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Introduction

In this dissertation three different problems are treated. In Chapter [I|we construct
two families of processes that converge, in the sense of the finite dimensional dis-
tributions, towards two independent Gaussian processes. Chapter [2|is devoted to
the study of a model of bacteriophage treatments for bacterial infections. Finally,
in Chapter |3| we study some aspects of the L? modulus of continuity of Brownian
local time.

The Wiener process, or standard Brownian motion, plays an important role
both in pure and applied mathematics. In probability theory one of the most
fundamental concept is the convergence in law, and a well known result is the
following one, due to Stroock (see [48])

Theorem (Stroock). Let N = {N,s > 0} be a standard Poisson process. Then
the family of processes

{ty=2 [0 as, tenn},

3

defined from the kernels 0. = l(—1)]\[5%, converges in law in C([0,T]) to a standard

€
Brownian motion.

Many generalizations of this result have been studied (see, e.g., [21] or [6]).
The main result we introduce in Chapter [1}is another generalization, in which we
consider two independent Gaussian processes that can be represented in terms of
a stochastic integral of a deterministic kernel with respect to the Wiener process,
i.e., we consider

Vi {/Oo £t s)dW,, t [O,T]}
0
and -
Y9 = {/ g(t, s)dW,,t € [O,T],}
0
where W = {W,, s > 0} and W = {W,, s > 0} are independent standard Brownian

motions, and we construct, from a single Poisson process, two families of processes
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Introduction

that converge, in the sense of the finite dimensional distributions, towards the
processes Y/ and Y.

We will use this result to prove convergence in law results towards some other
processes, like sub-fractional Brownian motion, which is a centered Gaussian pro-
cess with covariance function

Cov(SH, SH) = §H 4 H — ; (s + D) +1s — 1))

where H € (0,2).

Bacteria are prokaryotic organisms (i.e., organisms whose cells lack a
membrane-bound nucleus), typically a few micrometres in length, and can take
a wide range of shapes and inhabit in most habitats on the planet. Some bacteria
can interact with animals. Some of them form a beneficial interaction (mutual-
ism) and some others, called pathogens, form a parasitic association. They are the
cause of human and animal death and diseases.

A virus is a small infectious agent that replicates only inside the living cells
of other organisms. Those that use bacteria to replicate are called bacteriophages
(or phages for short). With lytic bacteriophages bacterial cells are broken open
(lysed) and destroyed after the replication of the virion. As such, they were found
to be antibacterial agents and can be used as a tool to treat bacterial infections or
to prevent them in food, animals or even humans.

In Chapter |2l we construct and study several models that pretend to study how
will behave a treatment of bateriophages in some farm animals. This problem has
been brought to our attention by the Molecular Biology Group of the Department
of Genetics and Microbiology at the Universitat Autonoma de Barcelona.

Starting from a basic model, we will study several variations, first from a
deterministic point of view, finding several results on equilibria and stability, and
later in a noisy context, producing concentration type results.

Let B = {B;,t > 0} be a standard Brownian motion. The local time of a
Brownian motion characterizes the amount of time a particle has spent at a given
level and can be defined as follows

t
L= Lo(t) = /0 5(x — B,)ds.
Then we may define the L? modulus of continuity of the Brownian local time as

Gy(h) = /R (Lo+h — [2)2dz.

IV



Introduction

In [18] the authors prove the following Central Limit Theorem for the L? modulus
of continuity of Brownian local time.

Theorem ([I8], Theorem 1.1 or [26], Theorem 1). For each fized t > 0,

= (/R(Lf+h —[)de - 4th> £8/%,
as h tends to zero, where
oy = /(Lf)de,
R
and n is a N(0,1) random variable independent of B.

In this work we will prove the following result concerning the Wiener chaos
decomposition of G¢(h).

Theorem. Let Gy(h) be the random variable defined in (3.1.1)) and denote the n-th
Wiener chaos element of Gy(h) by 1,(G¢(h)). Then, for n =2k, k € N*,

1

h2\/log(1/h)

as h tends to zero, where N'(0,02) is a centered Normal random variable with

variance o2 = #ﬁ;?i;,)g Forn =2k —1, k € N*, the limit is zero.

[,(Gy(h)) == N(0,02)

This result is a joint work with Professor David Nualart, and in particular
provides us with an example of a family of random variables that is convergent in
law to a Normal distribution, but its chaos elements of even order do not converge.
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Chapter 1

Weak convergence of Gaussian
processes

In this chapter, which is based on the paper [7], we consider two independent
Gaussian processes that admit a representation in terms of a stochastic integral of
a deterministic kernel with respect to a standard Wiener process. We construct
two families of processes, from a unique Poisson process, the finite dimensional
distributions of which converge in law towards the finite dimensional distributions
of the two independent Gaussian processes. As an application of this result we ob-
tain families of processes that converge in law towards fractional Brownian motion
and sub-fractional Brownian motion.

We will also present a decomposition result of the sub-fractional Brownian
motion, originally due to J. R. de Chavez and C. Tudor (see [43]), that we obtained
independently and we will use it to obtain the convergence in law result towards
sub-fractional Brownian motion mentioned before.

1.1 Introduction and preliminaries

Let f(t,-) and g(t,-) be functions of L?(R") for all t € [0,7], T > 0 and consider
the processes given by

yf— {/Ooo F(t,s)dW, ¢ € [o,T]} (1.1.1)

" V9 = {/Ooog(t,s)dWs,t e [O,T]} (1.1.2)

where W = {W,, s > 0} and W = {W,, s > 0} are independent standard Brownian
motions.



1.1 Introduction and preliminaries

The first result we introduce here is the construction of two families of processes,
from a unique Poisson process, that converge, in the sense of the finite dimensional
distributions, to the processes Y7/ and Y9. We will use this result later in order
to prove weak convergence results towards different kinds of processes such as
fractional Brownian motion and sub-fractional Brownian motion.

It is well known the result by Stroock (see [48]) where it is shown that the
family of processes

Lty =2 [0 as, e},

3

defined from the kernels 0. = %(—1)]\]5, converges in law in C([0, T') to a standard

Brownian motion, where N = {N, s > 0} is a standard Poisson process. This
kind of processes were introduced by Kac in [28] in order to write the solution of
telegrapher’s equation in terms of Poisson process.

On the other hand, Delgado and Jolis (see [2I]) extend this result to processes
represented by a stochastic integral, with respect to a standard Wiener process, of
a deterministic kernel that satisfies some regularity conditions.

A generalization of Stroock’s result can be found in [6], where it is proved that

the family
2 [t 0Ny

{g;g(t) == [, ve [O,T]} (1.1.3)
e Jo

converges in law in C([0, T']) to a complex Brownian motion, for 6 € (0, 7)U(7, 27).

Particularly, the real part and the imaginary part of (1.1.3)) tend to independent

standard Brownian motions.

Given {Ny, s > 0} a standard Poisson process and 6 € (0,7) U (m,27), we
consider the following families of approximating processes

v — {i/ooo F(t, ) cos <9N§§> ds, te [o,T]} (1.1.4)
e Y9 = {j /Ooog(t,s)sin <0N:§> ds, te [O,T]} : (1.1.5)

The main result of [7] is the proof that the finite dimensional distributions of
the processes Y./ and Y9 converge in law to the finite dimensional distributions of
the processes Y/ and Y9 given by and , respectively.

It is important to note that the processes Y./ and Y¥ are both functionally
dependent. Nevertheless, integrating and taking limits, we obtain two independent
processes.

As an application of this result it can be obtained approximations for differ-
ent examples of centered Gaussian processes, among others, fractional Brownian
motion and sub-fractional Brownian motion.



Chapter 1. Weak convergence of Gaussian processes

Recall that fractional Brownian motion (fBm for short) BH = {BH(t),t > 0}
is a centered Gaussian process with covariance function

1
Cov(B/', B) = 5 (s" 4+t = |s —t|") (1.1.6)

where H € (0,2). Usually fBm is defined with Hurst parameter belonging to the
interval (0,1) with the corresponding covariance, but in order to compare it with
sub-fBm (as defined in[I3]) we use the stated representation with H € (0, 2).

On the other hand, sub-fractional Brownian motion (sub-fBm for brevity) S¥ =
{SH(t),t > 0} is a centered Gaussian process with covariance function

Cov(SH, SHYy = sH 11 ; [(s+t)H+ |s—t\H] (1.1.7)
where H € (0, 2).

