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An inverse problem in cell dynamics: Recovering an initial
distribution of telomere lengths from measurements of
senescence times

Jules Olayé'

Abstract

Telomeres are repetitive sequences situated at both ends of the chromosomes of eukary-
otic cells. At each cell division, they are eroded until they reach a critical length that triggers
a state in which the cell stops to divide: the senescent state. In this work, we are interested
in the link between the initial distribution of telomere lengths and the distribution of senes-
cence times. We propose a method to retrieve the initial distribution of telomere lengths,
using only measurements of senescence times. Our approach relies on approximating our
models with transport equations, which provide natural estimators for the initial telomere
lengths distribution. We investigate this method from a theoretical point of view by provid-
ing bounds on the errors of our estimators, pointwise and in all Lebesgue spaces. We also
illustrate it with estimations on simulations, and discuss its limitations related to the curse
of dimensionality.

Keywords: Inverse problem, integro-differential equation, transport equation, telomere lengths, cell divi-

sion

1 Introduction

Biological motivation. Linear chromosomes of eukaryotic cells have repeated sequences of
nucleotides called telomeres at their ends. These regions are non-coding, and prevent fusion
between chromosomes, thus ensuring the integrity of chromosomes. At each cell division, half
of the telomeres are slightly shortened because the enzyme responsible for the DNA replica-
tion is unable to copy the last nucleotides of the DNA. This phenomenon is called the end-
replication problem [53, 51]. As telomeres progressively shorten, a cell may eventually reach
a critical threshold in which telomeres are not long enough to protect the coding regions of
DNA from degradation. To prevent this issue, when the shortest telomere of a cell attains a
certain length, which is around 27 base pairs for the yeast [11], the cell enters a state called
senescence [1, 7, 19, 30, 55]. This state is characterised by the fact that the cell stops dividing,
thus avoiding the loss of coding DNA. Understanding this phenomenon may help to understand
how cancer cells can emerge. The main reason is that cancer cells have mutated to be able to
lengthen their telomeres, preventing them from senescence and allowing them to proliferate [13].
The study of telomere shortening has therefore gained in interest in the last years, and recent
advances in microfluidics have opened new doors in its understanding. Specifically, microfluidic
experiments have simplified the tracing of cell lineages, thus providing better experimental data
at the microscopic level [50].
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Presentation of the problem. Since the criterion for a cell to become senescent is given
by the lengths of its telomeres, initial telomere lengths distribution and fate of cell lin-
eages/population are deeply connected. In [11], this link was studied with the following
approach: how do the initial telomere lengths influence the fate of cell lineages/populations?
Specifically, the authors investigated how the parameters of the initial distribution affect the
population half-life time (the time at which the number of cells is halved) and the evolution of
the average telomere length. In the current paper, we aim at understanding this link on lineages
and by asking the opposite question: can we obtain information on the initial distribution of
telomere lengths, knowing the fate of cell lineages? To answer this question, we propose to
solve the following inverse problem: recovering the initial distribution of telomere lengths when
only the senescence times distribution of several lineages is observed.

Informal description of the models. To address the issue presented above, we model
telomere shortening with deterministic models, which correspond to integro-differential equa-
tions. These models can be seen as a counterpart of the stochastic models developed and studied
in recent years [2, 5, 6, 7, 17, 27, 30, 35, 41]. Two models are considered in this study. The first
model is a toy model for mathematical investigations, representing the evolution of cell lineages
with a single telomere, see (2.3). In this model, cells are structured according to the length of
their telomere x € R;.. The second model is a more biologically relevant one, representing cell
lineages with several telomeres, see (2.8). Each chromosome in a cell has two telomeres, one at
each end. Thus, denoting by k£ € N* the number of chromosomes of the species we study, the
cells are structured by the length of their telomeres x € R?f . In each of these models, the quan-
tities modelled by our equations are the telomere lengths density over time, and the senescence
times distribution. We assume that cells divide at a constant rate, and that at each division,
the telomere (in the model on Ry) or half of the telomeres (in the model on R?*) are shortened.
We model senescence by a cemetery state, and assume that cells enter this state when one of
their telomeres has a length below a threshold. This threshold is set to 0 for simplicity, as any
other threshold value is equivalent to 0 by translation of the trait space. These give us that
the telomere lengths densities and the senescence times distribution satisfy a system of two
integro-differential equations, including the deterministic equation of a jump process as a first
equation, and the rate this process reaches 0 as a second equation.

Difficulty. The main difficulty in solving this problem is that we work with integro-differential
equations, which are non-local equations. This non-locality implies that we lose information
about the telomere lengths distribution when only the senescence times are observed. This
results in a non-injectivity of the operator linking the lengths distribution at a given time t > 0,
and the senescence times distribution at this time ¢, see Remark 2.2. It is thus not possible
to obtain information about the lengths distribution by inverting this operator. It also implies
that it is very difficult to ensure identifiability for our inverse problem.

Estimation strategy. The estimation strategy we use allows us to manage the issues pre-
sented in the above paragraph. It consists in adapting the estimation strategy developed
in [3, 13] to our setting. For this strategy, we first assume that the telomere shortening values
are small and that the cell division rate is high. This assumption is biologically relevant be-
cause the ratio between the average telomere shortening and the average initial telomere length
is small, see the discussion about the assumptions p. 13. Then, we use this assumption to
obtain approximations of our models by transport equations absorbed by a cemetery when one
coordinate of the trait reaches 0. This allows us, at the cost of working with a slightly different
model, to recover locality and injectivity properties. Thereafter, we construct estimators of



the initial distribution that work on these approximated models. We do this here by using the
characteristics of the transport equations, which provide a simple link between the distribution
of entry times to the cemetery and the initial distribution. Finally, we apply the previously
constructed estimators to the original models, and verify that they remain accurate. We check
this here by obtaining bounds on their estimation errors, and then testing the inference method
on simulations.

Review of the literature. Inverse problems in cell biology have been widely studied over the
last few years. In general, the quantity to recover is the cell division rate or, equivalently, the
cell cycle distribution [10, 11, 12, 14, 21, 34]. Other quantities have also been estimated, such as
the fragmentation kernel of growth-fragmentation equations [1 1, 20], and the initial distribution
of polymer sizes in protein depolymerisation [3, 13]. Our work is in line with this last example.
Although the biological motivation is different, we work with a comparable model and within a
similar setting. Indeed, as in [3, 13], we have here a trait that progressively degrades over time
until it reaches the boundary of the trait space. We also observe the density of individuals at
the boundary of the space, and we aim to retrieve the same quantity, the initial distribution of
the trait.

We mention that in [13], the approximation used to construct their estimator is more refined
than ours: the model is approximated by a transport-diffusion equation (second-order approx-
imation) instead of a transport equation (first-order approximation). This second-order ap-
proximation provides more information, leading to a better estimation when solving the inverse
problem. The actual work is thus more in line with [3] in which a first-order approximation is
done to construct the estimator, using results from previous articles to justify it [25, 28, 45, 50].
This justification was reinforced in [13], where an alternative proof for the first-order approxi-
mation of the model in L?-norm is provided, even though it deals with the second order. In our
case, it is also possible to do a second-order approximation to construct an estimator for the
model in one dimension. This study has been conducted by the author of the current paper,
and will be presented in an upcoming article.

Integro-differential equations such as those described by our models, see (2.3) and (2.8),
have been well-studied in the literature [4, 16, 24, 29, 16] and are often referred to as Volterra
integro-differential equations. However, the theoretical study of mathematical models repre-
senting telomere shortening is very recent, and still quite unexplored. The main articles we can
cite are [5, 0] or [35]. In these works, the question of the existence of a stationary profile was
addressed for telomere shortening models with both discrete and continuous state spaces. Prior
to this, studies were conducted more from a biomathematical perspective [2, 17, 27, 36, 39, 10,

| or from a numerical perspective [7, 30, 41, 55]. In some of these works, model approxima-
tions have already been studied. Notably, an approximation of a telomere shortening model
by a transport-diffusion equation is done in [39], and approximations by both transport and
transport-diffusion equations are considered in [51]. The approximations have been properly

justified from a modelling perspective in these articles, but not from a theoretical one. To the
best of our knowledge, theoretical results on the approximation of telomere shortening models
with transport or transport-diffusion equations have not yet been obtained in the literature.

Main contributions. Our first contribution is to provide qualitative bounds for the approx-
imation errors of our models and the errors of our estimators, pointwise and in all Lebesgue
spaces. Specifically, we show that if the first and second derivatives of the initial distribution
are bounded by an exponential, then the approximation and estimation errors decrease expo-
nentially fast after a certain length and a certain time. This completes the approximation result
obtained in [13], in a discrete model similar to ours. In their work, a result in L2-norm for the



approximation error was obtained under more general assumptions, with a bound increasing
linearly with the time. However, obtaining a precise bound was not their primary focus. Our
main idea to obtain these new bounds is to rewrite the approximation errors of the first lines
of our systems of integro-differential equations as the integral of several sub-errors, see (3.19).
This integral representation allows us to highlight for all 0 < s < ¢ how the error generated
at time s still influences the error at time ¢. Then, thanks to a maximum principle, we show
that this error dissipates exponentially fast, which gives us exponential bounds. These bounds
are then transferred to the approximation errors of the second lines of our systems, and to the
errors done by our estimators. For more information, we refer to Sections 3 and 4.

Our second contribution concerns the extension of the estimation to a multidimensional
setting, i.e., to the case where cells have several telomeres. From a theoretical point of view, we
show that the estimator is less straightforward to obtain, as it requires a careful control over the
rate at which cells remain outside the cemetery. From a practical point of view, we highlight
the difficulties related to the curse of dimensionality and extreme value theory: a large amount
of data is required to obtain a reliable estimate, and the approximation error increases with the
dimension. We discuss these problems and suggest different approaches to solve them.

Our third contribution is the thorough study of how the noise related to sampling affects the
quality of our estimators. This noise is a consequence of the fact that in practice, we only have
a finite number of data, so we only observe an approximation of the senescence times density,
and not its true value. The usual way to approximate this density is to do a kernel density
estimation [37, 44], but this method gives a poor estimation of the density near 0, see Section D.
We show in this work that doing a log-transform kernel density estimation [3, 33], instead of
a classical one, solves this problem. We also obtain theoretical results on how the estimation
errors decrease with the number of data.

Our final contribution, which follows on from the first one, is to provide theoretical results
justifying that telomere shortening models can be approximated by transport equations. In
particular, we complete the study done in [51], which have justified this approximation from a
modelling perspective. We believe that the approximation results obtained in this work can be
reused in applications other than solving this inverse problem. For example, they can be useful
for studies related to [39, 51].

Organisation of the paper. The paper is organised as follows. First, in Section 2, we
present the models and the estimators we use, and state the main result of this work. Then, we
prove the main result for the model with one telomere and the model with several telomeres, in
Sections 3 and 4 respectively. Thereafter, we illustrate in Section 5 the quality of our estimators
on simulations and data. Finally, we discuss the limits and the prospects of our work in Section 6.
Complements and auxiliary statements are presented in the Appendix.

2 Presentation of the models and the main result

This section is devoted to the presentation of the notations and the results of the paper.
First, in Section 2.1, we define the two models that we study in this work. Then, in Section 2.2,
we introduce our estimators, and give the assumptions and the main result of this work. Finally,
in Section 2.3, we discuss our choice of modelling and assumptions. We mention that the proof
of the well-posedness of the integro-differential equations introduced in this section is left to
Appendix A.1, as this is relatively classical.



2.1 The models

Let us start by presenting in detail the models under consideration. The goal is to have
models representing the microfluidic experiments done in [70], as this experimental framework
has inspired our study. In these experiments, cell lineages are tracked over time in microcavities
until the last cell of these lineages becomes senescent. At the end, biologists observe for each
lineage the generation and the time of senescence of the last cell of the lineage. We therefore
need models which describe the evolution of telomere lengths in cell lineages over time, as well
as the times at which the last cell of these lineages becomes senescent.

In both of our models, we assume that cell division times are distributed according to an
exponential law with parameter b > 0. We denote by 9 the senescence state, which can be seen
as a cemetery reached when one telomere of a cell has a length below 0. We also consider § > 0
the maximum shortening value, g : [0, 5] — R4 a probability density function representing the
distribution of telomere shortening values at each division, and for all z > 0

N min(z,8)
G(z) = /0 i(s)ds 2.1)

its associated cumulative distribution function. We assume that § has finite first and second
moments, and write for i € {1,2}

5
m; ::/ u'g(u)du. (2.2)
0

We finally consider a non-negative function ng € W21 (Ry)NLS. (Ry) such that l[nollziryy = 1-
This function represents the initial telomere length distribution in the model with one telomere,
and the initial length distribution for each individual telomere in the model with several telom-
eres. The goal of this paper is, thus, to infer this initial distribution knowing the distribution
of senescence times.

Model with one telomere. In the first model, we assume that each cell has only one telom-
ere. This is not biologically realistic because a cell has always several telomeres, since each
chromosome of a cell has two of them. However, this model helps us to gain mathematical
intuition, and it is discussed in Section 2.3 how this model can be used in practice.

Cells are structured according to their telomere length that belongs to Ry. We consider
the density of telomere with length > 0 at time t > 0 when several lineages are tracked,
denoted n™M(t, ). We also consider the rate at which cell lineages enters senescence at time

t > 0, denoted ng )( t). In fact, n( ) can also be seen as the senescence times distribution because
it is a probability density functlon by Proposition A.5. In this model, each cell divides at a
rate b, and at each cell division, the telomere of the dividing cell is shortened by a random value
distributed according to g. If after this shortening, its telomere length is still greater than 0,
then the cell remains in the dynamics. Otherwise, the cell goes to the cemetery, i.e. becomes
senescent. Thus, 0 acts here as a threshold to determine if a cell becomes senescent. Recalling
that ng is the initial distribution of telomere length, we then consider the following system of
integro-differential equations

o (t,x) = b o nD (t, 2+ v) §v)dv — bnD(t,x), ¥t >0, 2 >0,
nf) (1) = b 0D (t, y)(1 — G(y))dy, vt >0, (2.3)
nM(0,2) = ng(z), Vo > 0.

This system corresponds to the above description, and is our first model for telomere shortening.
It is in fact similar to the one obtained in [35, Theo. 2.6], which studies a branching jump process



with the same biological motivation. The term b f 5 (1) (t,z + v) g(v)dw, in the first line of (2.3),
corresponds to the rate at which cells with a telomere length greater than x at time ¢ divide
to become a cell with telomere length z after shortening. The term —b.n() (t,x), on the same
line, corresponds to the division of cells with telomere length = at time ¢. In the second line
of (2.3), we have ny(t) = 5]05 nM(t,y)(1 — G(y))dy, because at each division, the probability
that the length y > 0 of the telomere of the dividing cell becomes negative after shortening
is iin(y,g) G(v)dv = 1 — G(y). When we study this model, our aim is to estimate ng when n(al)
is observed.

Remark 2.1. We have conservation of the number of individuals. Formally, for any t > 0, we
first integrate the first line of (2.3) in the variable x, and put the term —b.n(V(t,z) into the
integral in view of the fact that g is a probability density function. Then, we apply Fubini’s
theorem to switch the order of integration, and simplify the integrals in dx. We obtain

/O+°° ()txdl‘:|_b/+oo/ Dtz +v) —nM, :E)} 3(v)dvda:

_ —b/ U n (¢ x)d:z} 3(v)dv.

Now, we apply a second time Fubini’s theorem, and use the second line of (2.3) to develop the
expression of ng(t). The following comes to end the proof, for allt > 0,

% [/;OO nW (¢, 2)dz + /Ot n(al)(s)ds} - 5/05 nM(t,2)(1 - G(z))d

+ 6/05 nW (¢, 0)(1 = G(v))dv = 0.

d

dt

Remark 2.2. One can easily see that the operator ¥ : L' (Ry) — Ry defined for all F € L' (Ry)
as V(F) = bfo )(1—G(y))dy is not injective, and therefore not invertible. Hence, by the sec-

ond lme of (2.3), zt is impossible to retrieve qualitative information about nM(t,.) from ng)(t),
at a fixed t > 0. This difficulty is what motivates us to obtain a model approrimation.

Model with 2k telomeres. We now create a model which takes into account the fact that a
cell has several telomeres. We denote by & € N* the number of chromosomes of the species we
study. Each chromosome has 2 ends, so each cell has 2k telomeres. Hence, we use the space R%f
to represent telomere lengths in our second model. For all i € [1, k], the i-th and the (i + k)-th
coordinates of a vector in Ri’“ represent telomeres on the same chromosome (the chromosome 7).
At each cell division, for all i € [1, k], we have the following biological constraint:

. Either the telomere linked to the coordinate 7 is shortened and the telomere linked to the
coordinate i + k stays unchanged, with probability 1/2,

. Or the telomere linked to the coordinate ¢ + k is shortened and the telomere linked to the
coordinate i is unchanged, with probability 1/2.

In other words, for any chromosome of the cell, one and only one end of the chromosome is
shortened at each cell division. To take into account this, we introduce the following set

T, ={I € P([1,2K]) | #I =k, ¥(i,j) € I*: i # j => imod k # jmod k}, (2.5)



where P ([1,2k]) is the power set of [1,2k], i.e. the set that contains all subsets of [1,2k].
The set Zj contains all the possible combinations of telomeres that can be shortened at each
division. In particular, the condition

V(i,j) € I : i # j = imod k # jmod k

represents the fact that only one end of the chromosome is shortened at each division. At each
cell division, we draw one set I € Z; uniformly to know the indices where there is a shortening
for the daughter cell we follow.

Example 2.3. When k = 2, we have
I = {{1) 2}7 {17 4}7 {27 3}7 {37 4}}

If at a cell division, we draw {1,4} € Iy (probability 1/4 that this happens) as a set where indices
are shortened, then there is a shortening in the coordinates 1 and 4, and the coordinates 2 and 3
stay unchanged.

We also introduce the following measure for all I € 7,

A (v) := [Hg(vi)dvi] I do(dv)| - (2.6)

icl ie1,2k]\I

This measure represents the distribution of how telomeres are shortened at a division, knowing
the fact that the telomeres that are shortened are those in I. Dirac measures represent the
fact that the coordinates in [[1,2k]\I are unchanged, and the measure g(v)dv that there is a
shortening for the coordinates in 1.

Finally, we consider .

di(v) = S daD(w). (2.7)
I€T},

This measure represents how telomeres are shortened at each division, taking into account all
the possible combinations of telomeres that can be shortened at a division. The term 2¥ comes
from the fact that #(Z;) = 2*, see Lemma A.7. Intuitively, this is because, at each division,
for each chromosome, we do a choice between its two ends to know the one that is shortened.
Additional results concerning the cardinals of subsets of Z are given in Section A.2.

We now have everything to write our model. We denote by n(2%) (t,z) the density of telomere

with lengths z € Ra_k at time t > 0. We also denote by n(;k) (t) the density of senescence times
at time ¢t > 0. We assume that at each division, telomeres of the dividing cell are shortened
by a random value distributed according to i, and that the dividing cell becomes senescent if
one of its telomere has a length below 0. Then, the probability that a cell with length y € R%r’“
becomes senescent after division is [ ({v € R?f ly —v ¢ Rik}) We also assume that the initial
distribution of telomere lengths is n(0,z) = [[?*, no(z;), and refer to Remark 2.4 for more
details about this choice. Adapting what we have explained for the single-telomere model to
the above dynamics, we have that our second model is the following system of integro-differential

equations

R (t, x) = BfRik nk) (t,z +v)di(v) — bn®R(t,2), Vt >0, r € R%,
=b

ng " (1) = b fae n®) (1 y)in ({v € R [y —v ¢ R¥}) dy, Ve 20, (2.8)
nt (0, ) = T2, no(xs), Va € R2.

. N . 2k) .
Again, our aim is to estimate ng when n(8 ) is observed.



Remark 2.4. We have assumed that the initial telomere lengths distribution is given by the
product H?ﬁl no(z;) for all x € Rik. This means that the initial length distributions of two
different telomeres are independent. We have no theoretical or simulation-based result that the
latter is true for the moment. Further studies will be conducted in this regard. The reader
should see this as a first mathematical simplification.

Remark 2.5. As for the model with one telomere, we have conservation of the number of
individuals, i.e. that for allt >0

t +o00
% [/xeRik nh) (¢, r)da +/0 n(;k)(é’)ds] =0, and er n) (¢, )da :/t nM (s)ds.
(2.9)
Here are the steps to obtain this. First, integrate the first line of (2.8) in the variable x.
Then, apply the Fubini’s theorem and simplify the integrals in dx. Finally, apply another time
the Fubini’s theorem. It comes the following, which is exactly the left-hand side of (2.9), for
allt >0,

/ n(2k) (t,:c)dx} =—b [/ n0 (¢, z)dx
zeR3F veR2k | JweR3k, Jie[1,2k] sz <v;

- fi({veR¥ |z —v ¢ R¥L) n®(t,2)de = —n§ ().

rGRﬁ_’“

d

= di(v)

Integrating both sides of the above, in view of Corollary A.6, then gives the right-hand side
of (2.9).

2.2 Assumptions and main result

The main result of this work is the construction of estimators for the initial distribution
of telomere lengths for both models, with their respective errors of estimation. We begin by
presenting the main hypothesis of this work and some notations.

Assumptions. The assumptions for our main result are the following. They are verified for
example when ng is the density of an Erlang distributions. This case is widely studied in our
numerical study, see Section 5.

(H1) : There exist N > 0 (large), 6 > 0, g : [0,0] — R4+ a probability density function and
b > 0 such that

5:%, Vz €10,0] : g(z) = Ng(Nz), and b=bN.

(Hg) : There exist A > 0, C > 0 and C} > 0 such that for all z € Ry
’ng (x)‘ < Chexp(—Az), and ’né (a:)| < Chexp(—Az).
(H3) : There exists Dy > 1 such that for all z € Ry

ng () < Dydexp (—Ax).

(Hy) : There exist w > A, f, : R4 — Ry non-decreasing, and D,, € (0,1] such that for
all z > 0
D, f,(x)exp (—wx
o) > Dafuld)esp (-n)
0 July)exp(-wy)dy

8



The above assumptions are further discussed in Section 2.3, notably the biological relevance of
the first one. We only mention the following point, that is crucial to understand the end of
this subsection: in (Hp), N is assumed to be large. Then, when a result is stated, one needs to
imagine that N tends to infinity to understand it.

