. The formalism
of RFEs has been already extensively used in biology, in the context of population
dynamics and epidemiology (see for instance (Diekmann et al. 1998)).

In this paper we study under which conditions it is possible to reformulate a given
model of ODEs as RFEs. We analyse mainly linear RFEs that are conservative, i.e.
they conserve the total number of elements, although we consider also non-linear and
non-conservative examples. Many applications in biology lead to non-linear models
(see Sect.8), or non-conservative models (see for instance (Zilman et al. 2010)). It
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would be interesting to extend the approach presented in this paper to these cases, as
it has been done in Population Dynamics and Epidemiology.

Another possibility would be to consider space dependent response functions. This
would allow to consider space dependent models. See for example (Galstyan et al.
2020) for an extension of the proofreading model that propose spatial gradients as a
way to improve specificity.

As explained in Sect. 3, the structure of the biochemical reactions of the system
impose constraints on the response functions. In particular we proved that systems sat-
isfying the detailed balance condition are associated to completely monotone response
functions. This opens the possibility of deriving the properties of biochemical systems
from the (experimentally measurable) properties of the response functions.

Writing a model using RFEs allows to describe complex systems of reactions by
means of some operators (linear or non-linear) that are characterised by a set of
response functions. It is therefore relevant to determine if the behaviour of a biochem-
ical system described by a specific system of ODEs can be captured by a REF with
response functions having generic features (for instance that are completely mono-
tone). This would allow to verify the robustness of the behaviour of the system as
done in Population Dynamics and Epidemiology. An issue that is not considered in
this paper is to describe the interactions between different biochemical circuits. This
would require to consider a combination of many RFEs models.

We conclude by stressing that one of the questions addressed in this paper, on the
relation between ODEs and RFEs, have some analogies with the one addressed in
Diekmann et al. (2020) and in Diekmann and Inaba (2023) for models appearing in
Population Dynamics and Epidemiology. The main difference is that in these papers
are studied the conditions on the response functions (or kernels) of the renewal equation
that allow a reformulation of the system as ODE:s. Instead, in Sect.2.3 we start from
the ODEs models (well suited for systems of biochemical reactions) and we rewrite
them using the RFEs formalism, that includes a renewal equation. As expected, the
class of kernels we obtained with this procedure is the same one for which it is shown
in Diekmann et al. (2020) and Diekmann and Inaba (2023) that a reformulation of
the REs as ODE:s is possible. In particular, it is the class of kernels that correspond to
Markovian interactions between the compartments, see Sect. 4.
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