This process was introduced by Bojdecki et al. in 2004 (see [13]) as an interme-
diate process between standard Brownian motion and fractional Brownian motion.
Note that both fBm and sub-fBm are standard Brownian motions for H = 1.

For H # 1, sub-fBm preserves some of the main properties of fBm, such as
long-range dependence, but its increments are not stationary; they are more weakly
correlated on non-overlapping intervals than fBm ones, and their covariance decays
polynomially at a higher rate as the distance between the intervals tends to infinity:.
For a more detailed discussion of sub-fBm and its properties we refer the reader

o [I3]. Some properties of this process have also been studied in [50] and [49]. On
the other hand there are some extensions of sub-fBm in [14] and [45].

In [43] (see Theorem below) the authors obtain a decomposition of the
sub-fBm in terms of fBm and another process with absolutely continuous trajec-
tories, X = {XF t > 0}, which is defined by Lei and Nualart in [33] by

XH = /00(1 — ety qw, (1.1.8)
0

where W is a standard Brownian motion. Lei and Nualart introduce this process
in order to obtain a decomposition of bifractional Brownian motion into the sum
of a transformation of X/’ and a fBm.

The decomposition of sub-fractional Brownian motion is different for H € (0, 1)
and H € (1,2). In the first case, sub-fBm is obtained as a sum of two independent
processes, namely fBm and the process defined by (1.1.8)), while for H € (1,2) is
fBm that is decomposed into the sum of the process and sub-fBm, these
being independent.

In Section 2 we will prove the general result of weak convergence, in the sense of
the finite dimensional distributions, towards integrals of functions of L?(R™) with
respect to two independent standard Brownian motions. This theorem permits

3



1.2 General convergence result

us to obtain, in Section 3, results of convergence in law, in the space C([0,77),
towards fBm, the process defined in and, finally, sub-fBm with parameter
H € (0,1) using the decomposition of this process as a sum of two independent
processes.

Positive constants, denoted by C, with possible subscripts indicating appropri-
ate parameters, may vary from line to line.

1.2 General convergence result

Let N = {N,,t > 0} denote a standard Poisson process defined on a probability
space (2, F,P) and W = {W,,;t > 0} a standard Brownian motion defined on
(Q, F , 15) We will also denote the expectation of the respective probability spaces
by E and 108

In this section we prove the main result of weak convergence in the sense of
the finite dimensional distributions. We will use this result later in order to prove
weak convergence results towards fractional Brownian motion and sub-fractional
Brownian motion.

Theorem 1.2.1. Let f(t,-) and g(t,-) be functions of L*(R") for all t € [0,T],
T >0, let {Ns,s >0} be a standard Poisson process and 6 € (0,7) U (m,2m).
Define the processes Y! and Y9, which are given by Y! = {57 f(t,s)dW,,t €
0, 7]} and Y9 = {[° g(t,s)dW,,t € [0,T]} and where W = {W,,s > 0} and
W = {W,,s > 0} are independent standard Brownian motions. We also define the
following processes

2 [e'e)
= {5/ f(t,s)cos (9]\725) ds, te [O,T]} (1.2.1)
0 e
and 9 oo
Y9 = {5/ g(t, s)sin (Gst) ds, te€ [O,T]}. (1.2.2)
0 e2
Then, the finite dimensional distributions of the family of processes {(Yaf ,}759 )}e

converge in law to the finite dimensional distributions of the process (Y/Y9) as
e goes to zero. In particular, {YS} and {Y9} converge toward two independent
Gaussian processes.

Taking into account that any statement and proof that follows in this section
is valid for any fixed ¢ € [0,T], by abuse of notation we will write f(s) and g(s)
instead of f(¢,s) and g(¢, s), respectively.

The following Lemma gives a bound for the L? and L* norm of the approx-
imating processes defined by and . We will use the L? bound to
prove Theorem and the L* bound to prove weak convergence results in the
following section.



Chapter 1. Weak convergence of Gaussian processes

Lemma 1.2.2. Let Y/ and Y2 be defined by (1.2.1) and (1.2.9) respectively, and
assume we are under the conditions of Theorem[1.2.1. Then we have the following
bounds for the L? norms of Y and Y9

B[] <o rea) BT <o([ Fed). a2

We also have the following bounds for the L* norms
2

E[v/)] <c (/Om £2(s) ds)Q, E[¥2)] <C (/Ow 7(s) ds) L (124)

Proof of Lemma [T.2.3. We will proceed to prove the result only for Y/ since the
proof is exactly the same for Y9.

Observe that defining

~ 2 oo 10N o4
ZE=vI 4! == [T () Eas
g Jo

we have E[Z Zf] = E[(Y/)? + (V)?], where Z denotes the complex conjugate of
Z. Therefore if we prove E[Z!Z/] < C||f||3, where |||z is the L?(R*) norm, the
stated convergence follows.

_ 2 oo 10N 2 2 oo —10N 3,
F7f — z 2ds= 2
E[Z! Z!] IEL/O f(s)e dse/o f(r)e dr]
oo 00 i9<N25—N2T>

/ / f(s)f(r)e < 2 /dsdr

o Jo

i9<N25—N2T>

e < £/ | drds

i (N% N%)
e <2 /| dsdr.

4
:?E

- jz/ooo /Oooll{rgs}f(s)f(r)E

4 oo OO
+?/0 /O Lis<ry f(8)f(M)E

Since E[e®X] = e 21=¢") and E[e~#¥] = e~ 21~¢"") heing X a Poisson random

variable of parameter \, we obtain



1.2 General convergence result

B2 70 = 5 [ [ 1pead ()£ ¥ F 0 ds
*/ / Liaery F(s)f(r)e & = dr ds
§42/ / Lip<a|f () f(r)] 2= 17D dr ds

b [T el )l

Using the inequality |f(s)f(r)] < 3 (f?(s) + f(r)) and noting that, by means of
a change of variables, the last two integrals are the same we have that

Bzl <5 [ [ ﬂ{m} ’(5) + f2(r)) e FF 00y ds
— (/ f2 —2 2 (1—cos0) d?" ds _'_/ f2 / 2%(1_(:050)(18 d?”)
—25%(1—0030)
—2( [ ( Jas+ [ d
(0 () 1 —cosf ot 1 —cosf "

4
- * 2
_1—(:086/0 F(s)ds,

giving the desired result ([1.2.3)).
To find the bounds for the L* norm, being Z/ as before, it is enough to prove
that E[(Z!Z!)*] < C||fl>-

= 16 9(N251 +N252 —Nas _N254>
B2 207 = B[ Sl flage VFHFTE T ds - asy
64
= s Tisy<csiy f(s1) - f(s))E[EL + - + Eg|dsy - - - dsy

where

6 <N231 +N282 _N2S3 _N254 ) —if (N234 _N233 +2 (N2S3 _N282 )+N252 _N231 )
El =€ &2 2 &2 2 =€ e2 2 2 2 2 &2 5

€ £ £ € € € £

—if <N254 _N253 +N252 _N251 ) 0 <N254 _N253 - (N252 _N281 )>
E2: e 2 2 2 2 ,E3: e 2 2 2 2 ,

E, = B, B5 = FE,, B = E,. To obtain the last expression note that we can
arrange si, So, 83, S4 in 24 different ways and due to the symmetry between s; and

6



Chapter 1. Weak convergence of Gaussian processes

s and between s3 and s4 we have 6 possible different situations, Fj, ..., Fg, each
one repeated 4 times. By means of the properties of Poisson process we have

BB BB, |E[Es]| < o2 e (reostlem2Tainesd)

and we can conclude

_ 384
Mﬂﬂﬂﬁgﬂ@ﬂmgwﬁ@%fwﬂ
e 27 (Imcosf) =225 (LcosO) g o L ],
384 —2222°1 (1—cos ) ’
S 9 </[o,oo)z Ly <ot f(s1) f(s2)]e™ % dsidss

O]

Remark 1.2.3. On the previous lemma we proved, in particular, that the family
{Y/Y9}.~ is uniformly integrable.
Indeed, {Y/Y9}.oo will be uniformly integrable if sup..,E [(Yef 3769)2] < 0.
Using Holder’s inequality we have
1 1

supE [(Y/Y2)?] < sup (B[(Y/)"])* (E[(Y2)"])* .

e>0 e>0
Proof of Theorem[1.2.1, Now we will proceed to proof the Theorem. By defini-
tion, the family {(Y, Y/Eg)}a converges in law, in the sense of finite dimensional
distributions, to the process (Yf ,f/g) as € goes to zero if and only if for every
k € N and every ty,...,t; € [0,T]