Notations. First, we denote the equivalents of (172;);c(; o} and G for g:

5 . min(z,0)
Vie{l,2}: m; ::/ u'g(u)du, and VreRi: G(z):= / g(s)ds.
0 0
Then, we introduce the equivalents of ( ( ))Ig and fi for g:
k
VIeTy: duDw) = [Hg (v3) dvi] H do(dv;) |, and du(v Z dp )
icl i€[1,2k]\I Iezk

(2.10)
Thereafter, for all d € N* and ¢ finite measure on R% | we consider L(¢) the Laplace transform
of £, defined for all 8 > 0 as:

L(E)(B) = / . exp< 5Zuz>

Finally, we define the two following constants:

AN = n]jl [1 - L(g) (2{)} : Ny = kle [1 - <[,(g) (;\‘]))k} . (2.11)

In view of the fact that £(g)(0) = fo g(u)du = 1 and the definition of the derivative, we

have that limy_, 100 AN = M = A. By the formula of the derivative of the power of
a function, we also have that th_>+oo Ny = A. Then, as N is supposed large, Ay and Ny
correspond to approximations of A.

(1) (2k)

Estimators and main result. To estimate ng from the observations of n;’ or ny ™, we use

~(1) (2K)

the estimators n ’ and 7y respectively, defined for all z > 0 as

1 T 1 ng%) (~2~x )
W@ = ol (o)A@ = L (212)
bm1 bm1 k‘bml (2k) 1 2k
(fogi ng (s)ds)
Bring

Let us briefly explain how the expression of these estimators is obtained. The estimator on
the left comes from the approximation of the pair (n(l) ni )) by a transport equation with
drift —bm; and absorbed at x = 0, see Section 3. Thanks to this approximation, we have
by using the characteristics of the transport equation that ng)(t) is close to bm1n0 (bmt) for
all ¢ > 0 (see the right-hand side of (3.6)). Therefore, by first taking t = , then dividing
both terms by bm;i, and finally using the following equality that comes from the change of

variable u' = § and (Hy):
)

bmy = b/ ug(u)du = bNQ/ ug(Nu’) du/ = b, (2.13)
0

9



() (b~ ) is close to ng (z) for all x > 0.

The estimator on the right of (2.12) also comes from an approximation of (n(%),ngk)),

see Section 4. This time, the approximated model is a transport equation with drift —=3

in each coordinate, and absorbed when one coordinate reaches 0. Compared to ﬁ[()l), it

requires more steps to obtain the expression of ﬁ[()zk) from this approximation. First,
by the conservation of the number of individuals stated in (2.9), our model approxi-

mation, and the characteristics of the equation, we have that [/™*° n(a%)(s)ds is close

bmq

2k
o (ﬁ;ﬂoﬁ no(s)ds) for all ¢ > 0 (see Remark 4.3). Then, by taking both terms to the
-

-
power ﬁ and differentiating, we have that 1 (8%) (t) ( t+°° (2 )( )ds) s approximatively

equal to bml ng (bmlt) for all ¢ > 0. Fmally7 by taking t = b , then multiplying by bm , we
-1

have that W (a2k) (bml) < :230 ngk)( )ds) is close to ng (z) for all x > 0. This last result

justifies the expression of the estimator on the right of (2.12) because bm; and by are equals,

see (2.13).

The steps to obtain our estimators presented above are detailed more rigorously in Sections 3
and 4. In particular, after completing them, we obtain the following result, which provides upper
bounds on the errors between the estimators presented in (2.12) and ng. It is the main result
of the paper.

Theorem 2.6 (Main result). We recall the constants Ay and Ny defined in (2.11). The fol-
lowing statements hold.

(a) Assume (Hy) — (Hz). Then, there exists c; > 0 such that for all x > 0
~ c
‘n(()l)(az) - ng(x)’ < Nl(:c + 1) exp (—Anz),

where ¢1 depends only on g, Cx, Cy and D).
(b) Assume (Hy) — (Hy4). Then, there exists di > 0 such that for all z >0

x‘gdl(Dx

~(2k
7 b

2k
K2z +k +1) exp [—(2k + D)Nyz + 2kwz] ,

x) —

where dy depends only on g, 6, X\, Cx, C4, Dy, and D,,.

Notice that the pointwise errors tend to zero when N — +oo. Then, as N is assumed to be
large, we have that ﬁ[()l)(x) and ﬁ(()%) (x) estimate accurately ng(x), for all > 0. The benefit of
having a pointwise error is that it provides guarantees on the local error of the estimator, i.e.
on any subset of Ry. It also provides information on where the estimation is the most and least
reliable.

Let us comment on the dependence on x of the bounds in Theorem 2.6. First, assume that
(2k+1)Xy > 2kw. Then, for each of the estimators, the bound contains a term corresponding to
a linear growth in x, and a term corresponding to an exponential decay in x. The linear growth
is related to the accumulation of errors during the model approximation: for all s < ¢, the error
present at time s still affects the value at time ¢. The exponential decay is related to the fact that
the influence of past errors dissipates over time at an exponential rate: the larger ¢ — s is, the
less the error at time s influences the error at time ¢. In the case where (2k+ 1)\ < 2kw, there

is no exponential decay for ﬁ((]%). This is because the denominator term of ﬁ(()%), which tends
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to 0 exponentially fast, compensates for the dissipation and leads to an exponential growth of
the error (linear in the critical case (2k + 1)\ = 2kw). This is a problem because it means
that the quality of the estimator declines very qulckly.

Let us now comment on the dependence on k of the bound obtained in Theorem 2.6-(b).

We observe that two terms contribute to the k-dependence of the error. The first one is the

2k
term (g* ) . It implies that there is exponential growth in the error bound when the number of

chromosomes increases. In fact, this growth is mainly related to the fact that our assumptions
are not optimal, which leads to a non-optimal bound, and not to the fact that the error grows
exponentially. To be more precise, the bounding of ny by the densities presented in (Hj)
and (Hy) results in a loss of information about ng. This loss of information is multiplied when
the dimension increases since we start from an initial condition (0, z) = [T2%, no(x;), see (2.8).
Then, as the dimension increases, it is theoretically more difficult to obtain a reliable bound
on the error. The only case for which we can handle this effectively is when ng corresponds to
the density of an exponential distribution. The reason is that we can verify (Hs) — (H4) with

D) = D, = 1, and thus obtain that ( ) 2 does not increase with k. The second term that
contributes to the k-dependence of the bound in the second statement of Theorem 2.6 is the
term k2x + k + 1. It is related to the fact that the size of the space Rik becomes larger when k&
increases, making the model more difficult to approximate. In fact, the dependence on k of
the error poses problems when one is interested in species for which 2k is large, such as yeast
cells (2k = 32) or human cells (2k = 94). This issue is further studied in Section 5.2.2.

Theorem 2.6 provides bounds on the pointwise error of each estimator. Despite the advan-
tages it has, it is not sufficient to only study this error. Specifically, we need to ensure that
the accumulation of the pointwise errors does not lead to an explosion of the global error. To
verify this, we obtain from Theorem 2.6 by using that f0+°° xPe BT dy = ﬁ(f,i} ) for all 5>0
and p > 0, the following corollary. It provides an error in terms of norms for our estimators, in
all the Lebesgue spaces.

Corollary 2.7 (Estimation errors in Lebesgue spaces). We recall the constants Ay and Ny
defined in (2.11). Under (H3), we also consider the constant By := (2k + 1)\ — 2kw. The
following statements hold.

(a) Assume (Hy) — (Hz). Then, for all p > 0 we have

ca e+
LrRe) = N\ (Anp) '

SEC IR

o

D=

)
+ )
(AnD)

where ¢y is the same constant as in Theorem 2.6-(a).

(b) Assume (Hy) — (Hy), and that By > 0. Then, for all p > 0, we have

<d1(DA>2’“ T +1)r | k+1
P = N\D, 1+ + i
LrRy) = N ADy Byp)' T (Bap)?

where dy is the same constant as in Theorem 2.6-(a).

From the above, we have that if (2k+1)\y < 2kw, then the accumulation of the pointwise errors
for ﬁé%) is too large to get a result in norm, due to the exponential growth of the pointwise
errors (linear when (2k + 1)\ = 2kw). Conversely, when (2k + 1)\ > 2kw, we have that the

accumulation of the pointwise errors is finite, and tends to 0 when N — 4o0.
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2.3 Discussion about the models and the assumptions

We conclude this section by providing complements about our choice of modelling and our
main result assumptions. First, we present possible extensions of our model. Then, we explain
our choice of having a trait space in continuous state space and a model with only one telomere.
Finally, we discuss more our assumptions.

Extensions of the current models. In the models presented in Section 2.1, the following
points can be complexified to have a better biological reality.

. Cell lifetimes are modelled by an exponential distribution. However, this is not biologically
relevant because lifetimes have a shifted modal distribution, see Section B.1. The memory-
less property of the exponential law is also problematic. A first possible generalisation is
thus to add an age structure to our equations to be able to model other cell cycle distribu-
tions [35, 38, 48].

. We have used a deterministic threshold for the entry into the senescence state. It seems
more realistic to use a rate rather than a threshold for the entry in senescence, as done in [5].
However, recent results coming from parameters calibration of telomere shortening models
seem to support the fact that a deterministic threshold is a good approximation [41].

. It is also possible to consider a time-discrete version of our model in which cells lineages are
followed generation by generation, and in which we observe the senescence generation instead
of the time generation. This model version is relevant because senescence generations are
more often studied than senescence times, see [7, 17, 30, 56]. We have not made this choice
here because we are more comfortable with continuous-time equations.

A continuous state space. In our models, we use a continuous state space while telomere
lengths are usually measured with a discrete unit, i.e. the base pairs. As telomere length varia-
tion between two nucleotides is very small, and we have a lot of nucleotides, this approximation
is reasonable. Indeed, as illustrated in Section B.2, we do not observe any gap when we plot the
discretised versions of some telomere length densities, and the latter can be seen as a continuous
curve. From a practical point of view, what we only have to do is to discretise the continuous
initial distribution estimated by our method to get a discrete estimation.

Relevance of using a model with one telomere. As said in the presentation of the first
model, up to our knowledge, there is no species with only one telomere. However, there are at
least two good reasons to work with such a model.

. It is possible with experimental methods to place ourselves in a setting very similar to the
study of cells with one telomere [57, p. 112].

. It has been deduced numerically that 60% of senescence times are signalled by the telomere
that was the shortest at the beginning of the dynamics [7]. This suggests that the telomere
that is shortest initially is the one that most frequently signals the distribution of senescence
times. Therefore, even if the approximation is rough, we can assume that this is the shortest
telomere at the beginning that signals senescence. This approximation allows us to simplify
computations and to gain first insight. Under this approximation, it is sufficient to consider
a single-telomere model.

12



Discussion about the assumptions. We now discuss the consequences of our assumptions,
how they are useful in our proofs, and why we made them.

. (Hy) : This is the key assumption of this paper, as it allows us to justify that we can
approximate our models by transport equations, see Sections 3.1 and 4.1. Since N is assumed
to be large, this assumption means that the shortening value is small compared to the scale
where telomere lengths are initially distributed. The assumption that the shortening value
is small comes from the following biological reality:

— The average telomere length of the budding yeast is of the order of 300 base

pairs [17, 53], and the average shortening value is of the order of 7.5 base pairs [17].
The ratio between these is :’ZT% = % = 2.5%, which is small.

— The average telomere length of the human is of the order of 12.5 kilobase pairs [17],
and the average shortening value is of the order of 0.125 kilobase pairs [22]. The ratio
between these is % = ﬁ = 1%, which is small.

By the above explanation, we have that N = 40 when we study the budding yeast, and
N = 100 when we study the human.

The assumption on the birth rate b means that we work on a time scale where division times
occur very frequently. This allows us to compensate the fact that the shortening values are
small, and to avoid to have senescence times that tend to infinity when N — +oo.

. (Hsz) : Due to a Taylor’s expansion of the second order, the approximation errors of our
models are mainly given by the second derivative of ng, see Section 3.3. The inequality on
the left-hand side of (H2) allows us to have a control on it.

The inequality on the right-hand side, for its part, allows us to have a control on the variation
of telomere length density close to 0. Controlling this is important because cells susceptible
to become senescent have telomere lengths close to 0. For more information, we refer to
Sections 3.4, 3.5 and 4.5.

. (Hs) : The error between the model with several telomeres and a transport equation depends
on the first and the second derivative of ng, but also on ng itself. This assumption allows us
to control it.

. (H,) : This assumption allows us to obtain a lower bound for [/* ng%)(s)ds, for all ¢ > 0.

It is important to have such lower bound because the inverse of f;roo ng%)(s)ds appears in

the expression of ﬁ(()%), see (2.12), and tends to 0 when ¢t — +o00. Therefore, if the decay of

the function ¢ +» [ n(azk)(s)ds is too fast, then ﬁé%) (x) explodes when z — +o00.

3 The single-telomere model

To facilitate understanding, we begin by obtaining a bound on the error done by the esti-
mator ﬁgl) used in the single-telomere model, i.e. we prove Theorem 2.6-(a). This statement
follows almost directly from the approximation of the single-telomere model by a transport
equation. We thus focus a large part of this section in obtaining bounds on the approxima-
tion errors of n!) and n((.al)
Theorem 2.6-(a).

First, in Section 3.1, we successively rewrite (2.3) using the constants and functions intro-

duced in (Hy), explain how an approximation by a transport equation can be obtained from

, after having explained how this approximation allows us to obtain
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this rewriting, and prove Theorem 2.6-(a) assuming that the approximation is true. Then, in
Section 3.2, we present the auxiliary results necessary to obtain this approximation. Thereafter,
in Sections 3.3 and 3.4, we prove these auxiliary statements. Finally, in Section 3.5, we prove
the model approximation. Throughout this section, we assume that (H;) holds.

3.1 Model approximation and proof of Theorem 2.6-(a)

To obtain a bound on the error of ﬁ(()l), we first need to approximate (2.3). This approxima-

tion is obtained by letting the scaling parameter N, introduced in (H;), tend to infinity. To do
s0, we need to rewrite (2.3) using the quantities introduced in (H;) to replace b and . This will
allow us to observe what happens when N — +o00. Let us start with the first line of (2.3). In
this equation, we replace b with bN, then §(v) with Ng(Nv) for all v > 0, and finally 6 with %.
Thereafter, we do the change of variable v = Nwv, and place n(l)(t,a:) inside the integral by
using that ¢ is a probability density function. We obtain the following, for all ¢t > 0, =z > 0,

o
o (t.2) =bN* [ 70 (1, + v) g (Vo) do — bN.n D (1,2)
0 (3.1)

5 /
= bN/ {n(l) <t,x + v) — n(l)(t,:c)} g(v')dv'.
0 N

Now, we rewrite the second line of (2.3). First observe that, by the change of variable v’ = §,
we have for all v € |0, %]

Nv v v ~
G(Nv) :/0 g(w)dw = N/o g(Nw') dw’ :/0 g(w') dw' = G(v). (3.2)

In view of the above equality, in the second line of (2.3), we successively replace b with bN, G (v)
with G(Nw) for all v > 0, and finally ¢ with %. Then, we do the change of variable v = Nwv.
It comes the following rewriting, for all ¢ > 0,

/

n(t) = bN/OfV nM(t,0)(1 = G(Nv)) dv = 5/05 () (t, ?v) (1—GW)) . (3.3)

By combining (3.1) and (3.3), we now have, below, a new expression for (2.3) in which N
appears explicitly

om(t, x) = bN fO‘S [n(l) (t,x+ %) — n(l)(t,x)} g(v)dv, Vt>0,z >0,

g (1) = b fg 0D (£, £) (1 - G(v)) dv, Wt > 0, (3.4)
n(M(0, z) = ng(z), Va > 0.

We aim to derive a system corresponding to the limit version of (3.4) as N — 4o00. In fact,
this system can be intuitively obtained. To do so, one has to observe that by the definition of
the derivative and the equality fg(l —Gv))dv = fg vg(v)dv = m; (integration by part), we
have the two following results, for all t > 0,

é é
(1) Uy 0 ~ (1) - €]
N/o [n (t,a: + N) n(t, ac)} g(v)dv N%Jroo/o [v@xn (¢, x)} g(v)dv = m19,n'V(t, ),

1
YAV N 1)
/0 i (t4) (1= G)dv |~ mun (t,0).
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Then, by plugging the above in (3.4), we can conjecture that the following system of partial
differential equations approximates (3.4)

oM (t, 2) = bmydpuM (t,z), ¥Vt >0, >0,

u§ () = bryu (2,0, vt > 0, (3.5)
u(l)(()?x) = n()(l’), Vo > 0.

Remark 3.1. By using the characteristics of the transport equation in the first line of (3.5),
we also have the following alternative representation for vV and u(al), forallt >0, x>0,

uM (t,2) = ng(bmyt + ), and ugl)(t) = bmyng(bmit). (3.6)

Another more qualitative way to obtain this conjecture is to observe that (3.4) corresponds to
telomere shortening dynamics with an accelerated birth rate bN and a significantly reduced
maximum shortening value %. Then, when N — +o00, we have instantaneous divisions with an
infinitesimal shortening at each division. The latter can be seen as a continuous erosion of the
trait over time, represented by a transport term. This corresponds to what is modelled by the
first line of (3.5). In addition, in this model, cells with telomere length y € [0, %] go to the
cemetery with probability 1 — G(y) when they divide (see the second line of (2.3)). Then, by
letting IV tend to infinity, we obtain that cells enter in senescence with probability 1 when their
telomere length is 0. This corresponds to what is modelled by the second line of (3.5).

In fact, our conjecture can be rigorously proven. Specifically, the following result pro-
vides bounds on the pointwise error between (3.4) and (3.5), stating that this error tends to 0
when N — +4o00. This proposition is proved in Section 3.5.

Proposition 3.2 (Pointwise approximation errors, one telomere). We recall the constant Ay
defined in (2.11). The following statements hold.

(a) Assume (Hy) — (Hsz). Then, there exists ¢, > 0 such that for allt >0, x > 0, we have
/
’n(l)(t, z) —uD(t, x)‘ < COTbt exp (—bmiAnt) exp (—Ax),
where ¢ depends only on g and C).

(b) Assume (Hy) — (Hz). Then, there exists ¢} > 0 such that for all t > 0, we have

b (bmit 4+ 1)

N exp (—bmiAnt),

) P (0] <

where ¢} depends only on g, Cy and C.

As for Theorem 2.6, a result in norm can also be obtained to obtain bounds on the global
approximation errors. Again, this corollary is proved by using Proposition 3.2 and the fact that
for all p > 0, we have [;"* aPe 77 dz = Fﬁf’;—ﬂ).

Corollary 3.3 (Approximation errors in Lebesgue spaces, one telomere). We recall the con-
stant Ay defined in (2.11). The following statements hold.

(a) Assume (Hy) — (Hz). Then, for all p > 0 we have

g ob< (C(p+1)7 )

LP(RyxRy) — N (bm1)\Np)1+% (/\p)%

Hn(n _ uu)‘

where ¢, is the same constant as in Proposition 3.2-(a).
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(b) Assume (Hy) — (H2). Then, for all p > 0 we have

_ b (bm1 (D(p+1))» L1 )

Ry = N (bmy )\NP)IJF% (bmy ANP)%

(1)’

K2
where ¢} is the same constant as in Proposition 3.2-(b).

The main interest of Proposition 3.2 is that it allows us to get an upper bound on the error done

A

by the estimator n, ’. In particular, one can easily obtain from this proposition the following

Cl

statement, which directly implies that Theorem 2.6-(a) holds with ¢; =

Corollary 3.4 (Pointwise estimation error, one telomere). We recall the constant Ay defined
n (2.11). Assume that (Hy) — (Ha2) hold. Then, for all x > 0, we have

& (@ +1)

N exp (—Anz),

78 (@) = no ()] <

where ¢} is the same constant as in Proposition 3.2-(b).

Proof. Let x > 0. First observe that by the right-hand side of (3.6), the following equality

holds: ng(z) = ﬁug) (bm ) Therefore, in view of the definition of n(() )( ) given in (2.12) and

then (2.13), we have that

~(1) ) _ o (ﬂf) 0 (l“)
‘no (z) ng(m)‘ by "o bm; o bmi/ |
From the above, the corollary is proved by simply applying Proposition 3.2-(b). O

By this corollary, if we manage to justify that Proposition 3.2 is true, then Theorem 2.6-(a) will
be proved. Explaining why this proposition holds is thus what we do in the next subsections. In
particular, we now present the main arguments and the auxiliary statements used to obtain it.

3.2 Plan of the proof of Proposition 3.2

To prove Proposition 3.2, we need to start by obtaining its first statement, as the sec-
ond one uses the first statement in its proof. We thus first present the plan of the proof of
Proposition 3.2-(a), and then give the plan of Proposition 3.2-(b).

The proof of the first statement of Proposition 3.2 consists in controlling the absolute value
of 7™ := n® — 4@, To do so, we first obtain an integro-differential equation verified by @},
This would allow us to apply results related to this equation to bound {ﬂ(l)|. By taking the
difference between the first lines of (3.4) and (3.5), then decomposing n(!) with the equality
n® =7M 4+ 4 and finally using that bm; = bN f05 ~x9(v)dv, we have for all t > 0, x > 0,

é
oV (t,z) = bN/ n(l) t,x + %) - n(l)(t,x)} g(v) dv — bmy 8,uV (¢, )
- bN/ t z+ N) — W, :1:)} g(v) dv (3.7)
+ bN/ t x + N) —uM(t,z) — %amu(l)(t,x) g(v)dv.
Therefore, if we are able to bound a solution of the above equation, then Proposition 3.2-(a)
will be proved. The following lemma, proved in Section 3.3, allows us to do this. This lemma

is stated for equations in a multidimensional trait space instead of only R, as we use it later
in Section 4.4 for the approximation of the model with several telomeres.
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Lemma 3.5 (Key lemma for approximating lengths densities). Let d € N*, £ a probability
measure on R? with finite first and second moments, and F : Ry x Ri — R. We also consider ug
the solution of the following integro-differential equation, for all (t,z) € Ry x R%,

Opug(t,x) = bN [u5 <t,x + %) — u5(t,:1:)} ¢ (dv)

veRi
d
v
F(t,x+ﬁ> Z

with initial condition ug(0,.) = 0. Assume that there exist o, § > 0 and C > 0 verifying for
all (t,z) € Ry x R

(3.8)

+ bN
veRi

)| € (dv),

d
sup (|8MWF(t, x)}) < Cexp (—at -8 Z xz> , (3.9)

(£.¢)el1,d]? i=1

(126 (£)) <o a0

Then, denoting the constant o¢ = 3 1< p<4 veRd vevp€(dv), we have for all (t,r) € Ry x RL

|ug(t,z)| < bts\(ffg exp {—bN (1 — L&) <%>> } exp ( sz) . (3.11)

One can easily see that (3.7) is an equation of the form given in (3.8), with d = 1, u¢ = a,
¢ =g and F = u). The proof of the first statement of Proposition 3.2 is thus to check the
other assumptions of Lemma 3.5, namely (3.9) and (3.10), and then to apply it. We do this in
Section 3.5.