(YL Y (e, .. ty) = (VI Y9 (0, .. t). (1.2.5)

By the isometry of the spaces R? x R* and R?* and from Theorem 7.7 in [12] page
49] we deduce that our result will follow if and only if

Se =¥ (1) + 30,V (t) £ 5= Zk:aiyf(ti) +20,Y9(ty),  (1.2.6)

for any k € N, a;,b; € R, 1 <i,j <k and ty,...,t; € [0,7]. In order to prove
(1.2.6)) we will show that the respective characteristic functions converge, namely,
for any x € R

E[e®%] — K[ei*5] as e — 0. (1.2.7)

7



1.2 General convergence result

We first observe that we can write

Se = 2/000 (F( ) cos <9st) + G(s) sin (9]\755)) ds

£
S = / dW+/ s)dW,

where F(s) := Y% a;f(t;,s) and G(s) := S8, big(ts, 5).
Since F'(s) and G(s) belong to L*(R™) they can be approximated, respectively,
by the following sequences of step functions

and

mp—1 mnp—1

Z fn (7,874 4] ) and Z g] 558744 )

where 0 = 55 < s < ... <s) < sp,.» /i and g7 are chosen such that

7 ((FGs) = F(s))2 + (Gls) — Gn(3))2) s < :L (1.2.8)
for any n € N. Let us now define
St = 2/000 (F”(s) cos (GN?S) + G"(s) sin (6N§29>> ds

and ~ ~ .
s ;:/0 F (s)dWer/O G (s)dW,.

We have that for any xt € R, ¢ > 0 and n € N,
B[] — E[e™])] < al' + 67 +",
where a7 = [E[e"%] — E[eS?]|, 87 = [E[e"] — Ble="]| and 7" = [BleS"] -
E[eixS”.
We observe that

E[(S. — S")?] = ;E [(/OOO(F(s) — F"(s)) cos <0N§§>

+ (G(s) — G™(s)) sin (HNis) ds> 2] .

Now, using the inequality (a + b)? < 2a? + 2b* a,b € R, and by virtue of ([1.2.3))

and ((1.2.8)), we get that

Bl(S.—S1)%) < € [ (F(s) =~ F(s)" s C [ (G(s) =G (s)ds < Ci' (1.2.9)

8



Chapter 1. Weak convergence of Gaussian processes

With this inequality and the mean value theorem we conclude that there exists
C > 0 such that for any € > 0 and any n € N,

1

n <L — S < .
al < zE[|S: SE|]_C’x\/ﬁ

On the other hand, for fixed n € N,

mp—1 mp—1

Sr= %" f]"/ " cos (6]\[25) ds+ > g;l/ " sin (9]\725) ds.
=0 s7 : =0 s7 ©
In [6] Bardina proved that, for § € (0,7) U (m, 27),

/ 7 cos <9N2§> ds £ / a dWy

n

and
/ " sin (9]\72;) ds £ / aa dWS,

n

where W, and W, are independent standard Brownian motions. Therefore we
obtain that S” converges in law, when ¢ tends to zero, to

mp—1 mn—1

sr=3 f;f/j“dws+ 3 g}‘/”ldv”vs.
=0 =0 5§

S

n
s"

J

Finally, by again applying the mean value theorem and computing the variance
of the stochastic integral, we obtain that, for any n € N, 4™ can be bounded by

1

o . o0 BN n N2 2 1
zE[|S — S"|] < Cx (/0 ((F(s) — F"(s))"+ (G(s) — G"(s)) )ds) < Cxﬁ.

Then, both a! and 4" become arbitrarily small by taking n > ny, for some ng € N.
Finally, by fixing n = ng, the term BI'® converges to zero as € goes to zero, since
ST converges in law to S™ as € goes to zero. This completes the proof of the
convergence of the characteristic functions. (]

Remark 1.2.4. We can use this result to approximate two independent processes
of many kinds, such as processes with a Gousart kernel (see for instance [21]) or
the Holmgren-Riemann-Liouville fractional integral ([21]). In the next section we
will see convergence results towards some other processes.



1.3 Weak approximation of some fractional processes

1.3 Weak approximation of some fractional pro-

cesses
In this section we apply Theorem to prove weak convergence results towards
fractional Brownian motion and sub-fBm. We will also reproduce a result due to

Bardina and Es-Sebayi of convergence towards an extension of bifractional Brow-
nian motion.

1.3.1 Weak approximation of fractional Brownian motion

We are going to prove a result of weak convergence in C([0,77]) towards {Bm,
applying Theorem [I.2.1] In order to do so, we use the following representation of
the fBm as the integral of a deterministic kernel with respect to standard Brownian
motion (see for instance [20])

t .
BtHz/ KH(t,s)dW,, (1.3.1)
0

where H € (0,2), K¥(t,s) is defined on the set {0 < s < t} and is given by

KUt s) = d™ (1 — 5)"5* +a (1_2}[) /:(u _ 5% (1 - (Z>H> du, (1.3.2)

where the normalizing constant d” is

HT(354)

= (razre=mm)

Since in this section the domain of fBm is restricted to the interval t € [0, 7], we
can rewrite the integral representation as

t T
B = / KH(t, s) dWS:/ KH(t,s)dW,,
JO 0

where K (t,s) = KM (t,5)1}94(s).
Applying this representation, since K% (t,-) € L?(RT), the following result is a
corollary of Theorem [I.2.1]

10



Chapter 1. Weak convergence of Gaussian processes

Corollary 1.3.1. Let K(t,s) = K (t,5)10,(s), where K (t,s) is defined by
, let {Ns,s > 0} be a standard Poisson process and let 0 € (0,7) U (m, 27).
Then the processes

B = {i/oT K*(t,s) cos ((9N:5> ds, te€ [O,T]} (1.3.3)

and ] 0
BH — {8/ KH(t,5)sin (QN%) ds, te [O,T]} (1.3.4)
0 2

converge in law, in the sense of the finite dimensional distributions, towards two
independent fractional Brownian motions.

We now proceed to prove the continuity and the tightness of the families of

processes defined by ([1.3.3)) and ([1.3.4), and consequently, proving the weak con-
vergence in the space C([0,T7).

The continuity can be deduced from Lemma 2.1 in [9] and the fact that B
and B equal zero if t = 0. We will reproduce a simplified version of this lemma
here for the sake of conciseness.

Lemma 1.3.2 (Lemma 2.1, [9]). For all s < t,

H+1

|BI(t) — B (s)| < CH(t — )5

and
41

BE(t) = B (s)| < CH (¢ — 5) (53,
where B! and Béq are defined by and respectively.

Proof. The proof is the same for both B and Bf , so we will only prove the result
for BH.
From the definition of B¥ we have that

T
B (1) = BE(s)| < C. [ K7 (¢ u) = K¥(s, w)] du
0
and we can split this integral as follows
T
/ ‘KH(t,u) — KH(S,U)‘ du
0
T, . .
= /0 ‘KH(t, w) I, (u) — KM (s, u)I[075)(u)’ du

:/:

KH(t,u) = K™ (s,u)| du. (1.3.5)

IN(H(t,u)‘du—f—/s
0

11



1.3 Weak approximation of some fractional processes

Let us begin with the first summand of the last expression. If H < 1 then we

have that
t—s

t ~
/ K2 (t,u)*du = K"(t,v+ s)*dv
s 0
where we set v = u — s. If we now consider the kernel K*(t,v 4 s) and using
(1.3.2) we get that

1— 1-H

where in the last inequality we used that (“2)7=2 > (g)T since H < 1 and

)
+s
y > v. With this, we obtain that !
/KHtu )odu < KH(t—s v)idv = (t — s)"

to finally conclude that

1

¥t du < (0= ) ([ KY(upd) < (-9

[

On the other hand, when H > 1,

KA(tu) = CHu =

and

o H
/ (KH (8, w)|du < CH(t — 5)"F

For the second summand of (1.3.5)), notice that if H = 1, then

r

KH(t,u) —f(H(s,u)’du:O.

12



Chapter 1. Weak convergence of Gaussian processes

~ When H # 1, we will use some bounds for the partial derivative of the kernel
K. From (1.3.2)) it is easy to check that the kernel K (¢, s) is differentiable with
respect to the first variable in the set {0 < s < ¢} and that

S =ar () (1)

Then, for H > 1 we have that

H 1— H-_:
ag(t,s) <CHs T (t—s)7 .
Therefore,
S . - S taKH
H _ joH <
/0 K% (t,u) — K (s,u)‘du < /0</s o (r,u) d'r’)du
$ 1-H ¢ H-3
< cf u2(/(r—u2dr>du
0 s
< CH(t—s)/ ulEH(s—u) 7 du
0

where B(z,y) is the Beta function defined by

1
B(z,y) = / 11— ¢)rdt.
0
When H < 1 we have that

OKH
W(ta s)

H-3

<CH(t—s)z.

In this situation, we obtain the following bound

/08 Rt 0) — K (s, )| du < /O (/t (Sf:l(r,u)

AN
Q
By
c\m
/7~
e
/‘\H.
=
|
£
m‘l
w
o,
S
N———— o
o,
I~y

C'H/t ((T—s)%—r%)dr
= Ccf ((t—s)% 5 —I—s%)
H+1

< CH(t—s)2.

The proof of the lemma is now complete. O

13



1.3 Weak approximation of some fractional processes

Theorem 1.3.3. Under the hypothesis of Corollary if moreover one of the
following conditions is satisfied:

1. H e (3,2),

2. H € (0, 3] and § satisfies cos((2i+1)0) # 1 for all i € N such that i < 3 {%},

then the processes B and B converge in law in C([0,T)) towards two independent
fractional Brownian motions.

Proof. 1t only remains to prove the tightness of the families of processes defined by
(1.3.3) and ([1.3.4)). Since BX(0) = 0, using Billingsley’s criterion (see for instance
[12]) it is enough to check that for some m > 0 and a > 1

E[|B(t) — B (s)|"] < C(F(t) — F(s))",

where F' is a nondecreasing continuous function.
On the other hand, it is known that

/OT (K"(t,r) - K"(s,r)) dr =E[(BY - BI)?] = (t — )",

and then it is sufficient to show that

m
2

E [(4))"] < C (/OTfQ(HdT)gL, B[] < ([ Poar) ase

holds for some m satisfymg the condition Hm/2 > 1, where f(r) := K (t,r) —
Ko (s,r), yl =2 fo f(r )Cos(QNaT)dr and §/ = 2 fo ( )sm(@Nar)dr

Then, in the case (1)), it is sufficient to prove for m = 4, which can be
seen proving that E[(zgzg) ] < C|fll3, where |- Hg is the L*0,T] norm and z/ =
yl +igl. If we extend f to RT for zeros, i.e., if we consider F(r) := f(r)Lpr(r),
we have proved in Lemma that

E[(ZFZ7)] < 3 (1—40059 I F2(s)ds>2 |

E[(z{2])’] = E[(Z] Z]')*]

ss<1fm/fﬁ<s>ds>ls<1_iose/ff2<s>ds>‘

To prove the result under the hypothesis (2)) we can show that (|1.3.6) is satisﬁed

for some even m such that Hm > 1. If we proceed in the same Way as in case
1
2H

o

we obtain an expression that depends on 1—cos((2i+1)0) foralli =0,1,..., [
1

and the constant C,, depends on max, O

=0,1,...[ 55| T—cos((2i+1)0) "

14



Chapter 1. Weak convergence of Gaussian processes

1.3.2 Convergence towards sub-fractional Brownian mo-
tion

In order to obtain the convergence to sub-fractional Brownian motion, we will
apply a decomposition result due to Ruiz de Chévez and Tudor in [43] that we
obtained independently. To obtain this result we use a process X* introduced by
Lei and Nualart in [33] and defined in by the equation

X = /Oo(l - e_”)r_# dW,,
0

where W is a standard Brownian motion. It can be proved (see [33] or [43]) that
its covariance function is

(1.3.7)

I'(1—H) H:tH + SH _ (t+ S)H} it H S (07 1)7

Cov(X[, X1 = A
(X7 X0 {5(2};_1{1)) (t—i—s)H—tH—sH} if H e (1,2),

and that X* has a version with absolutely continuous trajectories on [0, 00).
The decomposition result can be stated and proved as follows:

Theorem 1.3.4 (Decomposition of sub-fBm). Let BY be a fBm, S a sub-fBm
and W = {Wy,t > 0} a standard Brownian motion. Let X' be the process given
by . If for H € (0,1) we suppose that B and W are independents, then the
processes {Y;H = C1 X} + BF;t > 0} and {SF,t > 0} have the same law, where
C, = ,/ﬁ. If for H € (1,2) we suppose that S and W are independents,
then the processes {Y;H = CoXH +SH t > 0} and {Bf,t > 0} have the same law,

H(H—-1)
2T(2—H)"

where Cy =

Proof. Tt is clear that the process Y is centered and Gaussian in both cases. For

H € (0,1), from ((1.1.6), (1.3.7) and using the independence of X and B we
have

Cov(V;H, YH) = C?Cov[X /[, X1 + Cov[BH, BH]

s

1
:sH—l—tH—i[(s—i-t)HjL\s—t]H},

which completes the proof in this case, and for H € (1,2), from (1.1.7), (1.3.7)

and using the independence of X and S* we have
Cov(V;", Y[") = C3Cov[X", X] + Cov[S}", 5]
1
= 5(3H+tH— |s—t\H),
which completes the proof. O
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1.3 Weak approximation of some fractional processes

As an application of this result, we can study the space of integrable functions
with respect to sub-fractional Brownian motion.

Let us consider £ the set of simple functions on [0,7]. Generally, if U :=
(U, t € [0,T]) is a continuous, centered Gaussian process, we denote by Hy the
Hilbert space defined as the closure of £ with respect to the scalar product

(Lo, 1), = E(UU,).

In the case of the standard Brownian motion W, the space Hy is L2([0,T]).
On the other hand, for the fractional Brownian motion B, the space Hpsu is the
set of restrictions to the space of test functions D((0,7)) of the distributions of
W2 2(R) with support contained in [0,77] (see [27]). In the case H € (0,1) all
the elements of the domaiI} are functions, and the space Hpr coincides with the
fractional Sobolev space I,> (L*([0,T])) (see for instance [20]), but in the case
H € (1,2) this space contains distributions which are not given by any function.

As a direct consequence of Theorem we have the following relation be-

tween Hpn, Her and Hywx, where S¥ is the sub-fBm and X is the process
introduced by Lei and Nualart in [33] and defined by (1.1.8)).

Proposition 1.3.5. For H € (0,1) the following equality
Hxn N Hpn = Hgn

holds. On the other hand, for H € (1,2) we have that
Hxn N Hgn = Hpn.

Proof. This proposition is a direct consequence of the two decompositions into the
sum of two independent processes proved in Theorem [1.3.4] O

In order to apply Theorem to prove weak convergence to sub-fBm, we
have to prove weak convergence to fBm and the process X introduced by Lei
and Nualart. Then, applying the decomposition theorem and the independence of
the limit laws, we can state the weak convergence to sub-fBm for H € (0, 1).

So, it just remains to prove for the process X defined by the same
results we have obtained for fBm.

Corollary 1.3.6. Let X" be the process defined by , let {Ns,s > 0} be a
standard Poisson process and let 6 € (0,7) U (m,27). Then the processes

2 [ 1
XA = {g/ (1—e s~ 5 cos (Hst) ds, te€ [O,T]} (1.3.8)
0 2
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Chapter 1. Weak convergence of Gaussian processes

and

X = {2/000(1 —e s 5 sin (9]\729) ds, te [O,T]} (1.3.9)

g

converge in law, in the sense of the finite dimensional distributions, towards two
independent processes with the same law that X .

Theorem 1.3.7. Under the hypothesis of Corollary[1.3.6] the processes defined by
and converge in law, in C([0,T]), towards two independent processes
with the same law that the process defined by .

Proof. We first need to show that the processes X and X are continuous. In
fact, they are absolutely continuous. Let us consider for all » > 0 the process

2 [ 1
Y, = f/ sT7 e cos (Gst> ds.
€ Jo 2

This integral exists because, using inequality (1.2.3]), we have
E[Y?] < C </ sl_He_QSTds> =Cr'?I(2 — H).
0

On the other hand,

[/|Y|dr}_/ (E[Y]) dr<C/r 2 dr < o0

since H € (0,2).
Let us now observe that X = fg Y,dr. Indeed, applying Fubini’s theorem,

t 00 _ t
/ Y.dr = 2/ s (/ es’"dr> CoS (0]\723) ds
0 € Jo 0 e?