To prove Proposition 3.2-(b), we need this time to control ‘ﬂ(al)| = |n(81) - ug)}.
we do this by obtaining the equation verified by ﬂg), and then applying a general lemma
allowing to control this equation. By taking the difference between the second lines of (3.4)
and (3.5), then decomposing nM with the equality n™ = @™ + w1 and finally using that
f(f(l —G(v))dv = f0§ vg(v)dv = m; (integration by part), we have for all ¢ > 0

Again,

T = b/ (1 — G(v))dv — bmiuM(t,0)
(3.12)

- b/o ) (1) (1= G(e))dv + b/oé [V (1, 4) —u® (1,0)] (1 - G(v)do.

We thus need to control an equation with the same form as (3.12), and the second statement
of Proposition 3.2 will be obtained. This control is done by using the following lemma, that is
proved in Section 3.4. Again, we give a general lemma for functions in a multidimensional trait
because we reuse it for the model with several telomeres, see Section 4.5.

Lemma 3.6 (Key lemma for approximating cemeteries). Assume that the assumptions of
Lemma 3.5 hold. We consider a set of functions (hi)ie[[l,d]] from Ry x R to R and C' > 0

such that for allt >0, x € Ri and i € [1,d], it holds

!

C]\;ci exp [—bN <1 — L&) ( p )) t—8 Z x]] . (3.13)

J=1,j#i

[hi(t, z)] <
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We denote the function ve : Ry — R, defined for allt >0 as

d
wlt) =N | uelt)e({o e RY Ny g Ri})dy+b;/y€Rd ha(t, y)(1— G(y1)Ly,<sy .
- (3.14)

Then, recalling the constant o¢ introduced in Lemma 5.5, we have for all t >0
thU&Oz bClmgd ,8
e (t)] < ( 25IN + 2ﬁd—1N> exp [—bN (1 — L (&) (N)) t} . (3.15)

This is less evident to see it, but Eq. (3.12) and a change of variable imply that ﬂg) is of the
form presented in (3.14) for £ = g. More details about this are given in Section 3.5, as well as
the proof of Proposition 3.2-(b) from Lemma 3.6.

We now prove the auxiliary statements given in this section, and then obtain Proposition 3.2
from them.

3.3 Proof of Lemma 3.5

We begin with preliminaries. To simplify notations, we denote Hpy : Ry X Ri — R, the
function defined for all (¢,2) € Ry x RY as

HN(t7x) =bN d F (t’w + %) - F (t,fL‘) - Z %axlF (t,:l?) §(dv)
b o ' PR (3.16)
“¥.5 L [0 ) (B (140 ) o) ] )

The above last equality comes from expanding F (t,z + %) — F (t,z) — 4 X0z, F (t,x) using
the Taylor’s expansion with remainder in integral form. We also introduce the linear operator
@ : L*(RY) — C (R4, L*(RY)), defined such that for all fo € L*(RY), m = ®(fy) is the solution
in C (Ry, L' (R%)) of the following integro-differential equation

{&gm(t, ) = bN fpa m (.2 + §) €(dv) —bNm(t,x), Vt>0, xR, (317

m(0,z) = fo(x), Vr € RL.
This operator is well-posed by Proposition A.1.

The proof of Lemma 3.5 is done in two steps. First, in Step 1, we prove that for all
(t,s,z) € Ry x Ry % Ri such that ¢ > s, it holds

|® (Hn(s,.)) (t—s,2)] < sz;g exp [—bN (1 — L&) <%>) t} exp (—ﬂzd:m) . (3.18)

i=1
Then, in Step 2, we prove that for all (t,2) € Ry x R, we have
t
we(t,x) = / ® (Hn(s, ) (t — s, 2)ds. (3.19)
0
In view of the fact that for all s > 0, Hy(s,.) is the source term in (3.8) at time s, Eq. (3.19)
means that we have rewritten u¢ as the sum of the evolutions of the source terms over time.

This equation and Eq. (3.18) imply that the lemma is proved, as we only have to plug (3.18)
in (3.19) and then integrate to obtain (3.11).
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Step 1: Assume first that for all (s,z) € Ry X Ri it holds

bCo
Hy(s,2)] < 55+ exp (—as) f3 (@), (3.20)
where fg(z) = exp (—[3 Zle xl) By Corollary A.2 and the definition of &, a maximum
principle holds for the operator ®. The latter is characterised by the fact that for all
(h,) € (Ll(Ri))2 verifying |h| < ¢, we have |®(h)| < ®(¢). To bound from above the left-
hand side of (3.18), we first apply this principle for h = Hy(s,.) and ¢ = CJE exp (—as) f3.
Then, we use that it holds ® (¢) = bgf\yf exp (—as) ® (fg) (same h as before), as ¢ is a lin-

ear operator. Finally, we apply Proposition A.3 to compute ® (fg). We obtain that for all
(t,s,z) € Ry x R such that s < ¢

620]35 exp (—as) exp [—bN <1 —L(&) (%)) (t—s) } exp [ BZ%] .

(3.21)

Then, by using (3.10) to bound from above the first exponential, we get that (3.18) is true
assuming that (3.20) holds.

It thus remains to prove (3.20), and Step 1 will be done. To do so, we first plug (3.9)

in the second line of (3.16). Then, we bound from above exp( as — Z B (xz + w ))

by exp (—as) fg(x), and use the equality fol(l — w)dw = 3. It comes the following, which

proves (3.20) and concludes the proof of the first step, for all (s,z) € Ry x R%,

|Hn (s, )| < — Z /eR [/ — w) exp (—as - Zd:lﬁ (xz —i—w;)\;)) Ww:dw] &(dv)

@ (Hn(s,.) (t—s,2)| <

1<e Lo<d’v
e bCoe
—N 1<§<d /ve vgw/g(dv)] exp (—as) fzg(z) = 5N exp (—as) fz(z).

Step 2: To obtain (3.19), we prove that the function @, defined for all (t,z) € Ry x Ri as

de(t,x) = /Ot B (Hy(s,.) (t — s,2)ds (3.22)

is a solution of (3.8), the equation verified by u¢. Then, as by Proposition A.1 this equation
has a unique solution in C' (R+, L' (Ri)) with initial condition identically zero, we will have
that ug = g, so that (3.19) is true.

To do the above, we first compute 8t&5(t x), by using that for all f € Wh (Ry, L' (Ry))
such that s — f(s,s) € L' (Ry), it holds & (fo f(t,s) ds) = Y01 f(t,s)ds + f(t,t). In our case,
the fact that for all y > 0, the function (¢,s) — ® (Hy(s,.)) (t — s,y) belongs to this set is a
consequence of (3.21), (3.10), and the first line of (3.17). Thereafter, we simplify the terms
0@ (Hn(s,.)) (t —s,x) and ® (Hn(s,.)) (0,z) that appear after the previous computation, in
view of the fact that ® (Hy(s,.)) is a solution of (3.17) with initial condition fo = Hp(s,.).
Finally, we switch the integrals, and use (3.22) to replace the integrals in ds with the function .
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We obtain that for all (t,z) € Ry x R
Oyiie (¢, 2) = /Ot 0,0 (Hy(s,.)) (t — s,2)ds + & (Hy(t,.)) (0, z)
— N /Ot URi @ (Hy(s,)) (1= 5.2 4+~ )&(dv) = @ (Hi(s, ) (¢ — 5,2)| ds + Hx(t,2)
_ BN /Ri e (o + 1) €(dv) — DN (t, ) + Hy (1, 2).

The above equation is in fact the same as (3.8) in view of the definition of Hy, see (3.16). Then,
we have that u¢ = ¢, which concludes the proof of the second step, and thus of the lemma. [J

3.4 Proof of Lemma 3.6

To simplify notations, we denote for all y € R‘fr the set Any := {v € R | Ny —v ¢ RY } We
consider v¢ 1 and vg 2 the functions defined for all £ > 0 as

d
ve1(t) = bN er ue(t,y)€ (Any)dy, and wvea(t Z/ )(1 = G(yi)) Lgy,<sydy-
+ :

By (3.14), we have that ve = ve1 + ve2. Then, to prove this lemma, we bound ve; and vg o,
and conclude by summing their bounds, in view of the triangular inequality.

Let t > 0. We begin by bounding v¢ o(t). First, for all ¢ € [1,d], we apply (3.13) to bound
from above the function h; in the integral. Then, we compute the integrals with respect to the
measures (dy;)je[i,q], ji» Py using that

II (/yjeR+ eXp(—Byj)dyj) = (/SER+ exp(—ﬁs)ds) ! = Bdl_l,

jelld], j#i

. . ; 2 . .
Finally, we use the equality fin[O,(S] yi(1 — G(y;))dy; = fyiE[O,(ﬂ yé) 9(yi)dy; = "3 (integration by
part) to compute the integral that remains. It comes

|vg2(t)] < bz ]Cvﬂﬁj T n;Q exp { bN (1 — L(§) <]€>> t}

im0 (2))]

Now, we focus on bounding ve¢1(t). To do so, we first apply (3.11) to bound from
above the term wue(t,y) in |ve1(t)|. Thereafter, we use the fact that for all y € R? it holds
E(Any) =1 —€((Any)°) to develop the bound obtained in two different integrals. Finally, we

(3.23)

compute the value of the first integral, which is fyeRi exp (—B Zle yz) dy = %. We get the
following intermediate inequality

et = 5o [ (16 ()] o0 (5w stam
= 62753‘75 exp [—bN (1 — L(§) (f])) t} lﬁld - /yeRd exp ( 52y1> §((Any)9) dy]
' (3.24)
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To continue our computations, we need to find a better expression for the last term of (3.24).
We notice that an alternative writing for Ay is Any = {v € R |Ji € [1,d]s.t. Ny; < vi}, for
all y > 0. By this writing, it holds & ((Any)“) = veRd 1{Vze[[1,d1]:yiz%}€(d”)7 for all y > 0.
Using this equality, then Fubini’s theorem to switch the integrals, and finally the fact that

ex [‘31)
fyie[%ntoo) exp (—fy;) dy; = p( ) for all ¢ € [1,d], we have

d
/yeRi exp [ 52% ((Any)%) dy = /veRi [/yeRi Levieq ap: yi>2i ) ©XP (—6;%) dy] ¢(dv)

1 p
Lea(3)
The above expression is what we need to continue the computations interrupted at (3.24). First,
we plug the above equation in (3.24), and put the terms Bd in factors. Then, we use (3.10) to

bound the term 1 — £ () (%) that appears from the previous step by ;5. We obtain

i 25 (1t (2))] -26(2)

(3.25)
oo o [ (120 (7)1
< - - = :
< BN exp |[—bN |1 — L(&) N t
The lemma is thus proved by summing (3.23) and (3.25). O

3.5 Proof of Proposition 3.2

We prove this proposition statement by statement. We first deal with Proposition 3.2-(a).
We need to verify the assumptions of Lemma 3.5 for ue = @) to obtain it. First, recall that
Eq. (3.7), the equation verified by @(!), corresponds to (3.8) with F = u(!) and &€ = g. Then,
notice that by the left-hand side of (3.6) and (H2), we have for all (¢,z) € Ry x Ry

8mu(1) t,x ‘ = }n (bmit + )| < Cyexp (—Abmit — A\x)

which corresponds to Eq. (3.9) with a = Abmy, 8 = A and C' = C,. Finally, by the inequality
1—e % <z for all z € R, one can easily obtain that

bN (1 — L(g) (JAV)) =bN /0+°°(1 — e N)g(u)du < \b /m (u)du = Abmi.  (3.26)

The above is exactly Eq. (3.10) with the same « and § as before. Combining these three results,
we have that all the assumptions of Lemma 3.5 are verified. We therefore use this lemma to
bound ue = @V, in view of the fact that o = f(f u?g(u)du = my. We obtain that for all
(t, 1,‘) S R+ X R+

bt
‘ﬂ(l)(t, :U)) < g'}\va exp [—bN <,C(g) (ﬁ) — 1) t} exp (—Az).
As it holds bN (1 — L(9) (%)) = bmi AN by Eq. (2.11), the above inequality yields that Propo-
sition 3.2-(a) is true with ¢ = C\ 2.

Now, we deal with Proposition 3.2-(b). This time, we check the assumptions of Lemma 3.6

for the function ve = u(a) We denote h; the function defined for all (t,2) € Ry x Ry as

ha(t,z) = u® (t, %) —uW(t,0). (3.27)
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In the first term of the last line of (3.12), we do the change of variable y = &, and replace )
with ug (we use the same u¢ as in the first statement). In the second term, we plug Eq. (3.27).
We obtain that for all ¢ > 0

a) (1) = bN/ON ue (t,y) (1 — G(Ny)) dy + b/; hi(t,v)(1 — G(v))do,

so that (3.14) holds. It remains to prove (3.13). To do so, in view of (3.27), we first write h; as
an integral of d,u)). Then, we use the left side of (3.6) to write M) in terms of ng. Thereafter,
we use (Hz) to bound from above the integral. Finally, we use (3.26) to bound from above the
exponential. We obtain that for all (t,z) € Ry X Ry,

!

< O];\Tx exp (—Abmt)

ha(t,2)] = ' [T et )
0

G (- (3)1]

This is exactly (3.13) with C’ = C} . Since all the assumptions of Lemma 3.6 are verified, we
apply this lemma to bound ve = ﬂg) (the constants C, o¢, o and f in (3.15) are the same as
for the first statement). We then use that it holds bN (1 — L(g) (%)) = bmy Ay to simplify the

term bN (1 — L(g) (%)) in the bound, see (2.11). We obtain that Proposition 3.2-(b) is true. [

- ‘/ON ng(bmat 4+ v)dv

4 The model with several telomeres

Having solved the single-telomere case, let us now turn to the case with 2k telomeres. As
for the single-telomere model, approximating (2.8) with a transport equation is the main ar-
gument. The difference with the previous section is that here, obtaining Theorem 2.6-(b) from
this approximation is not straightforward because we have to control the term at the denomi-
nator in ﬁ(()%), see (2.12). The model approximation, similarly, requires to prove an additional
statement to Lemmas 3.5 and 3.6. This section is devoted to handling these technicalities.

First, in Section 4.1, we rewrite (2.8), and explain how a model approximation can be
conjectured from this rewriting. Then, in Section 4.2, we present the main arguments and
the auxiliary statements required to approximate our model and to obtain Theorem 2.6-(b).
Thereafter, in Section 4.3, we prove these auxiliary statements. Finally, we prove the telomere
length densities approximation in Section 4.4, the cemetery approximation in Section 4.5, and
Theorem 2.6-(b) in Section 4.6. In all this section, we assume that (H;) holds.

4.1 Rewriting of the integro-differential equation and model approximation

As for the single-telomere model, the approximation of the model with several telomeres
is obtained by letting the scaling parameter N introduced in (H7) tend to infinity. We thus
need to rewrite (2.8) to make N appears. As the measure fi is composed of both Dirac and
Lebesgue measures, see (2.6)-(2.7), rewriting the model and stating its model approximation
requires more work than in Section 3.1. We thus split this subsection into two parts: first, we
rewrite our model. Then, we intuit and state a model approximation based on this rewriting.

Rewriting of the model. Let us begin by rewriting the first line of (2.8). In Section 3.1, one
argument in the rewriting of the first line of (2.3) was to do change of variables, allowing us to
replace the term qu[O 5] nM(t, z+v)§(v)dv with Joepo n() (t,z + %) g(v)dv. Here, we proceed
similarly, and aim at substituting the term fveRik n(8)(t, 2 4+ v)fi (dv) in the first line of (2.8)
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for the term fvesz n(2k) (t,x + %) p(dv). We denote for all i € [1,2k] the i-th vector of the

canonical basis ¢; € R%rk. By using both equalities in (2.10) to develop p, and then integrating
in the Dirac measures, we have that for all t > 0, z € R%rk ,

L™ e 1= 5 [ e 3) [rcom [

1€y, i€l
)
= — 4y Le; g (v;) dvi] .
2k I%Z:k (vi,iel)eRﬁ ( ; ) [E
(4.1)

We therefore need to prove that fUGRiIc n(?¥) (t, z+v)fi (dv) is equal to the right-hand side of (4.1),

and the substitution presented above will be possible. To do so, in the equation below, we first
develop the measure i by using (2.7) and (2.6). Then, for all I € Zy, i € I, we replace g(v;) with
Ng(Nv;) in view of (Hy), and we integrate in the Dirac measures. Finally, we do the change of

variable v; = Nw; for all I € Zy,, i € I. We obtain that for all t > 0, z € R%rk,
(2k) 7 = (2k) N '
[JGR% = (t,x +v)p (dv) = ok Z /veR% n' = (t, x + v) Hg (vi) dvz] [H 50((1111)]
+ IeT, + iel il
Qk Z /vz,zel €Rk ) (t’ T+ Z viei) [H Ng (Nvy) dvi]

1

IeT,, il icl
1 / /
:72/,, tx—i—ZeZ) [Hg(v)dv-].
2 IeT, (“NGI)GR’i ( el icl v

Therefore, it holds f,UERik nR) (¢, x4+ v)ji (dv) = fveRiIe n®® (t,z 4+ &) p(dv) by (4.1). We now
use this equality to rewrite the first line of (2.8). First, in view of the last equality, we substitute
fveRik n(¥) (t, 4-v)ji (dv) for fveRik n?%) (t,z 4+ %) p(dv). Then, again on the first line of (4.1),

we replace b with bN in view of (H;). Finally, we put the term n(?¥)(¢, z) into the integral, by
using that p is a probability measure. The following rewriting comes, for all ¢ > 0, x € R2*,

v
om R (¢, z) = bN - [n(%) (t,x + N) — R, x)} dp(v). (4.2)

Now, we aim at rewriting the second line of (2.8). In Section 3.1, the rewriting of the second
line of (2.3) was obtained by proving an equality involving G and G, given in (3.2). Here, we
need to obtain the equivalent equality, involving & and w, which is the following, for all y > 0,

i({veR¥ly—veR¥}) =pu({veR¥|Ny—veR¥}). (4.3)

To obtain it, we compute both sides of (4.3), and prove that they are equal to the same
expression. We begin by computing the left-hand side. In the equation below, we develop ji
by using Eq. (2.7), Eq. (2.6), and the fact that y — v € R%* <= Vi € [1,2k] : y; > v;. Then,
we use the equality 1pvic24]: yi>v;) = Hie[[1,2k]] 1y, >v;}» and integrate. We obtain the following
expression, for all y € Rik,

f ({U eR¥|y—ve R%} 2k > / e Livieq,2k]: yi>vi} [Hg v; dUz] [H do(dwi) ]

1€, =yl
kz(néwﬂ.
Iez, \icl

(4.4)
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Now, we focus on the right-hand side of (4.3). In fact, by (2.10), (2.6), and (2.7), x have the
same expression as i, with g instead of §. Therefore, by doing the same steps presented above,
replacing g with g, we have that (4.4) holds with (G, ) instead of (G, ﬂ). Using now this
equality, and then (3.2), yields that for all y € R?f

,u({fueR%|Ny—fueR2k}) oF Z (HG Nyz>2 3 (HG y,>. (4.5)

I€T), \iel 1€, \iel

One can easily see that both left-hand sides of (4.4) and (4.5) are equal to the same expression.
Then, Eq. (4.3) is true. In particular, as p and fi are probability measures, we have by taking
the complement of both sets in (4.3)

ﬂ({véRiﬂy—v@éRik}) :u({UERiﬂNy—vgéRik}). (4.6)

We now use (4.6) to rewrite the second line of (2.8). First, we plug it in the second line of (2.8).
Then, we replace b with bV, in view of (H;). We obtain the following rewriting, for all ¢ > 0,

n$M (1) = bN - n® (1) ({o € RNy —v ¢ R} ) dy. (4.7)
+

We conclude by presenting the full rewriting of the model. By combining (4.2) and (4.7),
we have the following new version of (2.8)

omR) (t,z) = bN fsz [n(%) (tx+ %) — n(k) (¢, a:)} dp(v), Vt >0, z € R?,
n(azk) (t) =bN [, eR2: n(k) (t,y) u ({veR¥ | Ny—v¢R¥})dy, Vt>0, (4.8)
n®R(0,z) = [T, no(x:), Vr € R?.

The above is the system of integro-differential equations that we study in the rest of the section.

Model approximation. Now, we derive from (4.8) a model approximation. As for the model
with one telomere, we start by giving the intuition allowing us to obtain the approximant
of (4.8). Then, we present the theoretical results which justify this approximation.

Let us first intuit how the first line of (4.8) can be approximated. In view of the Taylor’s
expansion, we have the following for the first line of (4.8)

2k
(2k) YN 2k ~ / ‘ (2%)
N J (2 (12 + ) = n®(t,2)] du(v) N%mb; [ (0051 (8.2)

Then, in view of the above, we conjecture that the first line of (4.8) can be approximated by
a transport equation with drift berik v;dp(v) in the i-th coordinate, for all i € [1,2k]. In fact,

the drift can be explicitly computed thanks to the following statement.
Lemma 4.1 (First moment of p). Assume that (Hy) holds. Then, for all i € [1,2k], we have

m1

/RQ’“ vidp(v) = -
+

Proof. Let i € [1,2k]. To obtain the above expression, we first develop u by using the right-
hand side of (2.10). Then, we integrate both measures, in view of the fact that for all I € Z,
it holds by the left-hand side of (2.10)

/zk Uz‘u(l) (dv) = {/ vig(vi)dvz} 1{2’61} + {/ 1)2‘5() (dvl)} 1{i¢[} = mll{iel}.
RJr v; €ER4 v, ERL

24



We obtain

mi# ({I € I |i € I})

/Rzk vidp(v) ok IgI:k miliiery = 2k ’
Then, we conclude the proof of the lemma by using Lemma A.7 to compute the ratio. O
Hence, denoting the vector 1o := (1,...,1) € R%* and recalling that no € W2! (R;) N LS, (Ry)

(see Section 2.1), our conjecture becomes that (4.8) can be approximated by the func-
tion u¥) € C (R+ w21 (RQk) NL. (Ri’“)), solution of the following equation

bm1

oM (t,x) = — V. (u®) 1) (¢, 2). (4.9)

Now, we intuit how the second line of (4.8) can be approximated. In comparison with
what is done in Section 3.1, it is necessary to decompose ngk) into two terms to obtain our
conjecture. Notice that by the first equality in (4.5), the fact that G(z) = 1 for all z > 9,

and Lemma A.7, we have

2k
Vy € (%,4—00) op({veR¥F Ny —v g R¥}) = % Z (HG Ny; ) =0. (4.10)

I€T;, \iel

Then, in view of (4.10) and the fact that for all y € R?*,

L ((enan wsg )=o) T 1 ({ienam vz s =1} T L ({icnamneg})zey =L (411)

our decomposition of ngk) is the following, for all ¢ > 0,

(2k) 1y _ 2k 2k
n(t) = bN yeRi’“n( Nty ({0 € RY Ny =0 € R¥ D) 1y e ong e )1}

(2k) 2k _ 2k 4.12
+ bN yeRikn (t,y)u({vER+ ]Ny vgR+})1{#({1'6[[1,2@]\%S%})Zﬂ*dy ( )

k k
= nS) (1) + na) (t).