2 o]
= g/ s (1 —e*)cos (9]\723> ds
0 2

= X,

The same proof shows that the process X H s continuous.

Next, we prove the convergence only for . For the result is proved
similarly.

It suffices to prove the tightness of the family {X7}.. Since X/(0) = 0, using
Billingsley’s criterion we only need to prove that

E (X () - XP(s)]'] <|F(t) - F(s)?
where F' is a continuous, non-decreasing function. We observe that

2

E [|x/(t) - X! (s)|'] =E L /0°° (@7 (¢, ) — 07 (s,1)) cos(@Nig)drr
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1.3 Weak approximation of some fractional processes

where ®H(t,7) = (1 — e ™)r~2" € LA(R").
Since ®¥ € L%(R™), applying the bound ([1.2.4)), which is proved in Theorem

[1.2.7] we obtain

E || X1 - XH(s)! < C (/Ooo (@7 (t,r) — @H(S,r)fd,,,f

—C /OO ( 1 — o2, —(+H) | (] _ p=7s)2,.—(1+H)
( ; (1—e)%r +(1—e)%r
2
—2(1—e™(1 - e_rs)r_(HH))dr) :

Using (1.3.7) and assuming s < ¢t we obtain for H € (0,1)

E [|X/(t) - X (s)|'] < C (20t + )" — (20)" — (25)")
<O (0" - 29)")",

since s + ¢ < 2t. In the same way, if H € (1,2),

E UXaH(t) —XEH(s)\‘l] < C((Qt)HJr (25)H —2(t+s)H>2

<O (0" - 29)")",

since s+t > 2s. In both cases we have proved the result with F'(z) = (2z)7. O

Finally, we obtain the result of weak convergence to sub-fractional Brownian
motion, as a direct conclusion of the previous results.

Theorem 1.3.8. Let H € (0,1), let {X(t),t € [0,T]} be the family of processes
defined by (|1.3.§|), let {BH2(t),t € [0,T]} be the family of processes defined by
1.3.4) and C; = \/WBSH) Let us assume 6 € (0,7)U (7, 2m) and, for H € (0, 3],

that 0 is such that cos((2i + 1)0) # 1 for all i € N such that i < % [%} Then,

{YH(t) = O, XH(t) + B (t),t € [0,T]|} weakly converges in C([0,T]) to a sub-
fractional Brownian motion.

Proof. Applying Theorems [1.3.3| and [1.3.7] we know that, respectively, the pro-
cesses B and X converge in law in C([0,T]) towards a fBm and the process
defined by . Moreover, applying Theorem we know that the limit
laws are independent. Hence, we are under the hypothesis of Theorem [1.3.4]
which proves the stated result. 0
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Chapter 1. Weak convergence of Gaussian processes

Remark 1.3.9. Obviously we can also obtain the same result using the families of
processes defined by (1.3.9) and (1.3.3)).

Remark 1.3.10. We may also notice that we cannot use our approximation result
(Theorem to construct a family of approximating processes towards sub-
fBm when H € (1,2) since the decomposition result (Theorem for sub-fBm
when H € (1,2) only states that fBm can be decomposed as a sum of sub-fBm
and another independent process and not otherwise. The same situation applies
for the decomposition result of bifractional Brownian motion by Lei and Nualart
in [33].

1.3.3 Convegence towards bifractional Brownian motion
with parameter K € (1,2)

In [§] X. Bardina and K. Es-Sebaiy proved that bifractional Brownian motion
can be extended for K € (1,2) and they also proved a convergence in law result
towards bifractional Brownian motion for K € (1,2) from a Poisson process.

The extension they provide is based on the decomposition of bifractional Brow-
nian motion that Lei and Nualart introduce in [33] and can be stated as follows.

Theorem 1.3.11. Assume H € (0,2) and K € (1,2) with HK € (0,2). Let B7K
be a fractional Brownian motion, and W = {W;,t > 0} a standard Brownian
motion. Let X™H the process defined in . If we suppose that BHX and W
are independent, then the process

BM = aBHE £ px PR (1.3.10)
where a = V21K and b = % is a centered Gaussian process with covari-

ance function

E (B" B = € ((tH + sH)K — |t — syHK> s, t>0.

= 9%

With this extension, defined by equation (|1.3.10f), Bardina and Es-Sebaiy ob-
served that the following convergence result can be directly concluded from The-
orems [1.2.1] [1.3.3] and [1.3.7]

Theorem 1.3.12. Let H € (0,2) and K € (1,2) with HK € (0,2). Consider
0 € (0,m) U (m,2m) such that if HK € (0,1] then 6 satisfies that cos((2i +1)8) # 1
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1.3 Weak approximation of some fractional processes

for all v € N such that i < % [%] Set a = V217K and b = ,/%. Define the

processes

2 T
BHE {/ KHK(t,s)sin(Qst) ds, tE[O,T]}’
€ Jo <

2 [oo 1
XHEE - {/ (1_6—875H)5—+2KCOS<QN2§> ds, tE[O,T]},
0 c

€ €

where K"K (t,s) is the kernel defined in (1.3.9). Then, {YH(t) = aB5(t) +
bXILE (1), t € [0,T]} weakly converges in C([0,T]) to a bifractional Brownian mo-

tion.
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Chapter 2

Models for bacteriophage systems

This chapter is devoted to the study of a model of bacteriophage treatments for
bacterial infections. This problem has been brought to our attention by the Molec-
ular Biology Group of the Department of Genetics and Microbiology at the Uni-
versitat Autonoma de Barcelona.

It was first studied from a deterministic point of view in a joint work with
professor Angel Calsina, the results of which form the research work [10], and
later it was studied in a noisy context together with professors Xavier Bardina,
Carles Rovira and Samy Tindel in a work that can be found in [5].

We will begin the chapter by introducing some general notions on the problem
and a basic model. Then we will study the deterministic case, with n strains of
bacteriophages, and finally we will proceed to study a stochastic model.

2.1 Introduction

Lately Bacteriophage therapies are attracting the attention of several scientific
studies. They can be seen as a new and powerful tool to treat bacterial infections or
to prevent them in food, animals or even humans. Generally speaking, they consist
in inoculating a (benign) virus in order to kill the bacteria known to be responsible
for a certain disease. This kind of treatment is known since the beginning of the
20" century, but has been in disuse in the Western world, erased by antibiotic
therapies. However, a small activity in this domain has survived in the USSR,
and it is now re-emerging (at least at an experimental level). Among the reasons
for this re-emergance we can find the progressive slowdown in antibiotic efficiency
(antibiotic resistance). Reported recent experiments include animal diseases like
hemorrhagic septicemia in cattle or atrophic rhinitis in swine, and a need for
suitable mathematical models is now expressed by the community.

Let us be a little more specific about the (lytic) bacteriophage mechanism:

21



2.1 Introduction

after attachment, the virus’ genetic material penetrates into the bacteria and uses
the host’s replication mechanism to self-replicate. Once this is done, the bacteria
is completely spoiled while new viruses are released, ready to attack other bacteria.
It should be noticed at this point that among the advantages expected from the
therapy is the fact that it focuses on one specific bacteria, while antibiotics also
attack autochthonous microbiota. Generally speaking, it is also believed that
viruses are likely to adapt themselves to mutations of their host bacteria.

At a mathematical level, whenever the mobility of the different biological actors
is high enough, bacteriophage systems can be modeled by a kind of predator-
prey equation. Namely, set S(t) (resp. Q(t)) for the non-infected bacteria (resp.
bacteriophages) concentration at time ¢. Then a model for the evolution of the
couple (5, Q) is as follows

{ dS(t) = [a — kQ(t)] S(t)dt

_ (2.1.1)
dQ(t) = [d — mQ(t) — kQ)S(t) + kbe ™ Q(t — O)S(t — ¢)| dt,

where « is the reproducing rate of the bacteria and k is the adsorption rate. In
equation , d also stands for the quantity of bacteriophages inoculated per
unit of time, m is their death rate, we denote by b the number of bacteriophages
which are released after replication within the bacteria cell, sometimes known as
burst size, ¢ is the delay necessary to the reproduction of bacteriophages (called
latency time) and the coefficient e™#¢ represents an attenuation in the release of
bacteriophages (given by the expected number of bacteria cell’s deaths during
the latency time, where p is the bacteria’s death rate). A given initial condition
{So(7), Qo(7); —=¢ < 7 < 0} is also specified.

Several models describing phages dynamics have already been considered in
the literature (see, for instance [I5, B4, 37, [41) [52]), many elaborated variants
being introduced for instance in [42] [46]. To the best of our knowledge, none of
the articles mentioned above contemplates the possibility of a continuous injection
of phages into the system (represented by us by the constant d in (2.1.1])). This
variant corresponds to the practical problem we are starting from, which has been
brought to our attention by the Molecular Biology Group of the Department of
Genetics and Microbiology at Universitat Autonoma de Barcelona. This situation
corresponds to a treatment for cattle against SalmonellaEL for which phages are
inoculated through food, with an approximate constant rate d.

'We refer to [16] for a preliminary study on this topic lead at Universitat Autonoma de
Barcelona, and to the PhD theses [4] and [47] where the bacteriophages have been characterized.
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Chapter 2. Models for bacteriophage systems

2.2 Deterministic model. Equilibria and stabil-
ity.

In this section we will proceed to study a generalization of the deterministic model
(2.1.1)) introduced before, where we will consider n different strains of phages,
namely

5(0) = (a = L k@) st
Qi(t) = di — miQy(t) — k:Qa(t)S(t) + ki by e "4 Q(t — §;)S(t — &),

fori=1,...,n, where k;, m;, bi, (; and Q;(t) are, respectively, the adsorption rate,
mortality, burst size, latency time and concentration at time ¢ of the i-th strain
of bacteriophages. The constant d; also stands for the quantity of bacteriophages
inoculated per unit of time of the i-th strain of bacteriophages.

We shall start studying the positivity and existence of solutions, making use
of the well-known theorems of existence for delay differential equations. Then we
will study the equilibria system may have depending on certain relation of
the parameters. Once we know about the equilibria we will proceed to study their
stability. To make this study simpler, we will first suppose that ; =0,i =1,...,n,
i.e., converting system to an ordinary differential equation, and then we will
use some bifurcation results to obtain some knowledge on the general case. Finally,
we will proceed to a deeper study of some particular cases which are easier to treat.

(2.2.1)

2.2.1 Global existence and positivity of solutions

Before any study of the behavior of solutions of one must ensure their
existence and positivity for all positive time or, in other words, that the solutions
will not lose their biological meaning. Let us first prove that the (local) solutions
will remain positive on their maximal interval of existence. This fact will be used
later to prove global existence.

Proposition 2.2.1 (Positivity). Let us assume that the initial condition satisfies

{ S(t)=St) >0, te[—( 0] with ¢ = max ¢,
=l (2.2.2)

Qi(t) = Q) >0, te[-¢,0.

Then the solution is such that S(t) > 0, Qi(t) > 0 for all t in the interval of
evistence and i =1,...,n.

Proof. The first equation in (2.2.1) implies the positivity of S(¢). To show the
positivity of @Q;(t), notice that Q}(0) is positive when @;(0) = 0 (d; is positive by
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2.2 Deterministic model. Equilibria and stability.

hypothesis) so there exists a positive ¢ such that @Q;(¢) > 0 for ¢t € (0,¢) (this is
clear if @;(0) > 0, by continuity). This fact implies the positivity of Q;(t) for all
t > 0 (in the interval of existence). Indeed, if @Q;(¢) was not positive, then there
would be some positive time such that (); vanishes. Let ¢ty be the minimum of such
times. By continuity, Q;(tp) = 0 and then Q}(t) is positive because of the non-
negativity of S and @); until time ¢, and hence of L;(ty), leading to a contradiction
since Q;(t) is positive for t < . ]

Next we will prove the existence and uniqueness of solution of the initial value
problem for , using the standard results on local existence, uniqueness and
continuation of solutions for delay differential equations (see [25] or [31] for in-
stance), and Gronwall’s Lemma.

Theorem 2.2.2 (Global existence of solutions). For all initial condition like in

(2.2.2)) there exists a unique solution of (2.2.1)), which is defined for all positive

time.

Proof. Since the right hand side of is of the polynomial type we have local
existence and uniqueness. Then, there only rests to prove the boundedness of the
solution for all positive time in order to prove global existence.

Since S'(t) < aS(t) (here we use the positivity result) we clearly have S(t) <
S9(0)e*t, t > 0. In order to show the boundedness of Q;(t) for i = 1,...,n we use
Proposition [2.2.1] to obtain

Qi(t) < d; + kibie " S(t — §)Qi(t — G).
Notice that when ¢ € [0, (], S(t —¢;) = S°(t — Gi) < S°(t — G)e* and when t > ¢,
S(t —¢) < 5°(0)e=%). Then, defining S := max{S°(0)e=*%, maxe(_¢0 S°(t)},
we see that for all ¢ > 0

Qi(t) < di + kibie S Qi(t — T;) =: di + Cie™Qi(t — ().
Integrating we have
Qi(t) < Q0) + dit + C; /Ot e Qis — ;) ds.
Now changing variables and using the positiveness of the integrand we obtain
Qut) < QUO) +dit + C; [ j Qus) s < QUO0) + dit + G [ e Quls)ds

The hypotheses of Gronwall’s Lemma hold for all interval [0,b], b > 0, with «(t) =
QY(0) + dit, B(s) = Cie® and u(t) = Q;(t) (see [31]). Moreover, a(t) is non-
decreasing, and then

Q1) < (@) +dtesp ([

proving the boundedness for all positive time and hence the global existence. [

t

C;e*® ds> ,
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Chapter 2. Models for bacteriophage systems

2.2.2 Equilibria

Our first step in the study of the model will consist in the search of equilib-
ria, having in mind that for the sake of biological meaning we want steady states
where the population densities of virus and bacteria are non-negative. For this,
one must solve the system of equations

0= (o= Y h@i)s
i=1
Ozdz—mZQZ—k’ZQZS—i—kJZbZe_“C’QZS, 1= 1,,n

On the one hand, for any value of the parameters, there is only one equilibrium
without bacteria, say Ey (if S = 0, then Q; = %) On the other hand, if there is
some coexistence equilibrium, say £, = (S' , Ql, cee Qn) with S > 0, it must satisfy
the following equations,

(2.2.3)

o= Z /szz (2.2.4)
=1
Q; = d i=1,...,n, (2.2.5)

m; — kz (bie—“@ — 1) g ’

and, therefore, placing (2.2.5)) in (2.2.4) one obtains the following condition for the
existence of S,

A n A n k.d.
F(S):= k?z P = G ~ — (. 2.2.6
(5) ; Q ; e (e 1) 3 (2.2.6)

Now, we look for solutions of (2.2.6) such that S, Q; > 0 and we obtain the
following result.

Theorem 2.2.3 (Equilibria). If 327, %% > o the system (2.2.1) has a unique
steady state, By = (0, 4 ... ) When 30, % < « then model has two equi-

' my? ) M,
libria, Ey and the coexistence equilibrium E. = (S,Q1,...,Qy), where S is the
unique solution of

& kid;
F(S) = - = S e (0,5"
( ) ;ml_kl(bleﬁuQ_l)S Qa, E( ) )7
with S* := min;—;_, k(bﬁiﬁgq)’ and Qi, 1=1,...,n, are given by
N d’L
Qi: N zzl,,n



2.2 Deterministic model. Equilibria and stability.

Proof. We have already shown the existence of Ej for any value of the parameters.
Furthermore, we know that there are coexistence equilibria if and only if there are

solutions of (2.2.6) such that S, Q; > 0.
From the condition of positivity of (); and (2.2.5)) we have

A m’L

S <
ki (bie*“@ — 1)
and therefore we must have S € (0,.5%). Now, taking the derivative of F’

foralli=1...n

no k2 (biet - 1)
F'(S)=>_ 5 >0
i=1 [mi — ki(bie=#< —1)5]
we observe that, for S € (0,5%), F is a positive function, strictly increasing
with infinite limit in S*. Therefore, if F(0) = >i, %% > o there is no posi-
tive solution of F'(S) = « and there is one and only one positive solution when
F(0) =7, 5% < . This gives the claim.

O

2.2.3 Local study, (; =0

In this section and the next one we will study the behavior of the solution near
equilibria. First of all we will study the no delayed case ((; = 0) and making use
of the results when ¢(; = 0 we will proceed to study the more general (and difficult)
case with delays in the following section.

So in this section we will let (; = 0 for ¢ = 1,...,n and we can write system

(2.2.1]) as follows

S'(t) = (a — ikiQi@))S(t) (2.2.7)
() =d

Qi(t) = di — m;Qi(t) — kiQi()S(t) + kibiQi(t)S(t), i=1,...,n.