(2k

Qualitatively, ny 1) corresponds to the cemetery of cells with only one short telomere (length

(2k)

smaller than %), while ny 5" is the cemetery of cells with several short telomeres. In fact, each

(2k)

of these two cemeteries has a different behaviour when N — +o0o. The behaviour of ng," is
easy to conjecture. As the domain of integration of the integral in its definition correspond
to points with at least two coordinates smaller than %, we have, roughly speaking, that this
integral vanishes at least at a rate ﬁ when N — 400. Then, by multiplying it by bN, we
obtain that for all t > 0

1
noa(t) = bN x O < N2> Wm0 (4.13)

To conjecture the behaviour of nglf) when N — +o00, we need to obtain a better expression
for it. To do so, in its definition given in the first line of (4.12), we first decompose the indicator,

by using that for all y € R?f, we have

L (ienam 1vi<s) Z Ly g vienann iy, >4}
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Then, we use the following equality to replace the term u ({v € Rik |INy —v ¢ Rik}) in the
first line of (4.12). This equality is obtained by applying the first equality in (4.5), the fact
that G(z) = 1 when z >, and Lemma A.7. For all i € [1,2k] and y € R? verifying y; < &
and y; > % when j # i, it holds

u({vGRiﬂNy—vgéRik}): kz (HG(N?JJ')>

]EIk Jjel

=l-o S (G (V) Lsen + Lign)
I€Ty

=1 G (Ny) — 5 = 1 (1 - G(Nw)).

| =

Finally, for each index i € [1,2k] of the sum, we do the change of variables y; = Ny;, and
y; = yj for all j € [1,2k]\{i}. We obtain that for all ¢ > 0

_INE (29
Z ~/yER2k y) (]- — G(Ny’b)) 1{yig%7Vj€[[1,2k’ﬂ\{i}:yj>%}dy
i=1

b 2k
B 2;/3/5&’“ " ( Z et > (1=6w) Lyi<s, vielLami\(iy:y, >N}dy/'

J=1,j#i
(4.14)
Then, we are now able to conjecture the behaviour of nglf) when N — +o00. Indeed, by letting N
tend to infinity, and by using that fse[O 5)(1 — G(s))ds = m1, we have for all £ > 0

2k

(2k) ~ b (2%)
ngy (t) N 2 L /y'eR?fn (t,y) do(dy:) H dy;

J=1, j#i

Combining the above with (4.13) and (4.9) finally yields that the following system seems a good
approximant of (4.8)

o) (1, z) = by (U(Qk)l%) (t,z), Vt >0, x € R%,
2k 2k
ug? (1) = bm 3 2 Jyerye w6 y)do(dys) (jﬂjﬁdyj) , V20, (4.15)
2% 7
w0, 2) = [1noles), vz € R?.
i=1

Remark 4.2. By using the characteristics of the transport equation in the first line of (4.15),
we have the following alternative representation for u2%), for all (t,z) € Ry x R%,

2k
u®)(t,z) = T no (b’;“tﬂ:) (4.16)
i=1

We also have the following alternative representation for “(a%) by plugging (4.16) in the second

line of (4.15), and then doing the change of variables y' =y + bngltlgk, forallt >0,

2k 2k 2k—1
k bm bmqt +oo bt +oo
u(g? )(t) == LS o ( 21 > H [/}mtno (yé) dy;] = kbming ( 21 ) [ﬁmlt no (s)ds .
2

i=1 j=1 Y72~
J#i

(4.17)
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Remark 4.3. The conservation of the number of individuals, presented in Remark 2.5,
still holds for the approzimated model when (Hy) — (Hs) are verified. To obtain it, first
integrate (4.17), in view of the fact that for all f € WY (Ry) N W2k (RN L1 (Ry) it
holds (f%)/ =2k f' %=1 Then, do the change of variable s’ = s — bmlt Finally, apply (4.16).
It comes for allt >0

+00 400 2k +o0 2%k
/t ugzk)(s)ds = [/,mﬁ no (s) ds} = {/0 ng (bgllt + s > ds'} = /ER% u(t, x)dx.
bmyt reR?!
(4.18)

All we have intuited above can in fact be justified rigorously. Specifically, the statement
below provides that the error between (n(%)7 ngk)> and (u(%) , ugk)) tends to 0 when N — +o0.

Its proof is separated into two parts, one part for each statement, which are done in Sections 4.4
and 4.5.

Proposition 4.4 (Pointwise approximation errors, several telomeres). We recall the con-
stant Ny defined in (2.11). The following statements hold.

(a) Assume (Hy) — (Hj). Then, there exists dj, > 0 such that for allt >0, x € R%*, we have

o k20t

R (t,2) — u®R) (¢, 2)| < df (ADy) Wexp( kbmiNyt) exp ( )\le> ,  (4.19)

where dyy depends only on g, A, Cx, C} and Dj.
(b) Assume (Hy) — (Hs). Then, there exists d} > 0 such that for allt > 0, we have

!/

where dy depends only on g, 0, A, Cy, C4 and D).

Again, using that for all p > 0, 8 > 0, it holds +°° Pe P dr = Fg;ﬁ ), we derive from this
proposition the following corollary, which prov1des bounds on the approximation errors in all
the Lebesgue spaces.

Corollary 4.5 (Approximation errors in Lebesgue spaces, several telomeres). We recall the
constant Ny defined in (2.11). The following statements hold.

(a) Assume (Hy) — (H3). Then, for all p > 0 we have

Hn(%) _ U(Qk)‘

Lr(RyxR3) —
where df), is the same constant as in Proposition 4.4-(a).

(b) Assume (Hy) — (Hs). Then, for all p > 0 we have

! v 2
LP(Ry) 2 (k‘bml)\ ) v (kbmiNyp)»

H (2k) (2k ‘

where d) is the same constant as in Proposition 4./-(b).

We now present the main arguments and the auxiliary statements required to prove Proposi-
tion 4.4 and Theorem 2.6-(b).
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4.2 Plan of the proofs of Proposition 4.4 and Theorem 2.6-(b)

Theorem 2.6-(b) uses Proposition 4.4-(b) in its proof, and Proposition 4.4-(b) also employs
arguments presented in the proof of Proposition 4.4-(a). We therefore first present the plan of
the proof of Proposition 4.4-(a), then the one to prove Proposition 4.4-(b), and finally the plan
to obtain Theorem 2.6-(b).

To get Proposition 4.4-(a), we need to control the absolute value of a(?k) = nl
By taking the difference between the first lines of (4.8) and (4.15), then using the equality
n2k) = 7(2k) 4 4,(K) and finally using Lemma 4.1 to put the term melv. (U(Zk)lgk) (t,x) into
the integral, we have that for all t > 0, z € R%,

2k) _ ,(2k)

(2k) n(2k) Y\ 2k — bmil (2k)
o' (t,x) = bN/ _ (t,IL‘ + N) n (t,:z:)} w(dv) V. ( 1%) (t,x)
u(2k) Y\ R
= bN/ U (t,x + N) U (t,x)} p(dv) (4.21)
+bN/ u®F) (t a:—i——v) u®®) (¢ E ) u®P () | p(do).
0 ’ N i

Then, T(?*) is a solution of an equation of the form presented in (3.8), with d = 2k, Ug = (k)

E=pand F = u(2¥). From this result, a natural plan to prove Proposition 4.4 is to proceed
as in the proof of Proposition 3.2—(@), and check the assumptions of Lemma 3.5 to obtain
Proposition 4.4-(a). Here, we do not do this directly because we must first obtain the value of
the constant o¢, defined in Lemma 3.5, for { = u. The reason is that the value of this constant
provides information on how the approximation error varies when k increases. The following
statement gives us the exact value of 0. It is proved in Section 4.3.1.

Lemma 4.6 (Sum of second moments of ). Assume that (Hy) holds. Then, we have

oui= [ vrvendv) = (ma)? B+ (ma = (ma)*)
1<0,0/ <2k

Now that we know the value of 0, as stated above, the plan to prove this statement is to check

the assumptions of Lemma 3.5. We do this in Section 4.4.

k)| _| (2k) (2k)

To prove Proposition 4.4-(b), we control |ua —ug |- To do this, a decomposi-

(2k)

tion of W, is required, inspired by the one given in (4.12). Let us introduce for all ¢ > 0

2%k
“(80)( t) :=bN ek u®® (t,y) 1 ({v €R¥|Ny—-v¢ Rik}) dy,
YRy
k
b (2k) ) QW (4.22)
=52/ Z yiej + 5 | (1= GWi) 1<y dy/s
i=1 7Y ERY j=1,j#i
2%k 2%k 2%k
uz(a,Q)(t) = U((f),o)(t) <(91)(t)'
Then, in view of the fact that ug’g) = uglf) + ugg), we have the following decomposition, for
all t > 0,
_(2k 2%k 2%k 2%k 2%k 2%k
w50 (1) = (n§ (1) — ulo (8) + uiy (1) = uf™ (1) +ufy (@), (4.23)

This decomposition allows us to control |Ha )|, by bounding each of the terms that compose it.

(2k)  (2k) Qk) u(@ka)

The term ny ™" — uy o0 T u( , on the one hand, can be bounded by using Lemma 3.6,

already proved in Section 3.4. The term uglg), on the other hand, can be bounded with the

following lemma, proved in Section 4.3.2.
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Lemma 4.7 (Control of the probability of having several short telomeres). Assume that (Hi)
and (Hs) hold. Then, there exists d > 0 such that for allt > 0 we have

‘ 5925)( )’ < % (D) k2 exp (—kAbmait) (4.24)

where d depends only on &, X and g.
(2k)

As a result, we have a control over ’ﬂa | by summing the bounds we have on the two terms
presented above, in view of (4.23) and the triangular inequality. We detail how we apply these
lemmas and sum the bounds to prove Proposition 4.4-(b) in Section 4.5.

The proof of Theorem 2.6-(b), finally, is based on the fact that the following statement holds.
This statement is proved below, as it is relatively short.

Lemma 4.8 (Link between ng and ug). Assume that (Hy) — (Hs) hold. Then, for all x > 0,
we have

(2k)
W2R) (20
no(z) = — 0" (i) . (4.25)
k:bm1 (2k) 1_27@
(f:z% ugy () ds)
my

Proof. Let x > 0. By setting t = b?TZp and raising both sides of the first equality in (4.18) to
the power of i, we have

1

(/::o u(a%)(s) ds) " = /;oo no(s) ds.

bm1

Then, by taking the derivative of the above, the lemma is proved. O

Specifically, if we replace ﬁ(()%) with its definition (see (2.12)), thereafter use (2.13) to replace
by with bmy, and finally write ng with the right-hand side of (4.25), then we obtain that for
allz >0

(26) ( 22 (26) ( 20

A (7) — ()’: 1 ny" () N uy" () (4.26)

0 0 Kby o =L | .
(U2 a9 @a9) ™ (2w ) as)

We thus need to control this difference, and Theorem 2.6-(b) will be proved. Proposition 4.4
provides us statements to control the error between ng%) and ug%), or their integrals. However,
there is still a difficulty related to the fact that the denominator of the two terms tends to 0
when x — +00. We need to control the speed this denominator goes to 0, to ensure that the
pointwise error does not explode when x — +o00. The latter is done by proving the two following

lemmas, in Sections 4.3.3 and 4.3.4 respectively.

Lemma 4.9 (Power series expansion of the cemetery tail). Assume that (Hy) and (Hs) hold.
Let us consider the function ng € W1 (R%) N Lloc (Rik), defined such that for all x € Rik

i=1
Then, for allt > 0, we have

+oo
/ n(a%)(s)ds —bNt
t

R2+) . 1o (:c + Z )d:z:u duy). (dvg)] .

(4.28)

>1 J?U)ER2k (
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Lemma 4.10 (Lower bound for cemetery tails). Assume that (Hy) — (H4) hold. Then, for
allt > 0 we have

“+o0o “+o0o
min (/ n(a%)(s)ds,/ u(azk)(s)ds> > (Dy)** exp (—kbmywt) .
t t

In fact, the statement that allows us to do this control is Lemma 4.10. Lemma 4.9 corresponds
to an intermediate step to obtain Lemma 4.10. Thus, the proof of Theorem 2.6-(b) consists in
controlling the right-hand side term of (4.26), by using Proposition 4.4 and Lemma 4.10. We
do this in Section 4.6.

We now prove all the statements given in this section, and then obtain Proposition 4.4 and
Theorem 2.6-(b) from them.

4.3 Proof of the auxiliary statements

This section is devoted to the proof of the auxiliary statements presented in Section 4.2.
These statements are proved one by one, in the same order in which they were stated.

4.3.1 Proof of Lemma 4.6

We consider for all (¢,¢') € [1,2k]? the integral Iy, := yeR2E yeyer ii(dv). One can eas-
ily see that o, = > 1<pp<op lor. Thus, our aim is to compute the values of the integrals
(Ig’g/) (0. e[1,2K]2 and then conclude by summing their values. To do this, we fix (£, ¢') € [1, 2k]?
and do a distinction between cases.

Assume first that ¢ = ¢'. In view of Eq. (2.10), we have that for all I € Z;,

Jyeoa@)?9(y)dy =mg, ifl=10¢€l,
yerat 0, otherwise.
Then, by using Eq. (2.10) and Lemma A.7, we obtain that
1

ma
I€T,, (=t el

Assume now that ¢ # ¢. In this case, in view of the left-hand side of (2.10), we have that
for all I € 7,

2
, 'g(y)dy’) = (my)?, if¢eTland? €1,
[ v (ay) = et v/9/)dy')” = (m) | (4:30)
yeR2k 0, otherwise.
In addition, by the definition of Zj (see (2.5)), we have that when ¢ = ¢’ mod k
{IeZ, {0}y cCI}=0.
Then, by combining these results, we obtain that when £ # ¢ and ¢ = ¢’ mod k
1
Iy = of > (m)’=0. (4.31)
I€Ty, tel, el
We also obtain by combining Eq. (4.30) with Lemma A.8 that when ¢ # ¢ mod k
1 , o, it k=1,
Ig,g/ =5k Z (ml) = { mi)2 X (4.32)
2 1Ty, bl t'el %’ if k> 2.
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We now conclude. First, we combine (4.29), (4.31) and (4.32). Then, we use the fact that as
the set

2k k 2k
{(¢,0) € [1,2k]* | € = ¢ mod k} = (U {(i,i)}) U (U {(z’,i+k)}> ( U {G.i- k)})

1=k+1
has a cardinality of 4k, it holds
# ({(6,0) € [1,2k]* | ¢ # ¢ mod k}) = (2k)* — 4k = 4k* — 4k.

We obtain at the end the following (note that (4k* — 4k)1g;>0y = 4k* — 4k, as k € N*), which
ends the proof

oy = Z Igf + Z I&g/ + Z I&g/

1<0=0/<2k 1<0A0 <2k 1<0£0' <2k
s.t. £=¢ mod k s.t. £#¢ mod k

2
zzk%+o+(4k2 4k:)( )1{k>2}—(m1) K2+ (may — (m1)?) k.

4.3.2 Proof of Lemma 4.7

We first need to obtain a better expression for ugs = upo — up,1, where upo and up; are
defined in (4.22). To do so, we develop the function uyg in its definition. One can notice that
for all ¢ > 0, it holds in view of (4.10) and (4.11)

upo(t) = bN | u® () ({0 € REFINY =0 & REL) 1rs e ong e g )13 0
+

(2k) 2k _ 2k
HON [ (ty) i ({v € REINY =0 ¢ RE}) Ly iepiong e g )2y 0

The function on the first line of the above has the same definition as n(;]f), see (4.12), with u(%F)

instead of n(2¥). Then, following exactly the same steps as those to obtain (4.14), replacing

n(?k) with u(?%)| yields that for all ¢ > 0

b 2k ¥
T2 'Zlfy/eR% ul?) ( Z yje; + ) (1-G(y) 1{y;§6,Vje[[1,2k]}\{i}:y9>%}dy/
1= +

J=1,j#i
2k 2k 2k
+ bN kU( )(t,y)lu,({’l)ERJr|Ny—’UQéR+})1{#({16[[1’2’{]]|yig%})22}dy.

yERi
(4.33)
Now, we use the above equation to develop ug 2. Specifically, we subtract ug ; from both sides
of (4.33), in view of (4.22) and the following equality

1{y,<5 Vil 2k\i}y;> %} 1{@/235} 1{y’<5 Fjelt2k\{i}:vi<% }
We obtain that for all ¢ > 0
2k)
uga(t) = —= Z/ - ul < g 12;; Yoer + > (1 — G(y;)) 1{%97 Hje[[l,zk}]\{i};y;é%}dy'
(2k) 2k . 2%k
+bN o (t,y) i ({v € R¥F [Ny —v ¢ R¥}) (e ob] e 5 )22} 09

=! —uy3 (t) + U8,4(t)'
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As —ugp 3 and uy 4 have an opposite sign, the above implies that |ug2(t)| < max (up3(t), us(t))
for all ¢ > 0. We thus now obtain an upper bound for both u 3 and up 4 in order to prove (4.24).
To bound ug 3, we first bound 1{y <5, 3je1, 2K\ (i} v, < 5 } by > icm 2k\(} 1{y <5,yi<} Then,

we use (4.16) to write u(®**) in terms of ng, and apply (Hs) to bound from above ng. Finally,

)

5
we integrate in dy’, by using that fg(l — G(y}))dy; = my, that [N exp (—)\y;) dy; < %, and

that [;" exp (—\y;) dy, = + for all £ € [1,2k]\{4,j}. We obtain that for all t > 0

2k 2k
bm1 4 bm
s <533 [ (P54 5) H”O(NW) (=G0 Yo 439

R2k
i=1j=1 (=1
J#i t#

by 8 S 28 A2k (D) bmad o, o
< szwexp(—k)\bmlt) = 2k(2k — 1) o (Dy)*" exp (—kAbmit) .

(4.34)

To bound up4, we first bound the term u({v € Rik|Ny—v ¢ Rik}) in up4 by 1, as

p is a probability measure. The'n, we bound the term 1{#({ieﬂ},2k}]\yi§%})22} by the s?m
2 (i) E[1,2K]2, i 1{yi§%,yj§%}‘ Finally, as done before, we successively use Eq. (4.16) to write
u?%) in terms of ng, apply (H3) to bound from above ng, and integrate by using the same

inequalities/equalities. We obtain that for all £ > 0

2k 2k
(2k)
[u,a(t)] < szlzl/yeRzk (t,9) V< <81
i=1j
= (4.35)

2
< 2k(2k — 1)%A2 (D)) exp (—kAbmat) .
From (4.34), (4.35) and the fact that |up 2| < max (up3,up4), the lemma is proved. O

4.3.3 Proof of Lemma 4.9
We consider two functions F' : Ry x Rik — R and F : Ry x Ri’“ — R, defined for
all (t,) € Ry x R?* as

(bN) ¢t

F(t,x) :=no(x) + Z é! /vleRi’“ . »/Uz€R2k n (ZL‘ + Z ) (dve) ... p(dvr), (4.36)

F(t,z) :== e "NE(t,z).

We begin by proving that n(?*) = F. By deriving F, and then taking m = ¢ — 1, one has that
for all (t,z) € Ry x R%

£4e—1
OF(t,x) = Z % /vleRi’“ . /7)126R2k n (m + Z ) (dvg) ... u(dvy)

>1
bNt m+1 )
=N Z ! /1;1€R2+k N ./vm+1€R2k ( + Z > dvm-‘—l) (dvl)
U1
SN[ F (t2+ 53 ) aldvn).
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Then, combining the above with the fact that 0,F (¢, z) = e *N'0,F(t,x) — bNe ®M'F(t,x) by
the second line of (4.36), yields that F is solution of the following integro-differential equation

OF(t,x) = bN fvleRik F (t,x+ %) p(dvy) — bNF(t,z), V>0, z€R3¥,
F(0,2) = fig(x), vz € R?.

The above equation corresponds to the same integro-differential equation as the one verified
by n(?%) (see Eq. (4.8)). In addition, this integro-differential equation has a unique solution
in C (RJF,L1 (R%rk)) by Proposition A.1. Then, by combining these two results, we obtain
that n(?%) = F.

Now, we prove Eq. (4.28). By applying the right-hand side of (2.9), and then combining the
fact that n(??) = F with the second line of (4.36), we have that for all t > 0

+oo
/ n(azk)(s)ds = e*bNt/ F(t,z)dx.
t zeR3k

Therefore, by plugging the first line of (4.36) in the above equation, and then using
that fxeRiIe no(x)dz = 1 to compute the term that is not in the sum, we obtain that (4.28)

is true, which concludes the proof. O

4.3.4 Proof of Lemma 4.10

To prove this lemma, we proceed in two steps. In Step 1, we prove that for all ¢ > 0, we
have

+oo
/ nZ) (s)ds > (D)2 exp (—kbmiwt) | (4.37)
t

and in Step 2, we prove that for all ¢ > 0, it holds

+o0o
/ u(a%)(s)ds > (D)% exp (—kbmywt) . (4.38)
t

Step 1: To simplify notations, we also use in this step the function 7, defined in (4.27), to
represent the product of the functions ng. Our aim here is to bound from below the right-
hand side term of (4.28). To do so, we begin by bounding the coefficients in the sum. By
applying (Hy) to bound from below 7, and then using that f, is non-decreasing to bound

fu (:cl + 25:1 (UN)i) by f. (7;), we have that for all £ € N*, z € R%* and (vy,...,v) € (Rik)z

i (x Ly zé) 2 o Tortle (o B ) el o o 2y )
j=1 ( 0 fu(y) exp (—wy) dy)
2k

2%k ¢
> (Dw)Qk im1 (fow (25) exp [—wa;]) exp <—w (vj)i> '
(5™ fulw) exp (—oy) dy) ™ 22

Then, by integrating both sides in dz and (,u(dvi))ie[[u]], and simplifying the last term with a
Laplace transform, we obtain that for all £ € N*

= Yi
/xeR%r’“ /vleRi’“ . ”/UlERik 70 (m + Z N) w(dvy) ... p(dvy)de
14

> (D LH

=1




We now plug (4.39) in the right-hand side of (4.28). Then, we use that 1 > (D,,)*" (as D, < 1)
to bound from below the term that is not in the sum. We obtain that for all ¢ > 0

L O (e (3))]

0>1
- 0 o (0 () 1) -

It thus only remains to prove that bN (£(u) (%) —1) = —kbmiw and Eq. (4.37) will be proved.
In fact, the latter is easy to obtain because in view of the inequality e™* —1 > —x for all z € R
and Lemma 4.1, we have

2k
k:

Step 2: First, notice that by applying (Hy) to bound from below ng, then doing the change

of variable s’ = s — b"élt, and finally using that f, is non-decreasing to bound from be-

low f,, (s’ + b%t) by f. (s'), we have for all ¢t > 0

+o00
/) no(s)ds >

gt f0+ fu(z) exp (—wz) dz
Do J§"™ fo (5 + P54¢) exp (—ws’ — 52¢) df bmw
B Foe > Dy exp | — t).
0 Ju(z)exp (-wz)dz

Then, by combining the above equation with the first equality in (4.18), we obtain that (4.38)
is true, which ends the proof of the lemma. ]

—+o00
/ n(a%)(s)ds > 0Nt (Dw)ﬂC
t

D, fbm w(s) exp (—ws)ds

4.4 Proof of Proposition 4.4-(a)
To recall, in view of (4.21), our aim is to check the assumptions of Lemma 3.5 for ug = a2k
¢ = pand F = u®*_ and then to apply it to obtain the statement. First, notice that by (4. 16),

we have for all (¢,¢') € [1,2k]?, (t,z) € Ry x R%

ng (bmlt tx ) no (b%t + 934') szil,ig{g’g/} ng (b%t + xz) , AL #£L,

aCE x /U/(Qk) t,x =
o G,) no (bmlt + l'f) H?ﬁLi;ﬁé no (b%t + ﬁUz) ; if¢=10.