As shown in Theorem , there exists a unique equilibrium £y when > | % >

a and two equilibria Fy and E,. when > km—d < «. The differential matrix of

@29 is

o — ;L:l szz —]{718 .. —an
B lel(bl — 1) —mq + (bl - 1)]'{315 ce 0
i Qu (b — 1) 0 S A )

The next result states when the bacteria-free equilibrium FEj is locally stable.
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Chapter 2. Models for bacteriophage systems

Proposition 2.2.4. The bacteria-free equilibrium Ey = (0, 7%11, e i—’;) of system

(2.2.7) is asymptotically stable when 1, km‘f > « and unstable when Y1, % <
a.

Proof. The differential matrix of system (2.2.7)) in Ej is

d;
a—yr k— 0 0
d e
l{?lfl(b — 1) —1m 0
Ay = my
d
kn—=(b—1 0 ... —my,
Sp—1) m
Then, the eigenvalues are \g = a — X1, k‘z% and \; = —m; for i = 1,...,n.
Clearly ); is negative for ¢ = 1,...,n. Moreover ) is positive for > " , % < a,

kid

giving the instability of Ep, and Ag is negative for 370, 7% < «, which in turn

implies that £y is asymptotically stable for > 7 ; % > . ]

In particular, the previous result shows the instability of Fy when the coexis-
tence equilibrium exists. The following result states the stability of E,. whenever
it exists, only for n = 1, 2 and 3, that is, considering no more than three different
varieties of phages. Along the proof we will extensively use a well-known criterion
due to Routh-Hurwitz which can be found, for example, in [23]. We reproduce it
here for sake of clarity.

Theorem 2.2.5 (Routh-Hurwitz Criterion). Given an equation with real coeffi-
cients of the form p(\) = apA\" + e\t + ...+ a,_1 A +a, =0, a > 0, consider
the following n x n matrix

aq as as 0
Qo a9 ay 0
0 aq as 0
H =
0 Qg (05} 0
an,

where a; = 0 for j > n. Then all the roots of p(\) have negative real part if and
only if all the principal minors of H are positive, i.e.,
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2.2 Deterministic model. Equilibria and stability.

aq as as ... 0
a apg as ag ... O
Al—a1>0 AQ 3>0, ,An: 0 ai as 01>0
ap Qa2
Qn

Proposition 2.2.6. Whenever the equilibrium E. of system (2.2.7)) exists (that is,
when Y7, %dl > ) it would be asymptotically stable, forn =1, 2 and 3.

Proof. From the equations that define E. we get the equalities o« — 37" | k‘l@l =0
and —m; +k;(b; — 1)5 = —d;/Q);. Using these equalities we get that the differential

matrix of system (2 in E, is

0 kS ... —k,S
A Fi@Qi(by —1) —di/Q1 ... 0

and therefore the characteristic polynomial is

P = (AT (A ) = Sk - QS ST1 (> ey

=1 A

= (~1 ”“[)\H (A + D;) +ZKH A+Dj)],

i=1 J#

where K; := k2(b; — 1)Q;5 and D; := d;/Q;. We note that K; and D; are positive.
We will use the Routh-Hurwitz Criterion to show that all the eigenvalues of the
characteristic polynomial are negative and, therefore, E. is asymptotically stable.

o Letting n = 1 we have
p(A) =AM+ D)+ K =N +DA\+K,

and the associated Routh-Hurwitz matrix is
D 0
i — (1 K) |
The conditions of the Routh-Hurwitz Criterion are
(1) a; = D >0
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(ii). det(H) = DK >0,

which are clearly fulfilled for any values of the parameters. Then, all the eigenval-
ues of the characteristic polynomial are negative.

e Letting n = 2 we have
p(A) = - [A(A + D1)(A + Do) + K1 (A + Do) + K> (\ + Dl)}

=~ — (Dy + Do)N* — (D1 Dy + Ki + Ko)\ — (K1 Da + Ko Dy),

and the associated Routh-Hurwitz matrix is

D; + Dy KDy + KyDq 0
H = 1 DDy + K{ + Ky 0
0 D + D, KDy + KyDq

Lettmg ag = 1, a; = D1 + DQ, a9 = D1D2 + K1 + K2 and as = K1D2 + K2D1 the
conditions of the Routh-Hurwitz Criterion are

(1) a1 =D14+ Dy >0
(11) 109 — Aoy = (Dl + DQ)(DlDQ + K1 + KQ) - (K1D2 + KQDl) >0
(iii). det(H) = (ayas — apag)az >0 .

Clearly a; > 0 for « = 0,...,3. Then, condition |(i)| is satisfied, and condition
would be satisfied if condition is checked, which in turn can be checked as
follows

aijao — Qpag = (D1 -+ DQ)(DlDQ + Kl + KQ) - (KlDQ + K2D1>
= Dl(Dng + Kl) + DQ(Dng + KQ) > 0.

e Letting n = 3 we have

p(A) = XA+ Dy)(A+ D2)(A+ D3) + K1(A+ Do) (A + Ds)
+ Ko(A + D1)(A + Ds3) + K3(A+ D1)(A + Dy)
= A+ (D) + Dy + D3)A* — (D Dy + D1 D3 + Dy D5 + K| + Ky + K3)\?
+ (K1Dy + K1 D3 + KoDy + KyD3 + KDy + K3Do + D1 Dy D3)\
+ (K1DyDs + Ky D1 Dy + K3D1 D).
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2.2 Deterministic model. Equilibria and stability.

Lettlng apgp = 1, ay = Dl + D2 + Dg, a9 = DlDQ + D1D3 + D2D3 + Kl + K2 + Kg,
a3 = K1 Dy + K1 D3 + KoDy + Ko D3 + K3Dy + KDy + DDy D3, ay = K1 Do D3 +
KyD D3 + K3D D, aj = 0, j > 4 the associated Routh-Hurwitz matrix is

ay; das 0 0
ag QA Q4 0
0 a; as 0
0 ap as aa

The conditions of the Routh-Hurwitz Criterion are
(i). ag =Dy + Dy+ D3 >0
(i)
(iii). Az := ajasas — apa3 — alay = (a1as — az)az — alay > 0
(iv)
Again, we have a; > 0 for ¢ = 0,...,4 and obviously condition is satisfied.
Condition would be satisfied if condition is checked. Condition can

be checked as follows

. a1a9 — agas = ai1a9 — az > 0

. det(H) = A3a4 > 0.

ayay — ag = (D1 + Dy + Ds3)(D1 Dy + D1 D3 + Dy D3 + Ky + Ky + K3)
— (K1Dy + K1 D3 + Ky Dy + K9 D3 + K3Dy + K3 Dy + D1 Dy Ds)
= D1(D1Dy + D1D3) + (Dy + D3)(D1 Dy + D1 D3 + Dy Ds)
+ KDy + KyDy + K3D3 > 0,

and now, after some tedious computations, condition is checked to be
(aras — az)asz — aay =
= K1(Ds + D3)(D1(D3 + D + D1Ds) + K1\ Dy + K2 Ds + K3 Ds) + KD} Dj
+ Ko(D1 + D3) ( (D? + D3 4 D1 Dy) + K1 Dy + KoDy + K3D3) + K>,D3Dj
+ K3(D1 + Do) (Ds(D3 + D3 + D1D3) + K1 Dy + Ky Dy + Ky Ds) + K3 D3D3
+ D1DyDs(ayas — a3) > 0,
giving the claim O

This result, and the computations done to demonstrate it, justifies the following
conjecture.

ConJecture 2.2.1. Whenever the equilibrium E. of system (]2 exists (that is,
when Y7, %4 > ) it would be asymptotically stable.

’le
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2.2.4 Local study, general case
Stability for the bacteria-free equilibrium

First of all we shall linearize system (2.2.1) near the equilibrium FE,. Assuming
S(t) =0+ s(t) and Q;(t) = d;/m; + ¢;(t) we obtain

= — Y ki— |s(t
(o= Zom )0
and
%ﬂ—d—m(Q%—UO—k(m+~@%@
qz - (] 1 mZ qZ (] ml q’L
d;
+ kibe 1< (m +qi(t — Ci))s(t —G)
= —mlqz(t) — k,—s(t) + kzbze » ’—s(t — CZ)
my i
fori=1,...,n.