Then, by applying (Hs) and (H3) to the above, we obtain that for all (¢,¢) € [1,2k]? and
(t,z) € Ry x R%

12 2k—2 ) ,
(%Wu(zk)(t’x)‘ S{(CA) (ADA)* 2 exp (—kbmiht — AYH @), i L£L,

Cx(AD\)*Vexp (—kbmadt =AY @), ife=1.

This implies that (3.9) holds with C' = max ((C4)*, CAAD, ) (AD)** 7%, a = kbmy A, and 8 = \.
In addition, in view of the inequality 1 — e™* < x for all z € R and Lemma 4.1, we have that

bN [1—5( <7)} _bN/ ll—exp <—Zuz>] (du) <b)\Z/ uspt (d) = kbmy A,

(4.40)
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so that (3.10) holds with the same o and § as before. From these two results, all the assumptions
of Lemma 3.5 are verified. We thus apply this lemma, and it comes for all (¢,2) € R} x Rik’

bt ) ok
)6(2"?) (t, x)‘ < max ((03)2 ) C,\)\DA) (ADy)?*~2 2;% exp [—bN <1 — L(p) <N>> t— )\Z 1‘1] )
We now slightly manipulate the right-hand side of (4.41) to obtain the same bound as the one
stated in (4.19). As o, e k% by Lemma 4.6, we have that there exists dj > 0, independent
—+00

of k, such that
max ((C4)%,CAADy) 0, < dy (ADy)* k2. (4.42)

In addition, by first using the right-hand side of (2.10) to develop L(u), then the left-hand
side of (2.10) to obtain that £(uD) = (L(g))" for all I € Ty, and finally the first equality in
Lemma A.7 to simplify the sum and the fraction, we have that for all p > 0

L)) = g5 3 £(uD) (1) = 5 3 (L) () = (£L(9)* () (1.43)

1€Ty T€Ty,

The above yields, in view of (2.11), that

bN (1 L) (2)) _ N (1 (o) (2,)) T (4.44)

Then, by plugging this equality and Eq. (4.42) in (4.41), we obtain the same bound as in (4.19),
so that Proposition 4.4-(a) is true. O

4.5 Proof of Proposition 4.4-(b)

In view of (4.23), we consider the function v, := n(82k) —ugg) —i—ugmf) —u(a%). Assume that there

exists a set of functions (h;);eq1 2% from Ry x R%* to R verifying (3.13) with C' = 1C% (D)1
and S = A, such that for all £ > 0

2k
ugPe) - e =0y |

hi(t,y)(1 — G(yi)) 1y <53y (4.45)
i=1 Jyery

By developing n((.azk) and u(;g) with their definitions, given in (4.8) and (4.22) respectively, we

have that for all t > 0

ng%) (t) — u(;lg) (t) =bN /GR% [n(%) (t,y) — u®®) (¢, y)} 1 ({w € Rik |INy —w ¢ Rik}) dy.
LA

(4.46)
Then, by plugging (4.45) and (4.46) in the definition of v,, we have that v, verifies (3.14)
with ue = n(2k) — 4(k) and € = p. As ug verifies the assumptions of Lemma 3.5 by the proof
of Proposition 4.4-(a), see Section 4.4, this means that all the assumptions of Lemma 3.6 are
verified for v¢ = v,,. Then, by applying this lemma, and using (4.42) and (4.44) to simplify the
bound (as done in Section 4.4), we obtain that for all t > 0

(O] < |doA (D)2 2;“ O AQ)N M2k | exp (—kbma Xyt)
b 2k k:3bm1t C;\mzk‘
:N(D/\) (dé)\ 5 2D, ) &P (—kbmiNyt) .
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Recalling Eq. (4.23), combining the above with (4.24) through a triangular inequality, and then
using that —kbmiA < —kbmi Ny (as a consequence of (4.40) and (4.44)), yields that (4.20)
is true. Then, Proposition 4.4-(b) is proved, assuming that the set of functions (h;)ic[i k]
presented at the beginning of the proof exists.

It thus remains to prove that such a sequence exists. We consider for all i € [1,2k],
(t,y) € Ry x R?,

1 2k ; 2k
hi(t,y) =5 [u(%) (t, > e+ }y\,> — u(¥) <t, > wiei || (4.47)

J=1,57#i J=1,j#i
By taking the difference between the second lines of Eq. (4.22) and Eq. (4.15), and using that
m1 = [y,eo,6(1 — G(yi))dy; for each index ¢ € [1, 2k] of the sum in the second line of (4.15), we
have that (4.45) holds with the set of functions defined in (4.47). In addition, by using (4.16),

then writing no as an integral of ng, and finally applying (Hs2) and (H3), we have that for
all i € [1,2k], (t,y) € Ry x R%k,

1 bmy Y bmy 2k bmy

=1,j#i
L[ /% , /b 2k b
:2[/1\]716 (T;thqLu)du} L 1o (T;ltﬁLyj)
0 =1, j#i
1 ” 2k
< SCL (MDY Zexp | —kbmidt — A Yy
2 N =1,

This implies, by using (4.40) to bound the coefficient —kbmy A in the exponential, that () ;e[ o
verifies (3.13) with C' = 1C% (ADy)**~! and 8 = A. Then, from these points, we have that the

set of functions we need exists, which concludes the proof of Proposition 4.4-(b). O
4.6 Proof of Theorem 2.6-(b)

Let z > 0. To simplify notations, we denote

P “+o0o P “+o0o
No(z) == /21 ng%) (s)ds, and Uy(x):= /QI u(;k) (s)ds.
bmy bmy

In view of (4.26) and the triangular inequality, the following holds

(2k) ( 2z (2k) ( 22 (2k) ( 2z
(2K N ‘nﬁ (bm1>_u8 (bml)‘ Uy (W) 1 B 1
) el < R T R R & o

= Al(.%') + AQ(%‘)
(4.48)

Thus, our aim is to obtain an upper bound for both A;(z) and Ag(x). Theorem 2.6 then comes
by summing these bounds.

By applying Proposition 4.4-(b) to bound the numerator, and Lemma 4.10 to bound the
denominator, we have the following

% (Dy)? (K*z + k* + k) exp (—2kNyx)

Aal) < 2k -3¢
kbmy [(Dw) exp (—kaac)] 2 (4.49)

_ 4D (D
Nmq \ D,

>2k (KPz+k+1)exp (—Nyz + (2k — 1) (w — Ny) z) .
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We thus now focus on finding an upper bound for Ag(x), which requires more computations. For
this purpose, we begln by obtaining an mtermedlate inequality. In the equation below, first apply
the equality |1 — 1| = |Cc 4 for ¢ = No( )1 o and d= UQ( ) 2 to develop Ag(x). Then, use
that it holds Wimué%) (b%l) = no(x)ﬁo(x) 2 by Lemma 4.8 to simplify the term ﬁo(x)l_ﬁ

at the denominator. Finally, apply (H3) to bound from above the term ng(z) coming from the

previous computation, and use Lemma 4.10 to bound the term ﬁo(x)l—i at the denominator.
It comes the following inequality

W (22) (No ~3 — Up(a) '~ | No(2)! =% — Ty(a)
Ao(x) = i~ -1 no () Tl
kbm,y No(z)t 2% Ug(2)' 2 No(z) 2%

- L (4.50)
[No(@)! =3 — To(a)

(D) L exp [—(2k — Dwa]

< ADj exp (—Ax)

To continue our computations, we need to bound the numerator of (4.50). To do so, we
first develop it by using the inequality |c! — df| < 1=l for ¢ = No(z), d = Up(z) and

min(c,d)1—¢
{=1-— i This inequality comes from the Taylor’s inequality applied to the function y — y¢,
and is true when ¢ € (0,1). Thereafter, we apply Lemma 4.10 to bound the term (e, d) 1=
coming from the previous step. Finally, to bound the term |¢ — d| coming from the first step,

we use the following equality, Which comes from (2.9)-(4.18), Proposition 4.4-(a), and the fact
that nyRik exp (—A ) y,) dy = )\Qk,

2x
(2K) _ (2k) <7 ) d

(]/\70 - /U\o)(fﬂ)‘ =

< d\ (ADy)* k%% kbma N, 2z | 1 — d, (Dy)%* Ka 2K\,
< dy (ADy) ON €Xp | —kbmy me1 SV 0 (Dx) Nm eXP[ Nl”]
We obtain
k k2z
.~ 1\ djy (Dy)*" £ [—2kN) ]
No(z)' " 75 — 1 (1—) m 4.51
o(z) "2 — Up(z) 72¢ | < 2k D, exp (—wx) (4.51)

Then, by plugging (4.51) in (4.50) and bounding the term 1 — i by 1, we get the following
upper bound for Ag(x)

diy (D) £22 exp (—2k Xy )

(Dy)** exp [~ 2kwa]

Ag(x) < ADyexp (—Ax)
(4.52)

dyADy ( Dy \*
= Jifml (Dw> Pzexp (—Az + 2k (w — Ay) 2) .

We now conclude. Recall that w > X. By combining (4.40) with (4.44), we have that A > N,
and so that w > Ny. These inequalities yield

max (—ANyz + (2k — 1) (w — Ny) , Az + 2k (w — Ny) ) < —Nyaz + 2k (w — Ny) 2. (4.53)

Thus, by plugging (4.49) and (4.52) in (4.48), and then using (4.53) to bound the coefficients
in the exponentials, we obtain Theorem 2.6-(b). O
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5 Estimation on simulations and data

Now that we have studied the quality of our estimators from a theoretical point of view, we
verify if they work in practice. Specifically, we choose a certain number of parameters for our
models, and compare the curves of ﬁ(()l) and ﬁ(()%) with ng. We show that we have encouraging
results for the single-telomere model, and when & is small for the model with several telomeres.
We also highlight estimation issues that appear when the initial distribution of telomere lengths
has a small variability, and when k is large.

First, in Section 5.1, we present estimation results in the single-telomere model. Then, in
Section 5.2, we present estimation results in the model with several telomeres. Thereafter, in
Section 5.3, we study how our inference method can be adapted in a more realistic framework
where we observe noisy values of ngl) and n(a%), focusing in particular on the noise related to
sampling. Finally, we test our inference method on experimental data in Section 5.4.

5.1 Estimation results in the single-telomere model

Estimation results in the single-telomere model depend on the variability of the initial dis-
tribution. More precisely, if ng corresponds to a distribution with a sufficiently large coefficient
of variation, then the estimation works very well. Conversely, if the coefficient of variation is
small, then the estimation has poor results. To present each of these cases precisely, this sub-
section is divided into two parts. First, in Section 5.1.1, we present two examples in which the
estimation results are very satisfactory. Then, in Section 5.1.2, we illustrate how the quality
of the estimation decreases as the variability of the initial distribution decreases, by comparing
estimations of initial distributions with different coefficients of variation.

5.1.1 Two examples with a good estimation

Let us start by presenting the framework we use here. We introduce for all (¢, 3) € N* x R,
the following functions, for all x > 0,

4
heg(z) == Fﬁ(g)xf exp (—fz), and Hyg(z / O “Lexp (—By) dy (5.1)
These functions correspond respectively to the probability density and the cumulative density
function of an Erlang distribution with parameter (¢, ). In the estimations presented here, we
choose ng belonging to the set {hyz|(¢,3) € N* x R%.}. The first reason of this choice is that
in this case, n!) is explicit by Propositions A.9 and A.10. We thus do not have to approxi-
mate this function to compute ng) (see the second line of (2.3)), and then the estimator ﬁ(()l)
(see (2.12)), which would have reduced the quality of our estimations. The second reason is
that our main result assumptions are easily verified for these functions (direct from the fact
that they correspond to the product of a polynomial and an exponential). We therefore work
in a setting in which Theorem 2.6 holds.

We now illustrate that our inference method works for initial distributions with a sufficiently

large coefficient of variation. We assume that (H) is verified for b = 1, g = 19 3}, and N not

~(1) .

yet fixed. Our aim is to check numerically that the curve of o, ’ is close to the one of ng. To do

~(1)

so, we first plot in Figures la and 1b the curve of 1y’ as a function of telomere lengths when
no € {h14,h2,1}, and for N € {1,5,40}. In each of these figures, the curve of ng is also plotted
in black for comparison. We then plot in Figures 1c and 1d the error in L'-norm between ﬁél)
and ng, for the same model parameters, and as a function of % We observe that when N is

large, the estimation performs very well. Indeed, in Figures 1la and 1b, the blue curves, which
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(a) Estimation results when ng = hy 4 and (b) Estimation results when ng = hg 1.5 and
N € {1,5,40}. The errors in L'-norm are N € {1,5,40}. The errors in L'-norm are
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and ﬁél) versus 1/N for N € [1,100], at the and ﬁél) versus 1/N for N € [1,100], at the
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Figure 1: Estimation results in the single-telomere model for different values of N, when b =1,
g =11y and ng € {h14,h215}.

correspond to the estimations for N = 40, are almost superposed with the dotted curves. We
also observe, in Figures 1c and 1d, that as predicted by our theorem, the L'-norm error increases
linearly as % increases, and that this error goes to 0 when N — 4o00. The estimation results
are thus very satisfactory. This is even more true since N does not need to be huge to obtain

good results.

Remark 5.1. We have chosen N = 40 for the mazximum scaling parameter here because this
is the most realistic value for budding yeast, see the discussion about (Hy) p. 13. This species
is one of our case studies because it is often used by biologists for experiments, see for exam-

ple [/ 1, 55, 50].

5.1.2 Problems of estimation when ny has a small variability

As mentioned in the previous section, it is required to have an initial distribution with
a sufficiently large coefficient of variation to ensure a good estimation. We present here the
problems that occur when this is not the case and the reasons behind it. Again, we work with
Erlang initial distributions. We assume that (H;) is verified with b =1, g = Lio,15, and N = 40.
To show how the variability of ng influences the estimations results, we proceed to estimations
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of initial distributions with the same mean, but different coefficients of variation (cv). To
do so, in view of Eq. (5.1) and Proposition A.11, we first introduce for all cv > 0 the function
Hev = Nijev? 1 /ev?, Which is the density of an Erlang distribution with mean m = 1 and coefficient

of variation cv. Then, we plot in Figure 2 the curve of ﬁél) (blue curves), that we compare with

the curve of ng (dotted curves), for ng € {H1/2, H1/3, H15, H1/7}- We observe that the smaller
the coefficient of variation is, the worse the estimation becomes. In particular, the spread of
the initial laws is not well-captured, although the position of the mode is correctly estimated.

—— Estimated distribution 121 —— Estimated distribution
0.8 =+ Theoretical distribution ' =+=+ Theoretical distribution

1.01
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(a) Estimation result when ng = H;/. The (b) Estimation result when ng = H/3. The
error in L*-norm is 0.0310. error in L*-norm is 0.0675.
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=+ Theoretical distribution 254 =+=+ Theoretical distribution
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g 1.00 ]
[a} o
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0.50
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(c) Estimation result when ng = His5. The (d) Estimation result when ng = Hy/7. The
error in L'-norm is 0.168. error in L'-norm is 0.287.

Figure 2: Estimation results in the model with one telomere when b = 1, g = 191, N = 40,

and ng € {7—[1/2,7'[1/3,7'[1/577'[1/7}-

There are two reasons for this, one qualitative, and one quantitative. The qualitative reason
is that when the initial distribution has a small coeflicient of variation, the randomness of
shortening values and cell division times plays a greater role than the heterogeneity of the
initial distribution. The variability of senescence times is therefore mainly influenced by these
two sources of diffusion, and less by the one of ng. This leads to a poor estimation, as the
information on ngy obtained from senescence times is blurred by the information on ¢ and b.
The quantitative reason is that the second derivative of the initial distribution is large when
its coefficient of variation is small. Thus, as the error between ﬁ(()l) and ng is mainly given
by the second derivative of ngy (see Sections 3.3 and 3.5), the estimation constants increase.
We illustrate this in Figure 3, in which we show the second derivatives of the probability
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distribution functions H; o, Hy/3, H1/5, and Hy 7. We observe that their values increase when
the coefficient of variation of their associated Erlang distribution decreases.
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(c) Absolute value of 7—[’1’/5. (d) Absolute value of 7-[’1’/7.
Figure 3:  Absolute values of the second derivatives of the functions in the set

{H1y2: Hayzs Hays, Hayr

5.2 Estimation results in the model with several telomeres

We now study how the inference method works on the model with several telomeres. As
for the single-telomere model, the quality of the estimation depends on the parameters of the
model. More specifically, the results here are highly dependent on the number of telomeres in
the species studied. To show this dependence, we separate this section into two parts. First,
we present in Section 5.2.1 the estimation results when k is small. Then, in Section 5.2.2, we
show the estimation results when k is large.

5.2.1 Estimation with a small number of telomeres

The estimations presented here are made in the same way as those presented in Section 5.1.

Indeed, we first assume that (Hi) is verified with b = 1, g = 1jg ), and N = 40. Then, we

plot in Figure 4a the curve of the estimator ﬁé%) when k£ € {1,3,5} and ng = hi4, and in

Figure 4b the curve of the estimator ﬁ(()%) when £ = 1 and ng = hg,15. In the first case,
the estimator is computed thanks to (A.18). In the second case, it is computed by first using
and (A.20) to compute n(?*) | and then numerical methods to compute ﬁ(()zk) from n(?%) (see (2.12)

and (2.8)). We observe that in both cases, the estimated initial distributions almost overlap
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with the theoretical initial distributions. The estimation is thus very satisfactory, as for the
single-telomere model.

4.09 —— Estimated distribution, k= 1 22 —— Estimated distribution, k= 1
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Telomere length Telomere length
(a) Estimation results when ng = hy 4 and (b) Estimation results when ng = hg 1.5 and
k € {1,3,5}. The errors in L'-norm are k= 1. The error in L'-norm is 0.0133.

respectively 0.0266, 0.0657 and 0.104.

Figure 4: Estimation results in the model with several telomeres when b =1, g = 1(9 ), N = 40,
no = {h14, h215}, and for different values of k.

One can notice that when ng = ho 1.5, we only have studied the case in which £ =1 i.e. in
which there are 2 telomeres. The reason is that our way to compute ﬁ(()%) cannot be readapted
when k£ > 2. As obtaining them is not the primary objective of this study, we have limited
ourselves to the case where ng € {hlﬂ |8 € R”jr} for such values of k. This is equivalent to

assuming that ng is the density of an exponential distribution.

5.2.2 Estimation with a large number of telomeres

We now focus on the case in which k is large. This case is important to consider because
biologists mostly study species with a large number of telomeres. For example, we can mention
budding yeast cells which have 32 telomeres (16 chromosomes), or human cells which have 92
telomeres (46 chromosomes). We assume that (/1) is verified with b =1, g = 1jg 3, and N not
yet fixed. We also restrict ourselves to the case where ng = hy 4, for the same reasons as those
presented at the end of Section 5.2.1. We plot in Figures ba and 5b respectively the curve of the
estimator ﬁgzk) when N = 40 and k € {15,30,50}, and the L!-norm between ng and ﬁ(()2k) when
N =40 for all k € [1,500]. We observe in Figure 5a that more k is large, more the estimated
curve is far from the curve of ng (dotted curve). In addition, the estimated curves appear more
diffuse than the initial curve, similarly to what was observed in the estimations presented in
Figure 2. We also see in Figure 5b that the estimation error in L'-norm has high values when
k is large. From these observations, we conclude that the estimation is poor. We provide below
a quantitative and qualitative reason for this.

The quantitative reason is that the model approximation used to construct our estimator is
no longer valid when k is large. Indeed, the bounds obtained in Proposition 4.4 and Theorem 2.6
increase with the value of k. It follows that using ’ﬁégk) to estimate ng does not really make
sense, because we now have no control over its estimation error. The qualitative reason is that
the senescence times distribution becomes more and more determined by the distribution of
cell division times when k& — +oo, while the influence of the initial distribution diminishes.
This is shown in Figure 6 for the model studied in the previous paragraph, where we plot

(2k)

in red the error in L'-norm between ng ~ and the density of an exponential distribution of
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Figure 5: Estimation results in the model with several telomeres when b = 1, g = 1jg 1,

ng = hy 4, and for large values of k.

parameter bN, namely hqx, for k € [1,125]. We observe that this error progressively decreases
to 0 when & — 400, so that n(;k) is more and more influenced by the cell cycle distribution.
The estimation is thus less accurate as the information on ng is blurred by the influence of the
division times distribution, and that this influence is not taken into account in the construction
of our estimator. The increasing dependence of the senescence times distribution on the division
times distribution is related to the fact that the probability of having at least one short telomere
at the beginning of the dynamics grows with the number of telomeres. As a result, the initial
minimum length tends to concentrate near zero, and fewer shortenings are required to obtain
a telomere with length below zero (which is the criterion for senescence). This yields that the
initial condition and the randomness of the shortening values lose their impact on the senescence
times distribution when k is large, and that only the randomness of the division times remains

to influence the latter.
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and ugk), as a function of k € [1,125], when the model parameters are b =1, g = Lio,1y, IV =40

and ng = h1 4. We observe that ugk) k) than hypn when k > 20,
in this case.
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0y 2 |Ine o

because we have that Hn 5
Li(

The only way to solve these issues is to have a larger value of the scaling parameter N.
This is illustrated in Figure 5c¢ in which we have plot the curve of ﬁé%) when k£ = 46 and
N € {10,100,1000}. We observe that when N = 1000, the estimation is very good, whereas for
the other scaling parameters, the estimation is poor. The problem is that the value of N we
need for a good estimation is not realistic. Indeed, the case where we have k = 46 chromosomes
corresponds to the human case. In this case, the ratio between the average shortening value and
the average telomere length is of the order of 1—(1)0, see the discussion about (H7) p. 13. Hence,
the realistic value for the scaling parameter is N = 100, for which the estimation is poor in

Figure 5c, and not N = 1000.

5.3 Estimation with random variables
In practice, we never have the full density n(al) or n((;k). Instead, we observe a collection of

senescence times (T3);.;<,,, where m € N*, that are noisy measurements of random variables

identically distributed according to n(al) or n(a%). We thus need to investigate if our inference

method is adaptable in this setting, and to check if the estimation still works after adaptation.
This section is devoted to these points, when only the noise linked to sampling is considered,
and not to measurement error. We first focus in Section 5.3.1 on adapting our method when
we only observe senescence times distributed according to ng), and verifying the quality of the
estimation on simulations. We then do the same when senescence times are distributed according
to nézk) in two different parts, as the construction of the estimator requires more work in this
case. More precisely, we present the estimator we use in Section 5.3.2, and check its quality
on simulations in Section 5.3.3. We show in this last case that issues related to the curse of
the dimensionality arise. From now on, we assume that (H;) is verified with b =1, g = Lio,15
and N = 40.

5.3.1 Estimator and estimation with random variables distributed according to ng)

Let us consider ny € N*, and (71;),, <n, @ Sequence of random variables independent and

identically distributed according to n(al). Our first objective in this section is to construct an
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estimator of ng based on these random variables. In fact, this can be easily done. What
we only have to do is to first construct an estimator of ng) that depends only on the vari-
ables (T ;) and then to adapt the expression of ﬁ(()l) given in (2.12) to this estimator.
We will thus have an estimator of ng that corresponds to a Monte-Carlo estimation of ﬁ(()l). Let

us detail these two steps.

1<i<ng’

(1)

To obtain an estimator of n;’ using the times (77 ;) we do a log-transform kernel

22

2, and

1<i<ng’
density estimation [3, 33]. Denoting for all z > 0 the Gaussian kernel p(z) = \/%6
a > 0 as a smoothing parameter, the log-transform kernel density estimator is defined for

allt > 0 as
g @)= 235 Ly (Liog (1)
t) = — —p| =1 . .2
mg =3 g (s (a1 (5.2)

S =1

This is a classical method of estimation to estimate a density on Ry, when we have a finite
number of variables distributed according to this density. The main idea behind this estimator is
to smooth the Dirac measures in the empirical estimator of the density, defined as n% >t 0y,
This smoothing is due to that for all f € C* (R*Jr) and X € R, by the change of variable
' =log (+) and the fact that é p(z) — o (as it is a classical mollifier), we have

a—0

lim 1p(1kg(;>>fum¢—hm 1p<ﬂ>fCYapwndﬂ—5XU) (5.3)

a—0 teRr? ta o a—0 Jyer « a

Thus, by the above and the fact that p € C* (R), the terms that are summed in (5.2) are

_(1,@)
o

smoothed approximations of the measures (5T1,i) In particular, when « is small, 7

i€[l,ns]’
is close to the empirical estimator of the density bl[Et tﬂe smoothing is weak. When « is large,
it is the opposite. We do not use a classical kernel density estimation [37, 44] because this
method works to estimate densities with support on R, and is much less satisfactory on R;. An
explanation of the different issues that may arise due to this difference of support is given in
Section D.

Adapting now the definition of ng, see (2.12), by replacing n(al) with ﬁ(al’a), we obtain the
following estimator for ng that depends on the smoothing parameter a > 0, for all x > 0,

<m>.:1@m(f>:1n51 1, z 5.4
. ($) ‘ i)mlna i)ml n Zl’ap « o8 BmlTM ‘ ( ‘ )

S =1

. Theoretical results

concerning its quality are given in Section E, by transferring those already established for ﬁ(()l). In

particular, we show in this section that for all p € (0, 1), there exists a smoothing parameter «,,

This estimator is what we use to estimate ng from the sequence (17 ;) ., <n,

for which we have a qualitative bound on HId [ﬁ(()l’ap ) no] HLl(R ) with probability 1 — p,
+

see Corollary E.4. In the estimations done in this section, we use for smoothing parameter an
approximation of o, for p = 0.1, denoted &.1. This approximation is obtained by computing the
constant Cj 4 in its definition, see (E.8) and (E.4), by using the formulae given in Eq. (E.13)
and Eq. (E.14). The problem of choosing the parameter with this method is that we use a
priori information about the initial distribution (the fact that it is an Erlang distribution),
which cannot always be done on experimental data. Developing a method for choosing a good
smoothing parameter without a priori information is very challenging. We thus postpone this
study to another work.

We now verify numerically that our estimator has good estimation results. To do so, we
proceed to estimations on simulations. We first choose ngs € {30,300,3000}, and simulate a
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sequence of random variables (71 ;), -, <n, distributed according to n(al), when ng € {h14,h215}.

We refer to Section C for the detail of how we simulate them. Then, in Figure 7, we compare

the curve of ﬁél’a) with the curve of ng, for a = a1 defined in the above paragraph. We

observe that when ng = 3000, the curve of ﬁél’ao‘l) follows perfectly the one of ng, so is very

satisfactory. We also observe that when ny = 300, the quality of the estimation decreases, but
remains correct. When ng; = 30, however, the estimation is not very accurate, but not so bad
given that we have very few simulations in this case (the shape of ng is still well-estimated). We

therefore have from these observations that the estimation stays reliable when we use ﬁél’ao'l)

to estimate instead of ﬁ(()l). We also have that the quality of the estimation increases with the

number of data, as expected.

0.6 4
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(a) Comparison between ﬁgl’ao'l) and (b) Comparison between 7 and
ng = hy4, for ns e {30,300,3000}. The ng = ho15, for ng € {30,300,3000}. The
errors in L'-norm are respectively 0.306, 0.108 errors in L'-norm are respectively 0.283, 0.144
and 0.0501. and 0.0457.

Figure 7: Estimation results for the estimator ﬁ(()l’ao'l) defined in (5.4), for the parameters b = 1,
g =11, N =40, ng € {h14,h21.5}, and different values of n.

5.3.2 Estimator with random variables distributed according to ngk)
We now focus on the case in which we observe a sequence of random variables (T ;)

(2K)

identically distributed according to n; "', where ns € N*. In particular, in this section, we
construct the estimator of ng we use in this context. We assume that the random variables we
observe have been ordered in increasing order, so that Thy, ; < Ty ;41 for all i € [1,n,—1]. Thus,
the random variables (T ;) are independent only up to a permutation. We consider the

1<i<ng

1<i<ng
survival function associated with ng, defined for all t > 0 as Np(t) := [ ngk)(s)ds. We
also introduce its empirical estimator, which is the complement of the empirical distribution
function (see [19, p. 2])

- L 1 e
vt > 0: Na(t) = ;s Zl 1{T2k’¢>t} =1- TZ Zl 1{T2k,i§t}' (55)
1= 1=

The strategy for constructing our estimator of ny here is slightly different from that fol-

lowed in the previous section. It is based on the fact that ﬁé%) is the weak derivative of

1
the function z — — [Na (~2m )} ¥ see (2.12). From this last property and the fact that Ny

by

can be estimated by ]/\73, a natural estimator for ng would be to use the weak derivative of
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—~ 1
M(x) = — [Na (5351 )] ! . The problem is that the latter cannot be represented by a function,

as we can see in the following statement.

Proposition 5.2 (Derivative of M). Let us denote Toro = 0 and Toppn,+1 = +00. Then, it

holds )
N N 35
w0 I e
Z N I TR
7=0
Proof. Notice that as the times (Tori),<;<,, 41 are ordered in increasing order, we have for
allt >0 o
ns MNs
Z {Tgk 1<t} 2; Z {TQk i <t<Toy, ]+1} 221 Z {Tgk §<t<Toy, J+1} Z] {Tgk §<t<Toy, J+1}
(2 ]_ ] i=1

(5.6)
Therefore, by combining the above with (5.5), and using that the intervals in the indicators
in (5.6) are disjoint, we obtain for all f € C° (R%)

s i\ 2
M(z)f (z)da = — <1 - J) / 1 '(2)d
- (z)f(z)dzx ]Z% o o (T <2 <T2M+1}f(x) T
1 ~
s 7\ 2* bmy bmg
=S (1-2L Lt Y ey .
;%( ng) [f( 5 2k]+1) f( 5 2k,j)‘|
This ends the proof of the proposition. O

To solve the issue presented above, we use a smoothed version of M’ to estimate ng. This version

is obtained by using that in view of (5.3), we can approximate § by, for all j € [0,ns + 1]
2 Tok,j

by the measure % P (é log <~ 2z )) dz, where a > 0 is a smoothing parameter. This gives

b1 Tog,
us the following estimator, depending on the parameter «, for all > 0,

1
ok ns NE 1 1 2 1 2
n[() )(x) :zZ(l——) — [p <log (W —p| —log e :
s Ns ax e! b Tog jv1 a b Toy, ;

(5.7)
. At first sight,
~(2k)

The above is what we use to estimate ng from the random variables (T ,-)1 <i<n.

other estimators than this one seems more natural to use. In view of the definition of 7
given in (2.12), we can for example mention estimators corresponding to the ratio between an
estimator of the numerator of ﬁ((]%) and an estimator of the denominator of ﬁ((]%). We prefer
here to use the estimator presented in (5.7) for two reasons. The first one is that the way we

have obtained a theoretical result on the quality of the estimators (ﬁél’a)> Lo can be adapted
«

to the estimators (ﬁg%’a))
e}

o See Section E, and not for the estimators previously mentioned.
The second one is that this allows us to not have an estimator with a denominator tending to 0
when x — 400, which can generate instability.

5.3.3 Estimation with random variables distributed according to ngk)

We now check how the estimator constructed in the previous section works on simulated
data. We consider two examples: first, the case where the model with several telomeres, defined
n (2.8), has for parameters (ng,k) = (h14,5). Second, the case where this model has for
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parameters (no, k) = (h2,1.5,16). For each of these examples, we fix ny, = 3000 and simulate
a sequence of random variables (T5y ;) independent and identically distributed according

to ngk). Then, we compute an estimation of ng from these times by using ﬁézk’a) for a = 0.275.

The smoothing parameter has been chosen more or less arbitrarily, and does not need to be
optimal, as it does not really change the quality of the estimation here. We plot in Figure 8
the estimated initial distribution in each case (green curves), and compare them with their
theoretical values (dotted curves). What we observe is surprising. The left tails of the initial
distributions are first correctly estimated. However, at a certain telomere length, a peak appears
on each estimated curve and the estimated density is 0 immediately afterwards. We therefore
have a very poor estimation.

1<i<ns

—— Estimated distribution

407 —— Estimated distribution
: =+ Theoretical distribution

=+ Theoretical distribution 2.0

0.51

0.01 -

0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0 0 1 2 3 4 5 6

Telomere length Telomere length
(a) Comparison between ﬁ(()%’a) and ng = hy 4, (b) Comparison between ﬁ(()%’a) and ng = hy 4,
for k = 5. The error in L'-norm is 0.452. for k = 16. The error in L'-norm is 1.061.

Figure 8: Estimation results for the estimator ﬁ(()%’a) defined in (5.7), with (Tori);<icp.

generated with Algorithm 1, for the parameters b = 1, g = 1, N = 40, nys = 3000,
(no, k) IS {(h174, 5) , (h271,5, 16)}, and o = 0.275.

To understand why we observe this, we investigate the ng simulations of the probabilistic
model used to generate our sequence of senescence times (Tx;),;,, (see Section C). For each
of these simulations, we collect the initial length of the telomere signalling senescence. Then, we
plot in Figure 9 the histogram of these lengths (green bars), and superpose the curve of ng on this
histogram (black curve). In Figure 9a, which corresponds to the case where (ng, k) = (h1.4,5),
we observe that even if ng has a large density after the length 0.35, no telomere with an initial
length greater than 0.35 has signalled senescence. In Figure 9b, which corresponds to the case
where (ng,k) = (h14,5), we have a similar observation. No telomere with an initial length
greater than 0.65 has signalled senescence, whereas the density of ng is still large at this length.
The random variables (7o) -, <n, therefore do not contain a significant part of the information
about ng in these two cases. This lack of information explains the poor estimation in Figure 8.
It also explains why we observe peaks: a smoothed Dirac measure appears in each estimation
due to the abrupt loss of information.

The only way to manage this issue is to do the estimation with a larger number of data points.
The reason is that it allows us to have better coverage of the telomere length that signals
senescence at time ¢ = 0, resulting in less loss of information. The problem is that the number
of data points required to obtain a sufficiently large coverage of ng is far too high. To get an
idea of this number, let us compute the number of data points we need to have information
about ng after the length 1.5 when (ng, k) = (h2,1.5,16) (no has still large values at this length,
see Figure 8b). We do the approximation that it is always the telomere that was the shortest
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at t = 0 that signals senescence to simplify computations (justified by Theorem 2.6, but strong
assumption in practice, see [7]). Under this approximation, for every ¢ € [1, ns], the probability
that the senescence time 75y, ; has been signalled by a telomere that had a length greater than 1.5

att =01is

400 2x16 +oo 32

</ no(s)ds) = (/ h271,5(8)d8> ~1.291 x 10715,
L5 L5

We thus need around 10'® data points to have a reasonable probability that (Tgk’i)l <i<n, COD-
tains information about ng after 1.5, which is very large. o

I Histogram stopping lengths
—— Weibull distribution
== Theoretical distribution

I Histogram stopping lengths
—— Weibull distribution
=+ Theoretical distribution

Density
Density

100

o0 01 02 03 04 05 06 00 02 04 06 08 10 12 14
Telomere length Telomere length
(a) Histogram when (ng,k) = (h14,5), and (b) Histogram when (ng, k) = (hg,1.5,16), and
comparison with a Weibull distribution with comparison with a Weibull distribution with
parameters (1, (H1,4)71 (%)) parameters (2, (Hz,1.5)71 (é))

Figure 9: Histograms of the initial lengths of telomeres signalling senescence for the simulations
done to generate (Thx;),; <n,» Where ng = 3000, at the symlog scale [52]. Comparison with
the curve of ng (black curves) and with the density of a Weibull distribution (red curves). The
symlog scale uses a logarithmic scale for large values and a linear scale for small ones. It allows
us to make appear very small bars, while preserving the shape of the histogram close to that of
the linear scale.

This problem of lack of data is in fact very common when working in high dimension, and
is often referred to as curse of the dimensionality. In this context, we can go further, and
linked this problem with the extreme value theory [18, 26]. This link is shown in the following
statement.

Proposition 5.3 (Minimum initial length when & — +o00). Let (¢, 3) € N* xR and (X;); ;<o
some random variables independent and identically distributed according to hyg. Then, for
all x > 0, we have

¢
P [min (X1,..., Xo) < z] el 1 —exp (— ((Heg)gil(l)> ) , (5.8)
; ok

where (Hgﬂ)fl is the reciprocal of the function Hyg defined in (5.1).

Remark 5.4. The cumulative distribution function at the right-hand side of (5.8) corresponds
to the cumulative distribution of a Weibull distribution with parameters (E, (Hgyg)_l (i))
Proof. First, notice that as X has for cumulative distribution function Hy g, by the L’Hospital’s

rule and (5.1), we have for all s > 0
P[—Xl > —hs] — Hgyﬁ(hs) s X hgﬁ(hs) Y,

lim ———t = 770 BT i 2B ,
W0t P[—X) > —h]  ho0t Hyg(h)  hosor hep(h) (5.9)
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Therefore, by using (5.9) to verify the assumptions of the Fisher-Tippett-Gnedenko’s theo-
rem [26, Corollary 1.6.3, Type III], we obtain that for all y > 0

max (—Xl, ey —ng)
ko0 (Hep) ™' (35)

< —y| =exp(—yf).

We thus have that the proposition is proved, by using the above and the fact that for all x > 0
it holds P [min (X1,...,Xo,) < z] =1 —P[max (—X1,..., —Xo) < —z]. O

From this result and the third line of (2.8), we have that if ng is the density of an Erlang
distribution and k is large, then the distribution of the shortest telomere at ¢ = 0 depends only
on the left tail of ng. As this telomere is the one signalling senescence in most cases [7], this
explains why we only have a good estimation of the left tail in Figure 8a. This explanation is
all the more valid since each of the histograms of stopping lengths presented in Figure 9 has
a shape similar to that of the density of a Weibull distribution with the parameters given in
Remark 5.4.

From these observations, we conclude that even if our inference method is theoretically
adaptable when we observe random variables instead of ngk), it is in fact not usable in practice.
In most cases, due to the lack of data, only information about the left tail can be inferred,
and not about the whole curve. This suggests that the senescence times distribution is in fact
mainly influenced by the left tail of ng, and much less by the overall distribution.

Remark 5.5. The study done in this section has been completed in Section E.2. Specifically, we
have shown in Corollary E.4 that the bound on the error of our estimator increases exponentially
with respect to k.

5.4 Estimation on experimental data

To conclude this study, we test our inference method on experimental data. The data we
use comes from microfluidic experiments done by biologists, namely Maria Teresa Teixeira and
Zhou Xu, on budding yeast cells. It is a dataset that contains, for 187 lineages, the generation
of senescence onset and times between each division before the senescence onset (in hours).
By summing these division times, we also have the senescence times of each lineage, for which
we plot the histogram in Figure 10a. Our aim is to use these times to obtain an estimation
of ng. Then, we will compare this estimation with a previous estimation of the initial length
distribution, obtained in [55] on the basis of an elongation-shortening model, see also [5, 35].

The budding yeast is a species with 16 chromosomes, for which we have estimated its division
rate as 0.719 hours™! in Section B.1, on data from the same experiments as those presented here.
In addition, the shortening distribution of this species is often taken as a uniform distribution

from 5 to 10 base pairs, see [1 7], and the threshold for senescence has been recently be estimated
as Lyin = 27 base pairs in [11]. We thus proceed to the estimation by using the estimator ﬁ(()%’a)

with the parameters k£ = 16, b = 0.719, m; = 7.5, and the smoothing parameter o = 0.1. We
apply this estimator to the senescence times presented in the previous paragraph, and plot
in Figure 10b the density we have inferred shifted by Ly, (green curve). We also plot the
estimation of the initial distribution coming from [55] on the same figure (black curve). As
for the estimations presented in Section 5.3.3, we observe in Figure 10b that we first have an
estimation of the left tail, then a peak, and finally an estimate of 0 everywhere. Let us comment
on the estimated left tail, that is the only reliable estimation, see Section 5.3.3.

We observe in Figure 10b that our estimated tail does not grow as quickly as the tail of the
distribution obtained in [55]. What is the most surprising is that even at lengths close to the
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experiments. ing ﬁégz’a) with @ = 0.1. Comparison with
the distribution obtained in [55]. The error in

L -norm between the two distributions is 0.999.

Figure 10: Inference on experimental data: dataset and estimation results.

mode of the black curve (around 200 — 240 base pairs), the tail of the estimated distribution
has not grown yet. We thus have an estimation that differs from the one of [55]. The reason
for this difference is surely linked to the fact that the model described by (2.8) is too simple.
For example, using an exponential distribution for division times is not realistic, and we do not
know yet if the assumption discussed in Remark 2.4 is problematic or not. Solving this inverse
problem in more complex models, and then observing what this gives on data, will allow us
to identify which are the strongest assumptions. This work therefore opens up new modelling
perspectives.

Remark 5.6. Let us denote Tops > 0 the time at which the biologists have stopped their exper-

iments. Then, in view of (2.12), the condition required to completely estimate ny with ﬁ(()%’a),

where a > 0, s Typs > %%p(lno). Such a condition is called observability inequality.

6 Discussion

Our work began with a theoretical study, during which we study the connection between
the senescence times distribution and the initial length density. We showed that there is a
strong link between the two, provided that the ratio between the average telomere length and
the average shortening value, denoted N, is large. In the single-telomere model, we found that
the senescence time distribution ng) is approximatively a scaled version of ng. This implies
that these two distributions have the same shape, so are deeply connected. For the model with
several telomeres, there is a similar link between these two distributions. However, its expression
is more complicated (see (2.12)) and implies that ny and ny do not have the same shape.

We then have done a numerical study to understand how our method works in practice.
Even if this study is encouraging in many cases, it has revealed several limitations for our
method. The first limitation is in the estimation of initial distributions with a small coefficient
of variation, see Section 5.1.2. In this case, the senescence times distribution is more sensitive to
other sources of randomness than the initial distribution (shortening values, cell cycle duration).
This results in a poor estimation, as our estimators do not take into account well these other
sources. The second limitation is related to the curse of dimensionality. Most of the species
that motivate our study (yeast, humans) have a large number of telomeres. We illustrated in
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Section 5.3 that this poses problems in practice because the number of data points required
for a good approximation becomes too large. A second issue, related to the fact that we work
in high dimension, is that the approximation error of our model is too large when k is large
(see Theorem 2.6). Our theorem therefore fails to provide guarantees on the quality of our
estimators.

This work opens up new perspectives for telomere shortening models, including applications
beyond those presented in this study. We have provided a rigorous justification that these models
can be approximated by a transport equation, and have used this approximation to solve our
inverse problem. However, this justification has limitations, since for the species that motivate
our study, N is not very large (for example, N = 40 for the yeast). The first perspective,
is thus to improve our approximation by adding a diffusion term to our transport equation,
representing the fluctuations related to the model approximation. Indeed, if we manage to
show that telomere shortening models can be approximated by transport-diffusion equations
with an error of order ﬁ instead of %, then it will be possible to construct estimators with
estimation errors of order ﬁ and solve the problems presented in (5.1.2). For example, we
would have an error of approximation of ﬁ = 6.25 x 107 for the budding yeast, instead
of % = 2.5 x 1072, which is far better. This work is currently in progress.

The second perspective is to find a model approximation when k& — +o00. As mentioned
above, problems arise when k is large, that may be related to extreme value theory or to the
fact that the approximation error depends on k (see Theorem 2.6). It is therefore necessary
to understand how the dynamics evolve when k is large. The main approach to achieve this
is to use the extreme value theory to our advantage, by constructing a typical particle rep-
resenting the telomere with the smallest length among the 2k telomeres in a cell. In view of
the Fisher-Tippett—Gnedenko’s theorem [26, Theorem 1.6.2], it will thus be possible to obtain
a parametric law for the evolution of the minimum telomere lengths over time, and thus to
simplify the study of the phenomenon.

The third perspective, more directly linked to the inverse problem, is to improve our bounds
on the approximation and estimation errors for the model with several telomeres. As explained

in Section 2.2, the constants (D,\)zk and (g—:)% in respectively Proposition 4.4 and Theo-
rem 2.6-(b) are not optimal. There are related to the loss of information on ng that occurs when
we apply (Hs) or (Hy) to bound ng, and this loss increases exponentially with the dimension.
We would like to obtain bounds on the estimation and approximation errors in which these two
constants do not appear. This will allow us to prove that the approximation and estimation
errors grow at most polynomially when the number of chromosomes increases.

The other perspectives are not related to model approximation or error bounds, and cor-
respond to questions that remain open. First, we would like to know whether our inference
method can be adapted for non-exponential division times (i.e. age-dependent models). Sec-
ond, we would like to know if the inverse problem is identifiable or not. Finally, we would like to
obtain a more rigorous justification for the fact that n(?*)(0,2) = ng(x;), for all 2 € R?*. These
three perspectives are the subject of future work, and will allow us to consolidate the biological
relevance and the rigour behind this study.
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Auxiliary statements

We present here auxiliary statements which are quite standard to obtain, and used frequently

during all the paper. The first statements we provide, in Section A.1 are classical results for
the integro-differential equations we use in this work. The statements we then present, in
Section A.2, deal with the cardinalities of subsets of Z,. The final statements we give, in
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Section A.3, correspond to the results about Erlang distributions that we use in our numerical
study, see Section 5.

A.1 Auxiliary statements related to our integro-differential equations

We begin by presenting the statement that justifies the well-posedness of the integro-
differential equations used in this work. This statement also provides a criterion for ensuring
the non-negativity of solutions, and guarantees their uniqueness. Its proof is inspired by the
ideas presented in [38, Chap. 3].

Proposition A.1 (Well-posedness of the equations). Let d € N*, € a finite measure on R‘j_, Fe
C (RJF,L1 (Ri)), and wg € L' (Ri). Then, there exists a unique solution in C (R+; Lt (Rﬂlr))
to the following integro-differential equation

{8tw(t,x) = Jpa [w(t,z +v) —w(t,z)] £(dv) + F(t,z), V(t,z) € Ry x R%, A

w(0,x) = wo(z), vz € RL.

In addition, if F' and wg are non-negative, then w is non-negative.

Proof. We denote £(1) := veR? 1£(dv) and consider an arbitrary T € (O, 5(11)) We also

consider the set
E=C ([o,T] Lt (Ri)) ,

that we endow with the norm |.|[, defined for all f € E as || f[|g = sups¢jo 1 (Hf(t, ')HLl(Rd))'
g +

As such, (E, ||.||g) is a Banach space. We finally consider an operator L : E — E defined such
that for all m € E, w = L(m) is a solution to the following equation

{Gtu?(t, z) = Jpa m(t,z +v)E(dv) + F(t,x), V(t,2) € [0,T] x RE, (A2)

w(0,x) = wo(x), vz € RL.

Our aim is to apply the Banach fixed point theorem to this operator, in order to obtain that
there exists a unique solution in C' ([0, T, Lt (Ri)) to the following integro-differential equation

{atw(t,:c) = [y w(t,x +v)é(dv) + F(t,x), Y(t,x)€[0,T] x R, (A3)

w(0,x) = wo(z), vz € RL.

Then, one can easily get from the above that there exists a unique solution to (A.l)
in C(R+,L1 (Ri)), by first iterating this procedure on the intervals [T',2T71, [2T,3T],...,
and then considering the function w(t, z) = e ¢Mki(t, ), for all (t,z) € Ry x R%.

As the derivative of @ in (A.2) does not depend on 1 itself, we have for all (¢,z) € [0, 7] xR%
and m € E that

t s R t
L(m)(t,z) = wo(x) + /0 /0 m(s,x + v)&(dv)ds —I—/O F(s,x)ds. (A4)

Then, one can easily obtain from the above, that for all (m1,ms) € E?, (t,x) € [0,T] x RZ, it
holds

| L(ma)(t, 2) = L(ma) (¢, 2)| =

/Ot /Rd (my — ma) (s, + v)E(dv)ds| .
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Integrating in dx the above equation, yields that for all ¢ € [0, T

[|L(m1)(t,.) — L(m2)(t, .)HLl(Ri) < /Ot . [|(m1 —ma2)(s, ')HLl(Ri) £ (dv)ds

<€)7 sup (1I0m = m)s: Vps(er)) -

Therefore, as T < ﬁ, the above implies that the operator L is a strict contraction. We
thus now apply the Banach fixed point theorem to L, and obtain, in view of the explanation
below (A.3), that there exists a unique solution to (A.1) in C' (Ry, L (R1)).

It remains to prove that a solution of (A.1) is non-negative when both wgy and F' are non-
negative. We denote Ly the operator that is defined exactly as L, except that the initial
condition is w(0,.) = 0 and that ' = 0. When wg > 0 and F' > 0, we have, in view of the
expression of a solution to (A.2) given in (A.4), that for all m € E it holds L(m) > Lo(m).
Then, as the zero function is the fixed point of Ly, we get from this inequality that @ > 0 (see
the Picard iterative process). This yields that w is non-negative because w(t, z) = e ¢Vt (t, x)
for all (t,z) € Ry x Ri. Then, from this last result, we obtain that the proposition is proved. [

We now present the second statement of this section, which corresponds to a maximum principle
for solutions of (A.1) when the source term F' is identically equal to 0. This statement is
essential in this work, because it is one of the main arguments for approximating our models,
see Section 3.3. It corresponds in fact to a corollary of Proposition A.1.

Corollary A.2 (Maximum principle). We work under the setting of Theorem 2.6, with
F = 0 and wy non-negative. We consider vo € L' (RL) werifying |vo] < wo, and (v,w) €
(C (R+; L' (Ri)))z two solutions of (A.1) with respective initial condition vy and wy. Then,
for all (t,z) € Ry x RY, we have

lu(t, z)| < w(t,x).

Proof. Let ® : L! (R‘i) — C(R+; L' (R‘i)) the operator such that for all fy € L! (Ri),
w = P(foy) is the solution of (A.1) with initial condition fy. This operator is linear when F' = 0.
Indeed, in view of the fact that by the first line of (A.1), we have for all (fo, f1) € (L* (Ri))2
that

Oy [®(fo) + @(f1)] (t,2) = /Rd [(@(fo) + @(f1)) (£, 2 +v) — (D(fo) + 2(f1)) (£, )] €(dw),

+

which implies that ®(fp) + ®(f1) is a solution of (A.1) with initial condition fo + fi.

As wyg > vy and wg > —wvg, we have by the last statement of Proposition A.1 that
P (wg —vg) = @ (wo) — @ (vg) > 0 and ® (wp + vp) = P (wo) + P (vg) > 0. Then, in view of
the fact that w = ® (wg) and v = P (vg), these inequalities give that w > v and w > —wv, so
that |v| < w is true. O

The third statement we present in this section allows us to compute explicitly a solution of (A.1)
when the initial distribution has an exponential form. It is particularly useful when it is com-
bined with the maximum principle presented above. Specifically, combining these two state-
ments allows us to obtain exponential bounds for solutions of equations of the form given
in (A.1), see for example Section 3.3.

o8



Proposition A.3 (Explicit solution to (A.1)). We work under the setting of Theorem 2.6,
with I = 0. Let us assume that there exist C > 0, 8 > 0, such that for all x € Ri we have

wo(z) = C%exp (—ﬁ 2?21 xz) . Then, for all (t,z) € Ry X R‘i, it holds

d
wlt,) = Clexp [ (60) - £(0) ()1 - 524 |
=1

where (1) := fveRi 1€ (dw).
Remark A.4. This proposition implies that exponential functions are quasi-stationary distri-

butions of Eq. (A.1), see [72, Def. 3].

Proof. We consider the function @, defined for all (¢,x) € Ry x R‘j_ as

d
w(t,z) = C%exp [ (£<1> — L(¢) (6>)t - ﬁzxi] : (A.5)
=1

Our aim is to prove that @ is a solution of (A.1). Then, as this equation as a unique solution
in C (R+; ! (Ri)) by Proposition A.1, we will have that our proposition is true.

On the one hand, by computing the partial derivative in the first variable of @, we have that
for all (t,z) € Ry x R

oviv(t,2) = [£(€) (8) = £) |k, 2). (A.6)

On the other hand, by using the following equality for all (¢,z,v) € Ry X Ri X Ri (directly
obtained from (A.5))

W (t,x 4 v) —exp( 52%)

we have that

[, @+ v) = o(t,2))é(dv) = [ foo e (52%) E(dv) - é(l)] i)

+

Then, by combining (A.6) with (A.7), we obtain that 0;w(t, x) fRd W (t,z + v)—w(t, )] (dv).

This implies that @ is a solution of (A.1) in C' (R4, L' (R1)), in view of the fact that @(0,.) = wy.
Then, we conclude that the proposition is proved. ]

The fourth statement we present here is directly related to Eq. (2.3) and Eq. (2.8). It allows us

to justify that ng) and ngk)

the two previous statements.

correspond to probability density functions. It is a consequence of

Proposition A.5. For all d € {1,2k}, we have

/0 T (s)ds = 1. (A.8)

Proof. We only give the proof when d = 1, as the proof when d = 2k follows exactly the same
steps. To obtain (A.8) when d = 1, we only have to prove that for all ¢ > 0

+o00 (1)
1> / ny’(s)ds >1—e. (A.9)
0
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To do this, in view of the fact that [;F*ng(z)dz = 1, we first introduce for all ¢ > 0 a

constant L. > 0, verifying fOLE no(r)dr > 1 —e. Then, we define nge := noly .}, and the

function nt") € C (R4, L' (Ry)) verifying the first line of (2.3) with initial condition ng . Finally,

we consider for all ¢ > 0: n(ag( t) = bf(S ) (t,v) (1 — é(v)) dv, which corresponds to the
(1)

cemetery associated to the function ne’. Our aim is to use these constants and functions to
obtain (A.9). To do so, we proceed in two steps. First, in Step 1, we prove that for all e > 0

/ nyl(s)ds > 1—e. (A.10)
0

Then, in Step 2, we conclude.

Step 1: Let € > 0. By proceeding as in Remark 2.1, we have for all ¢ > 0

d |: +oo d ]
(1

Then, as ns’(0,.) = nge = noljp,z.] and foLg no(z)dz > 1 — e, we obtain
lim o ) (t, z)dx + /OO ngg( )ds = /+OO n(0, z)dz + /O ngg(s)ds >1—e. (A.11)
t—=+o0 Jo 0 0 0o
In addition, as ng € LS. (Ry), we have for all z > 0

[noe(x)] < sup (no(y)) 1po,L.)(x) < sup (no(y)) exp (Le) exp (—z).
yelo, L] yelo, L]

Then, by combining Corollary A.2 with Proposition A.3, we obtain that for all ¢ > 0, z > 0

Mt )| < sup (mofu) exp (L) exp (<b[1 — £(@) (D]t~ ).

The above inequality implies that lim; fR+ ngl)(t,x)dx = 0. Then, by combining it
with (A.11), we obtain (A.10), which concludes the first step.

Step 2: Lete > 0. Asng > ng., we have by Corollary A.2 that n1) > n( ) , so that ng) > ”5912:-
Then, by combining this last result with (A.10), we obtain

LW > W
/ n(s)ds z/ n{ (s)ds > 1— (A.12)
0 0
On the other side, in view of (2.4), we have that
im [ O W g [T O Mg _
im n'(t, z)dx + ny’(s)ds = n(0,z)dz+ | ny'(s)ds =1, (A.13)
t—+o00 Jo 0 0 0

so that [ n(al)(s)ds < 1. Then, by combining this last inequality with (A.12), we ob-
tain (A.9), which ends the proof. O

By plugging (A.8) in (A.13), we finally have the following corollary for Proposition A.5. This
corresponds to the last statement of this section.

Corollary A.6. For all d € {1,2k}, it holds

lim n@(t, z)dz = 0.

t— d
+00 RY
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A.2 Auxiliary statements related to Z;

We now provide statements related to Z,. In particular, the statements presented here
give results on the number of elements in subsets of Z;. The first statement we present is the
following, and comes directly from [35, Lemma 4.9]. It provides information about the number
of sets in Zy, and about the number of sets that contain/not contain a chosen index.

Lemma A.7 (Cardinality of subsets of Zj, 0 or 1 index removed). It holds

S5 — o and vie[Lon); FULETIED)  #WELlign) 1
2k 2k 2

The second lemma we present is not given in [35, Lemma 4.9]. It provides the number of sets

in Z; that do not contain a chosen pair. It is a statement useful in the proof of Lemma 4.6, see

Section 4.3.1. We prove this lemma below in the case where k € {1,2}. We also briefly sketch

its proof but do not detail it when k > 3, as it only consists in slightly readapting the proof

of [35, Lemma 4.9)].

Lemma A.8 (Cardinality of subsets of Zj, 2 indexes removed). For all (¢,¢') € [1,2k]? such
that £ # ¢ mod k, we have

, o, if k=1,
#({Ieltel,l cl}) = {21@—2’ if k> 2.

Proof. First assume that k& = 1. Then, by (2.5), we have Z; = {{1},{2}}. This implies that
#{Iei|tel, ' el}) =0 foral (¢,¢) € [1,2]? such that £ # 'mod 1. Therefore, (A.14)
is true when k = 1.

(A.14)

Now, assume that k = 2. In view of the expression of Zs given in Example 2.3, we have
that {I € Iy |0 € I, ¢ € I} = {{£,¢'}} for all (£,¢') € [1,4]? such that £ # ¢'mod 2. Then, the
cardinality of the sets we are interested in is 1, and we have that (A.14) holds in this case.

Finally, assume that k& > 3. Let us consider (¢, ¢') € [1,2k]? such that £ # ¢'mod k. Follow-
ing [35, Section 4.4.3], one can prove that the function f: {0,1}*~2 — {I € T |¢c I, ¢ € I}
defined for all z € {0,1}¥72 as

f(@) = {kaj+j|j € [Lk], j # £ mod k, j # £ mod k} U{¢,¢'}

is bijective. Hence, as # ({0, 1}’“2) = 282 we obtain that (A.14) is true when k > 3. This
concludes the proof of the lemma. ]

A.3 Auxiliary statements related to Erlang distributions

We conclude by presenting the statements related to Erlang distributions that we need
for Section 5. These statements allow us to either have the explicit formula of the solutions
to (2.3)-(2.8) when ng is an Erlang distribution, or to compute the moments of these distribu-
tions. Throughout this section, for all 8 > 0, we denote the following constants:

bxa = 1= (5] o= [1 (et <£>>k] |

These constants are similar to the ones introduced in (2.11), and correspond to approximation
of 8 when N is large.

The first statement we present is useful in the specific case where ng is an exponential
distribution (which is an Erlang distribution with parameter ¢ = 1). It gives the explicit
formulae of the densities n(®) and n(%d) for all d € {1, 2k}, as well as the one of the estimator ﬁ(()d).
It extends in some sense the result of Proposition A.3.
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Proposition A.9 (Explicit solutions for exponential initial distributions). Assume that there
exists > 0 such that nog = hy g, defined in (5.1). Then, the following statements hold.

(a) For all (t,x) € Ry x Ry, we have
n(l)(t, x) = fexp [—bmifBnat — Bz], and ng)(t) = bm BN, exp [-bmiBnat]. (A.15)

(b) For all (t,r) € Ry x R?* we have

2%
nR(t, ) = B exp | —kbmiBnaxt — BY i (A.16)
i1
n(a%) (t) = kbmy BN 2k exp [—kbmy SN oxt] - (A.17)

(¢) Forallde {1,2k}, x > 0, we have

ﬁ(()d) () = BNnaexp [—BN,ax] . (A.18)

Proof. We begin by proving (a) and (b). The proofs of (a) and (b) follow exactly the same
steps, so we only give the proof of (b) that is slightly more difficult. Precisely, we focus on the
proof of (A.17), since, in view of (4.8), Eq. (A.16) is a direct consequence of Proposition A.3
and (4.43). Notice that by writing u ({v € R%* | Ny — v ¢ R%"}) in the second line of (4.8) with
an integral, then using that 1{Ny_U¢Rik} = 1 — Livie[1.2k]: Nyi>v;}» and finally switching the
integrals, we have for all t > 0

2k
ny"(t) = bN /y - n) (t,y) [ / - 1 {Nyngik}u(dv)] dy

= 0N cR2k [/ERQ’“ n® (t,y) (1 - 1{Vi€[[1:2k}]¢Ny¢2vi}) dy} p(dv).
vERL [VYSRY

2k w;
Then, as it holds fyeRi}c n(2k) (t,y) (1 — I{Vie[[LQk]]:NinUi}) dy = e FbmiBn.2xt (1 —e Bl W)
by (A.16), we obtain that (A.17) is true.

It remains to prove (c). To do so, we only have to plug the right-hand side of (A.15) and
Eq. (A.17) in (2.12), and then apply (2.13) to simplify bm; and brmy. This gives Eq. (A.18). O

The second proposition we present is devoted to the more general case in which ng is an Erlang
distribution, but not necessarily an exponential distribution. In this case, n(!) is explicit,
and n(?%) is explicit when k& = 1. One can then find an explicit representation involving an
integral for n((f)l) and n(g%) by using (2.3)-(2.8), and then for ﬁ(()l) and ﬁ(()zk) by using (2.12).
When & > 1, we have not been able to obtain an explicit formula for n(2¥). The main reason is
that when k£ > 1, at each cell division, several coordinates are updated, see (2.7). This creates

dependency between the coordinates, which is more difficult to handle.

Proposition A.10 (Explicit solutions for Erlang initial distributions). Assume that there ex-
ist £ € N* and B > 0 such that ng = hy g, defined in (5.1). We consider for all (t,x) € Ry x Ry
the function ¥z, € L' (RY), defined for all @ > 0 as ty4(a) :== —bN [1 = L(g) (§)] t — az.
Then, for all (t,x) € Ry X R4, we have

dé—l

¢
nW(t, z) = (_1)2_11?(6)&1 %wx,t B)s--es Qo1 Vit (B) | exp (—bm1fnt — Bx), (A.19)
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where By_y is a complete Bell polynomial of order £ — 1, see [9, Eq. 3.c, p. 184]. In addition,
if we work with k =1, then for all (t,x) € Ry X Ri we have

n®) (¢, z) = nM (%,m) nM) <%,x2> . (A.20)

Proof. Let us first prove Eq. (A.19). We denote for all (a,t,2) € R x Ry x Ry

fla,t,z) :=exp {be [1 — L(9) (%)} t— ozx] = exp [Pzt ()]

We know by the proof of Proposition A.3 that f verifies for all (a,?,2) € R x Ry x Ry

O.f (. t,x) = bN /06 [ty 2 +u) — f(a b, 2)] g(u)du. (A.21)

We also know by the Faa di Bruno’s formula [0, Theorem C, p. 137] and the definition of a
complete Bell polynomial [9, Eq. 3.c, p. 134], that it holds for all (o, ¢, 2) € R} x Ry x Ry

/—1 dﬁfl

d !

L @)oo s <a>] exp [0 [1 — £60) (2)] ¢ - a].
(A.22)

Then, by using Eq. (A.21) and Eq. (A.22), we have that the function ¢; € L' (R%) defined for

all (t,x) € Ry xRy as ¢1(t, z) = (—1)4*1%;5% (B, t,x) verifies

mf(aat@) = By

v

Opp1(t,z) = bN /0(S [gpl (t,x + N) — gol(t,x)] g(v) dv, (A.23)
and

14 /-1
ea(t.a) = (-1 B [ijm G — <5>] exp (~bmi it~ fr). (A24)

Eq. (A.23) is in fact the same as the one satisfied by n(Y), see (3.4). In addition, we have
that ¢1(0,.) = n(0,.) = hy g, in view of (A.24) and the fact that By_1(y,0...,0) = y*~! for
all y € R (see [9, Eq. 3.0/, p. 136] and [9, Eq. 3.c, p. 136]). As the first line of (3.4) has a
unique solution in C' (R4, L' (R4)) by Proposition A.1, we obtain that 1 = n(M so that (A.19)
is true.

Let us now prove Eq. (A.20). We denote ¢y € C (R,L1 (Ri)) the function defined for
all (t,x) € Ry x Ri as po(t,r) = n (%,xl) n@ (%,1’2). Our aim is to find the equation
verified by this function. To do so, we first derivate it in its first variable. Then, we compute
oW (t,z1) and 9 (t, o) thanks to the first line of (3.4). Finally, we use (2.10), the fact
that 7y = {{1},{2}} by (2.5), and the definition of ¢ to simplify the equality. We obtain that

for all (t,z) € Ry x R%.
1 4 t v t t
~_Lyn ) <f 7> G (, ) M (, )
Opa(t, ) 2b {/0 n Z,xl—i—N g(v)dv —n 2,1'1 xn 2,x2

1 t 4 t v t
L, (Y N = _
+gn® (G ) son [ o (Gma 5 ) atwyaw = (5.2

=bN wa(t, z + w)p(du) — bNpa(t, x).
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Thus, 2 satisfies the same integro-differential equation as n(2k) | see (4.8). One can easily that

it also has the same initial condition. Then, from these two points and the fact that the first line
of (4.8) has a unique solution in C' (R7 L' (Ri)) (see Proposition A.1), we obtain that pg = n(2k),

which ends the proof. O

The final proposition we present provides the value of the mean, the variance, and the coefficient
of variation of an Erlang distribution. It is useful for the study presented in Section 5.1.2, see
in particular Figure 2. This result is, in fact, very classical, so we do not prove it. We however
refer to [23, p. 138] for a proof of the expression of the mean and the variance (the expression
of the coefficient of variation can be easily obtained from the two other ones).

Proposition A.11 (Moments of Erlang distributions). Let us fir £ € N* and § > 0. We
consider

+00 +oo
m = / zheg(r)dr and o = / 2?hy g(x)dz —m?,
0 0

which correspond respectively to the mean and the variance of a random wvariable distributed
according to hyg. We also consider cv = % the coefficient of variation of this distribution.
Then, we have
2_~ d ! (A.25)
oc°=—, and cv=—. .
9 627 \/Z

B Additional information about the models

In this section, we present additional information about the models introduced in Section 2.
In particular, we complement the discussion of certain points presented in Section 2.3. First, in
Section B.1, we complete our discussion about extending our model with an age-dependent rate,
by showing that division times on our experimental dataset do not seem to follow an exponential
distribution. Then, in Section B.2, we complete our discussion about having a model with a
continuous state space, by illustrating with an example that for telomeres with a large number
of nucleotides, discrete lengths distributions have a continuous equivalent.

B.1 Distribution of division times

To simplify the computations, we have assumed that cell division times follow an exponential
distribution. However, this is not realistic and data coming from experiments illustrate this. In
Figure 11 we show the measurements of 1430 division times of Saccharomyces cerevisiae made
by biologists. The division times were measured to the nearest decaminute, which reduces the
granularity of the dataset. This explains why we have a discrete distribution of division times
rather than a continuous one. We observe that the distribution of division times does not seem
to have the allure of an exponential distribution. Indeed, the histogram we have corresponds to
the histogram of a shifted modal distribution, whereas the exponential distribution has neither
of these two properties. We thus conclude, from this observation, that we need to extend our
inference method to make it work for models with age-dependent division rates.

B.2 Comparison between discrete and continuous distributions

In this subsection, we illustrate the fact that when we study species with a large number of
nucleotides, the approximation that we are in a continuous state space is relevant. To do so,
we give two examples: one example where we have a lot of nucleotides, and one example where
we have a small number of nucleotides.
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Figure 11: Histogram of division times coming from experiments. The average division time is
1.39 hours. This yields that we can estimate the division rate as 1/1.39 = 0.719 hours™1.

Example 1: The approximation is relevant. When the number of nucleotides is of the
order of 100 base pairs, which is the case of the budding yeast, the approximation is relevant.
To illustrate this, denoting a = 16 and 6 = 20, we plot

ca—1 . .
o In Figure 12a, the curve of pi(i) = —gsrar T ! Ifégéal/e) as a function of i,

£=0 T(a)0@

for i € [0, 800].

o In Figure 12b, the curve of pa(z) = % as a function of z, for = € [0,800] (p3 is

the density of a Gamma distribution).

One can easily see that p; is a discrete distribution, and that po is its continuous equivalent.
We see that even if Figure 12a corresponds to the discrete case, as the gaps between points are
very small, the curve looks like its continuous equivalent.

0.005 /\ 0.005
0.004 / \ 0.004 1
2 0.003 1 | 0.003 ]
E 2
3 5
fa) )
0.002 - 0.002 -
0.001 1 /' 0.001
0.000 - 0.000 -
6 160 260 360 460 560 660 760 860 6 160 260 360 460 560 660 760 860
Point Point
(a) p1(4) versus i, for ¢ € [0,800]. (b) pa(x) versus z, for x € [0,800].

Figure 12: Comparison between the distribution of p; (blue) and its continuous equivalent po
(orange).

Example 2: The approximation is not relevant. When the number of nucleotides is too
small, the approximation is not relevant. To illustrate this, denoting u = 10 and 8 = 5, we plot
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o In Figure 13a, the curve of ps(i) =
for i € [0,800].

) as a function of 7,

o In Figure 13b, the curve of py(x) = %exp (—% — exp (_T)) as a function of z,

for = € [0,800] (p4 is the density of a Gumbel distribution).

As for the previous case, ps is the continuous equivalent of p3. We easily see in Figure 13a
that the gaps between points are too large for the curve of p3. Hence, the approximation is not
relevant at all.

0.081 e 0.07 {
0.06
0.06
0.05 1
> >
2 Z0.04
S 0.04 §
e 2 0.031
0.021 0.021
0.014
0.00 A e, 0.00
6 é lb 1‘5 2‘0 2‘5 6 _% 1‘0 1‘5 2‘0 2‘5
Point Point
(a) p3(i) versus i, for i € [0, 25]. (b) pa(zx) versus z, for z € [0, 25].

Figure 13: Comparison between the distribution of ps3 (blue), and its continuous equivalent py
(orange).

C Simulation of random variables with distribution ng) or ”(a%)

This appendix is devoted to the presentation of the simulations of the random vari-
ables (Tu;),<;<, , where d € {1,2k} and ns € N*, used for the estimations done in Section 5.3.
To simulate these variables, we need a probabilistic model with underlying integro-differential
equation (2.3) or (2.8), depending on the dimension. This model is easy to obtain here in view
of the dynamics described by these equations, see Section 2. To present it, let us introduce for
all d € {1,2k} a vector Xy = (Xél), e éd) ), and a sequence of independent and identically

distributed random variables (Yi(d)) —_ We assume that Xél) is distributed according to ng,
K2

that Yl(l) is distributed according to g, and that Y1(2k) is distributed according to fi. Let us also
introduce a Poisson process (Nt)t20 with parameter b. Then, by the dynamics of our model,
for all d € {1,2k} and t > 0, the random variable

N
Xt(d) —_ Xéd) o ZYz(d)
=1

models telomere lengths of one cell at time ¢, and is distributed according to n(¥(t,.). As the
senescence occurs when a cell has a telomere with a length below 0, we also have that

T@ =inf {t> 0| X" ¢ RY}

models the time a lineage goes to senescence, so is distributed according to n(ad).

66



By the above, to simulate random variables (7T4,),, <n, independent and identically dis-

tributed according to n(ad), where d € {1,2k} and ns, € N*, we need to simulate the stochastic

process (Xt(d))t>o' Thereafter, we return the first time at which one of its coordinates goes

below 0. Algor;thm 1 shows the procedure to do this. In this algorithm, & (5) denotes an
exponential distribution with parameter b, Ber (%) represents a Bernoulli distribution with pa-
rameter %, and for any probability density function f € L' (R,), draw(f) is a random variable

distributed according to f.

Algorithm 1 Simulation of a telomere shortening model

1: senescences <— array(size = ng)
2: fors=1,...,n, do

3:  lengths < array(size = d)

4: fori=1,...,ddo

5 lengths|i] = draw (no)

6: end for

7:  time < 0

8:  while min (lengths) > 0 do
9 time = time + & (b)

10: if d =1 then

11: lengths[1] = lengths[1] — draw (g)

12: else

13: Nchrom — d/2

14: fori=1,...,nrom do

15: p < Ber (%)

16: lengths[i + p.nchrom] = lengths[i + p.nchrom| — draw (g)
17: end for

18: end if

19:  end while

20:  senescences[s] = time
21: end for

22: return senescences

By adapting this algorithm, it is also possible to have the lengths at t = 0 of the telomere
signalling senescence. To do so, we only have to keep the value of the initial lengths, and then
to return the initial length at the index ig € [1,d] where we have lengths|ig] < 0. The latter is
what we do to plot the histograms presented in Figure 9.

D Illustration of the issues with the classical kernel density es-
timation

As said in Section 5.3, we prefer to do a log-transform kernel density estimation rather than
a classical kernel density estimation. Formally, this means that we prefer to use the estimators
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presented in (5.4) and (5.7), rather than the following estimators, for all x > 0,

1 18 1 b~ D
nf (@)= =3 = P(bla ),

ns — b«
(2k,) L jN\ 1 T — L%Tgk’jﬂ T BLlQTQk’f (D.1)
ny Y (x) = 1—77 ol 2 Ul Rt C
i=0 s

The main reason is that to have a good estimation of ng at a point x € Ry, we need to have

enough realisations of (77 ), <i<n, smaller and larger than B;fz for the single-telomere model.

1
Similarly, we need to have enough realisations of (Tb4;),, <n, smaller and larger than 57279;1 for
the model in Rik . However, as Ry has a hard boundary at 0, we cannot ensure to have a
sufficient number of realisations of the variables (T ;)¢ {12k} 1<i<n, smaller than these values

when z is too close to 0. This leads that we have problems of estimation when we estimate ng(z),
with = small. The latter is illustrated in Figure 14, where we do the same estimation as the
one presented in Figure 7a, with Qg’ao‘l) instead of ﬁ((?l,am)’ where g 1 is defined in the third

paragraph of Section 5.3.1.

4.01 —— Estimated distribution, ns = 30

' —— Estimated distribution, ng = 300

—— Estimated distribution, ng = 3000
=+ Theoretical distribution

Telomere length

Figure 14: Estimation results in the same setting as in Figure 7a, by doing a kernel density
estimation instead of a log-transform kernel density estimation. When = is close to 0, the
estimated initial distribution is far from the theoretical initial distribution, whatever the value

of ns.

The other problem of using one of the estimators presented in (D.1) is that the integral
on Ry of each of these estimators is not equal to 1. This yields that our estimation of ng
does not correspond to a probability density function on when one of these estimators is used,
whereas ng is normally such a function.

E Impact of the noise

In this section, we provide bounds on the errors of the estimators we use in Section 5.3,

namely ﬁ(()l’a) and ﬁé%’a), defined in (5.4) and (5.7) respectively. These bounds result from
those obtained for ﬁél) and ﬁ(()%), presented in Theorem 2.6. What changes is that we need to

manage how the fact that we do not observe directly ng) and ngd%) affects the quality of the

estimation. We also need to handle how the smoothing influences this quality.
In Section E.1, we introduce the notations and auxiliary results we need to prove our the-
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(d,@)

oretical result. In Section E.2, we present the bounds on the error between 7 and ng we
have obtained, for all d € {1,2k} and a > 0.

E.1 Notations and auxiliary statements

We begin by introducing the notations we use in this section. We first consider the follow-
ing set
WL (R) = {f € D'(R)| f = h + ¢ where (h, ) € (L®(R))*}.

This set contains distributions that are not necessarily representable by a function For example,
as for all z € Rand zg € Rit holds & (1,<4,) = 04, ({z}), and as the shifted Heaviside functions
are in L (R), we have 6,, € W1 (R). We then introduce for all p > 0 the norm -1 00 p
on W1 (R), defined for all f € W1 (R) as

eoop = inf pllA]] 7 ooy + o . E.1
W lloroor = o™ o o @1l + el ) (B.1)

As such, the space (W*L‘X’ (R), H.Hflm’p) is a Banach space. These norms allow us to control
the distance between irregular distributions by regular ones. For example, we can control
the distance between two Dirac measures by two shifted Heaviside functions with them. The
parameter p of the norms allows us to choose the weight we give to the regular part of the
functions in W~1*° (R). We finally define the following function, for all y € R

i (y) = exp () A" (exp (1)), (E2)

and the following measures

nlog d.T Z 6log bm1T1 )

Ns N
_(2k) _ D\ i _ )
nlog (dl’) - Z (1 n8> [510g(}@1T2k,j+1) 5log<melT2k,j) ’

J=0

(E.3)

where (17 ;),; <n, and (Tok,i) , are the sequence of random variables introduced in Sec-

0<i<ns+

tions 5.3.1 and 5.3.2. Since Dirac measures belong to W~ (R), we have that ﬁl(g; € W12 (R)

for all d € {1,2k}. The function nl(gg, defined in (E.2), is the distribution of the random vari-
(1)

able log (Z (d)), where Z(@ is distributed according to n(() ). The measure Mog> 1L the first line

(1) =(2k)

log" log * in the next line, is an estimator

of (E.3), is the empirical estimator of n; °. The measure 7@
(2F)
log

cumulative distribution function to the power ﬁ We refer to the proof of Proposition 5.2 for
a similar example in which we have done this.

One of our objectives is to obtain information about how the smoothing by the Gaussian ker-

12
nel p(x) = \/%6_7, where z € R, influences the quality of our estimators (néd )

of n,~ 7. The latter has been constructed by computing the weak derivative of the empirical

)de{1,2k},a>o'
To this end, we need results describing how the norm of a distribution in the space W =1 (R)
behaves after smoothing. The following lemma provides these results. It corresponds to the key
lemma of this section.

x

Lemma E.1 (Inequalities related to p). Let us fix oo > 0, and let us consider po(z) = Lp (%)
for all x € R. Then, the following statements hold
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(a) For all f € W1*°(R), we have

2
|lpa* f = fllpoor) < \/;O‘ Hf/HLOO(R)

(b) For all f € L*(R), n € N, we have

|

(c) For all f € W=1°(R), we have

dn

P qan

L= (R)

<a™”

dan

d’n
p

' [
LL(R)

2
N omy <A/ =at .
190 * fllpeey <\~ Il g s /T

Proof. We first prove (a). We observe by the change of variable t' =

that for all z € R, it holds

(pa * f)(x /p

flx —at) —

Therefore, by taking the supremum of the above, and then using that [ [t|p(t

obtain that (a) is true.

We now prove (b).
all (h,
allz >0

(o o) @] =

r dx™ o

é and a Taylor’s expansion,

"(x — at'u)dudt’.

\[we

= [ w0

Let us fix n € N. First, by using the equality b/ x ¢ = ¢ * b’ for
¢) € L*(R) x Wh1(R), and then doing the change of variable ¢ = L, we have for

< <t> G t)dt‘ = %

d?’b

r dx"

p(t) flz—athdt|.

Then, taking the supremum in the above equation yields that () is true.

We finally prove (c). Let f € W=1*(Ry), and (h,¢) €
< [lpa * Al oo Ry

By first using that [[pa * f|| R,
bound each of these terms, we have

+ [lpa * || o (r)

(L°(R))? such that f = h + ¢
, and then applying (b) to

l1pa * Fllzeery < ol 1Bl @) + 7| \Ll(R)HVJHLm(R)-

Therefore, in view of (E

f =h+ ¢ and then using the equalities el Ry

is true.

.1), by taking the infimum of functions (h,¢)
= land Hp/HLl(R) =

e (L*®(R))? verifying

\/g, we obtain that (c)
O

E.2 Error in practice and optimal smoothing parameter

We now use the statements of Lemma E.1 to obtain bounds on the errors done by the

. _(d,@)
estimators (no )de{172k},a>0'

for all d € {1,2k} a bound on the supremum error between 7

between nl( )

(d)

log 18 known.

and n
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Proposition E.2 (Error bounds for simulated data). Let us consider d € {1,2k}, ¢ > 0

and o > 0. Assume that (Hy) — (Hy) hold, that By = (2k + 1)Ny — 2kw > 0, and finally that
(d)

Hnlog — Mg ‘_1100706\/? < e. We denote the constant
/
Crarm |18 Y 109, e

Then, there exists a sequence (Lgy,)
and

neN Of positive numbers such that limsup,,_, | o Lan < +00

[~ )], ., <y 2+ y s L0

Remark E.3. The minimum of the function o € R \/gofle + \/%@Cﬁyd can be computed
1
by analysing the sign of its derivative, and is in o = (Cf d) . Then, the smoothing parameter
N :
providing the best bound on the error is (Cf d) 2.

Proof. First, decomposing HId [ﬁ(()d’a)

— no} HL R) into two terms thanks to the triangular
<R+
inequality, and then using Theorem 2.6 to bound the second term, yields that there exists a

sequence (Lgp), oy of positive real numbers such that limsup,,_, o Laxn < 400 and

Q) o~ L
aie) — pld 4 2N (E.5)

HId [ﬁgd@) B no} H HLC’C(R+) N

< Hld
L>(Ry)

We thus only have to bound the term

’Id ﬁo da) _ ﬁéd)} H , and the proposition will be
L>=(R4) L0}
Ne'

proved. To do so, notice that in view of the change of variable y = log(z), the definition of 7

given in (5.4), and the ones of nl( ) and nl( ) given in (E.2)-(E.3), we have when d = 1 (we recall

that pa = 50 (3))

[ [ — 7 = sup [z[af™ (z) - #p” (2)]|

} HL“’(RH zeR,
= sup [exp (1) " (exp () — " (ex0 1)

- E.6
g ()
yeR || @ « log
— = _ (d)
= ‘ Pa * Ty — Moo ‘Lw(R) .
Notice also that when d = 2k, in view of the definition of ﬁgzk’a) given in (5.7), we have with
similar computations (we do not detail them as they are more laborious)

(d) (d)

= Hpa * nlog — nlog

Jha s =777 (€)

L>®(Ry) )L‘X’(R) '

Then, decomposing the right-hand sides of (E.6) and (E.7) into two terms thanks to the trian-
gular inequality, and using Lemma E.1-(c¢) and Lemma E.1-(a), yields that whatever the value
of d

(d) (d)
}HLOO R+)_‘p°‘ nlog_nlog H +Hpa*nlog_nlog

2 (d)
<y 2ot ) - i
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We thus only have to use the fact that Hnlog — nl(gg

’ Loay/T S < ¢, and that in view of (E.2)

and the change of variable x = log(y) it holds

_ o) (@Y ~(d)
nlog = sup exp (2y) (ng ") (exp (y)) +exp (y) ng * (exp (y))
ye
/
= sup |z? (ﬁ(()d)) (x) + xﬁ(()d) (z)],
CCER+
and we get our upper bound for ) ‘Id (d @) ﬁéd)] ’ ’LOO(R . By plugging this bound in Eq. (E.5),
we obtain that the proposition is proved. ’ ]

What is interesting with Proposition E.2 is that we need to weight the L°°-norm by the identity
to obtain a qualitative bound on the error. This weighting implies that the guarantees we have
on the estimation of ng(x), where z > 0, decrease when z is small. This is due to the fact the
logarithm explodes near 0, which generates instability. Thus, even after applying a logarithmic
transformation to our data, estimating ng at the boundary of R remains difficult.

The second statement we present is a consequence of the first one. It provides for any
d € {1,2k} a bound on the estimation error when the error between ﬁl(éi; and nl(ég
with a certain degree of confidence. It also gives us information on how the smoothing parameter

must be chosen to have a good estimation.

is known,

Corollary E.4 (Confidence intervals). Assume that the assumptions of Proposition E.2 hold,

(d)‘ /5 S
1,00,

<e. We fir p € [0,1], and the smoothing parameter

except that Hﬁggg) —

log
L (lee(3))"
ap = T 57 . (E.8)
(Cﬁ,d) 2 s
Then, with probability at least 1 — p, it holds
1
2\ \ d
_(da) \/7 \3 log (;3) Lan
| o], <22 (Cra)? ( L) e, (5.9)

where Ly N is the same constant as in Proposition E.2.

Proof. We only give the proof in the case where d = 2k. The proof in the case where d = 1 is eas-
ier, and follows the same steps. Our objective here is to apply Proposition E.2. To do so, we be-

log@))fa

2ns

gin by computing the probability that Hnlfg ) nl(fg : H 1 VE~
,00,0p

< &p, where ¢, = (

We denote for all y € R

1
R 2" +°° (2k)

R(y) = [1 - E;l{mg 1 )< 1 Moy (5)ds, (E.10)
and for all t > 0: Np(t) = [[°n ( )ds. In view of (E.2), the change of variable s’ = exp(s),
and the fact that n( ") is the derlvatlve ofx — — (Na)ik ( QfI) (see (2.12)), we have for all y € R

1
+o00 +o00 2eY 1\ 2%
/ ) (5)ds = / AR ()ds = Ny ( ¢ ) . (B.11)
y exp(y) by
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Our aim is to use the above equality to bound the probability that sup,cg [R(y)| > ¢p. To

do so, we first use that ‘aﬁ - cﬁ) < la — c|ﬁ for all a, ¢ > 0 to bound from above |R].
This inequality is a consequence of the reverse triangular inequality that holds for the quasi-
distance D(a, ¢) := |a — c|2*, where (a,c) € R%. Then, we apply (E.11) to simplify the expression
in the measure. Finally, we use the Dvoretzky—Kiefer—Wolfowitz—Massart inequality [15, 31, 42],
in view of the fact that z — 1 — Ny (

132;:1) is the cumulative distribution function of the random

variables (log (BmTlT%’i))lgigns (as 1 — Ny is the one of (TQkai)lgigns)' We obtain
i 2k| 3%
1 & oo (ak) } ’
>t o] <0 gl i o = [ 00 |

2€y ):| 1 T 2%k
1- N (2 I o'
{ g (bml ns ! Z {log(¥211, )<y} > (ep)

(E.12)
In addition, in view of (E.10), (E.3), and the reasoning that allowed us to obtain Proposition 5.2,

we have that R’ = nl(g k) _ l(fg ). This yields, in view of the fact that R € L*> (R) and the infimum

n (E.1), that it holds

(2k s
I =m0 e < oo % 0+ IRllem = 1Rl

Then, by combining this inequality with (E.12), we obtain that

k

P |[[n2) 72 sup |R(y)| < 2p| = 1= 2020 — 1)

< ap} > P
yeR

H Loo,apy/5

We thus only have to combine the above with Proposition E.2 for ¢ = ¢, and a = o, to conclude
that (E.9) is true with probability at least 1 — p. O

[

Remark E.5. For all p € [0,1], we have taken o) = (CEf’d)E in our proof. This means by
Remark E.3 that the smoothing parameter presented in Eq. (E8) is optimal.

From Corollary 2.7, we have that when ny; — +o00 and N — 400, the error between our
estimators and ng tends to 0 with probability 1. We also see that the rate at which we have this

convergence is —— when d = 1, and ( 1) — when d = 2k. Then, the number of simulations
ns)4 ns) 8k
needed to have a good bound grows exponentially with the value of k. This is in accordance

with what we have presented in Section 5.3.3. We emphasise that when né ) e wmee (R), where
m € N*| it is possible to obtain a better rate of convergence by proceeding as in [3]. We do not
obtain it here, as this would imply laborious computations that are not relevant here.

We now conclude this appendix with the following two remarks. They deal with the estima-
tion of Cj, 4, for all d € {1,2k}, when we want to use a smoothing parameter of the form given
in (E.8) in practice.

Remark E.6. Recall (5.1) and assume that ng = hy g, where § > 0. Then, we have by (E.4),
Proposition A.9-(c), and the change of variable y = fn qx, that for all d € {2,k}

Cha= sg]g [(— (Bn.ax)® + BNA:J:) exp (—,BNda:)} = 31;18 [(—=y* +y) exp (—y)] . (E.13)
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Remark E.7. Recall (5.1) and assume that ng = hyg, where £ € N* and 3 > 0. Denote for
+oo 2
( 0 rf(z)dm)

f0+oo 22 f(z)dx— (f0+oo wf(z)d$)2
estimate oy, for a chosen p € (0,1) by using the following conjecture

all f € L' (Ry) the quantity (f) =

. Then, when d = 1, we can

1 o~ ~
Chq ~ — = sup Hﬁye — y“‘l‘ e_y} , (E.14)
T (ﬁ y>0

where € := (ng)). The above comes from the fact that in view of (E.4), Theorem 2.6-(a),
and the change of variable y = Bx, we can conjecture that
e P = sup e Y.
y=>0

Then, as by the right-hand side of (A.25), the right-hand side of (3.6) (combined with a change
of variable) and Proposition 3.2-(b) it holds { = (ng) = ¢ (u(al)) S (n(al)> = 7, we ob-
tain (E.14). Obtaining a rigorous justification for this may be part of future work.

gyf y€+1

I) 1)

()" ()™

I'(¢) I'(¢)

o = |1 (n0) -+ Tl |, =59 [
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