Supposing exponential solutions of the from s(t) = e*s and ¢;(t) = e*g; we
get that

AeMs = (a—Zkidi>e’\ts — (A— <O€_Zki¢)>3 =0

i=1

d; :
Mg = —mgeMq + kiﬁ(bie_(’””c’ — 1)eMs

7

d; .
—— ()\ + ml)ql — kl’f(biei(u+)\)gz — 1)8 = 0,
m

)

so we can write the characteristic equation as follows

A= (o= X ki) 0 - 0
() = —kli—ll(ble*'(uﬂ)ﬁ —1) A _|_. my - () o
—kn%(bne;(wr’\)c" - 1) 0 .. A +' My,
Therefore the eigenvalues of the linearized system near Ey are \g = o —
o1 ki%, A= —mq,...,\, = —m,, and we can state the same result we have

obtained for the non-delayed case.
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2.2 Deterministic model. Equilibria and stability.

Proposition 2.2.7. The bacteria-free equilibrium Ey = (0, fflll : ,i—:) of system

(2.2.7) is asymptotically stable when Y1, % > « and unstable when Y1, % <
a.

Theorem 2.2.8 (Eo stability). Equilibrium Eq = (0, 1%11 ce 7‘2" ) of system (2.2.1))
is stable for Y7 mz > « (moreover, it is an attractor node and therefore asymp-
totically stable) and it 23 unstable (a saddle point with an unstable manifold of
dimension 1) for 31, m; < «a. In particular if there exists the coexistence equi-

librium E, then Ey is unstable.

Bifurcations and stability for the coexistence equilibrium

In this section we try to draw some conclusions about the stability of the co-
existence equilibrium. Note that since we assume the existence of E. then the
equilibrium FEjy is unstable.

Let us proceed as in the previous section. First of all we linearize system
(2.2.1) near the equilibrium E. = (S’, Q... ,Qn) We recall that E. exists if and

only if (Oé — ?:1 kz@z) S =0 and dl — ml@Z - lﬂ@lg + kibie_“Ti@iS' = O, SO we
will assume this two conditions hold along this section. Let S(t) = S+ s(t) and
Qi(t) = Q; + ¢;(t) and we obtain

s'(t) = (a — zn: ki (Qz + ql(t)>> (S + S(t))
ik (Qustt) + Sai(t))

=1
and

q;(t) = di —m; (Qz + Qi(t)) — ki (Qz + Qi(t)) (5’ + S(t))
+ kibje ™1 (Qz + it — Cz)) (S +s(t - Cz))
= —mgi(t) — ki (Qis(t) + Sqi(t)) + kibie " (Qis(t — ) + Sai(t — G))

fori=1,...,n.
Supposing exponential solutions of the from s(t) = e
get that

Ms and ¢;(t) = eMq; we

AeMs = aeMs — N ke (Qis + Sai)
=t . (2.2.8)
— A—a)s=— Zkl(QZs + Sq;)
i=1
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and
Mg = —mgeq; + ki(bie” VG — 1)eM(Qys + Sqp) ,
. (2.2.8)
= (A +mi)q = hi(M)(Qis + Sq;)
fori =1,...,n, where we have introduced the notation hi ()\) ki (e~ NG 1),
If we sum equations ([2.2.87)) multiplied by h o =1 , we see that

En: W = Zn: ki(Qis + Sq;) (2.2.9)

i=1 =1

and we can replace (2.2.9) in (2.2.8)) to obtain

A—a)s= —iW (2.2.10)

=1

On the other hand, from ([2.2.84)) we have

o hi()‘)QiS

and we get from ([2.2.10]) that

& (N +my)Q;

-

'L:l )‘ + ml) hl(/\)g

Finally, using expression (2.2.5) for Q; we have Q; = #Z(O)S* which leads us
to
-2 Kl 4 ) — (2.2.11)
=1 (A +my) — hiy(N)S)(m; — hi(0)S)
and with the notation H;(\, 5’) ‘= X\ +m; — hy(\)S we obtain
" kdiHi (A
—a=-> (*4,0) (2.2.11")

= Hi(\,9)H;i(0,5)

We have obtained a form of the characteristic equation for system (2 . We
note that this is a transcendental equation (we recall that h;(\) contains the term
e*i) which makes its study very difficult. Therefore we shall not look for the zeros
of this equation, i.e., the eigenvalues of the linearized system. Instead, we shall
try to use some previous results to extract some information on the stability (or
instability) of E. through bifurcation theory.

33



2.2 Deterministic model. Equilibria and stability.

A bifurcation occurs when a change made to the parameter values (the bifur-
cation parameters) of a system causes a change in its behavior (like the stabil-
ity of the equilibria). We have already seen a change in the stability of Ej: if

we move the parameter o we can observe a change in the stability of Ejy (When
a< F0)=>", szi— Ey is stable and when a > F(0) Ej it is unstable). So we
know there is a bifurcation for o = F(0) = Y1 k; 4.

This is called a transcritical bifurcation, which occurs when two different equi-
librium curves intersect at the same point. In our case we have the equilibrium
Ey, which is fixed with respect to a, and E, := E.(a) = (S(a), Q1(a), ..., Qu(a))
that intersect when a = F(0). Indeed, recall that in Theorem [2.2.3) we used the
function F(S) defined by (2.2.6) and looked for solutions S of F(S) = a. We
proved that there exists a unique solution S such that Q; > 0,i=1,...,n, if and
only if @ > F(0). It is also easy to see that when ov = F(0) we have S = 0 and
E. = Ey. Moreover, when a@ < F(0) there exists a unique solution S of equation
F(S) = a such that Q:>0,i=1,...,n, and this solution S is negative. There-
fore we have an equilibrium E.(a) for all @ > 0, which coincides with E, when
a=F(0)=>" ki

Now that we have 1dent1ﬁed the bifurcation we can extract some conclusions.
We know that the equilibrium Fj changes its stability for « = F'(0). We can use
a well known result, that can be found, for example, in [30] pages 26-27, which
tells us that, locally, the two equilibria involved in the transcritical bifurcation
interchange their stability, leading us to the following result.

Proposition 2.2.9. There exists an € > 0 such that the coexistence equilibrium
E. of system (2.2.1)) is stable for a € (7 ki 2, 30 k4 +¢).

Remark. We can also conclude that F, is unstable when
€ (; s €1 ; mi)

for some £, > 0, but we are not interested in this case because E. has not biological
meaning.

Another kind of bifurcation we can expect to find is the Hopf bifurcation, which
happens when a fixed point loses its stability when a pair of complex conjugate
eigenvalues of the characteristic equation cross the imaginary axis. It usually
leads to the appearance of a small-amplitude limit cycle. This type of bifurcation
is commonly found in delayed systems when increasing the delay time.

Taking n = 2, some numerical computations show that, for some suitable
parameter values, the equilibrium FE, loses its stability when the value of the delays
(1, (o increase, as the pair of complex eigenvalues of the characteristic equation
(2.2.11') cross the imaginary axis.
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These numerical results seem to indicate that we certainly have a Hopf bifur-
cation, but a more theoretical study should be conducted to have a certain proof.

2.2.5 Particular case: a single virus strain

In this section we will continue the study of the same model, but taking n = 1,
i.e., a single strain of viruses. This case is easier to study because we can find
the explicit form of the equilibrium of coexistence E.. This allows us to get more
detailed results than in the general case. We begin, however, by re-stating the
results already obtained.

Model and equilibria

In this section we rewrite the system for n = 1 and find the equilibria.
Although we will not reproduce the results of sections [2.2.1] and [2.2.3] they are still
valid in this case.

The system we will study is

{ S'(t) = (a = kQ() S(2) (2.2.12)
Qt)=d

—mQ(t) — kQ(t)S(t) + kbe " Q(t — ()S(t — ()
where S(t) is the density of healthy bacteria at time ¢t and Q(t) the density of
bacteriophages at time t.
We recall that when studying equilibria of system ([2.2.1)) we considered equa-

tions (2.2.3). The equivalent of these equations for the case with a single virus
strain is

{ 0=la= k)5 (2.2.13)

0=d—Q(m— k(be ™ —1)S).
As in the general case, we see that the bacteria-free equilibrium Ey = (0,m/d)

exists for all the parameter values, and the conditions of a possible coexistence
equilibrium E. = (5, Q) are

0= (o~ Q)
0=d-Q(m— k(be ™ —1)S),

which can be solved and we obtain Q = a/k and S = k(g%f/_al). We observe that

Q > 0and S > 0 if and only if o > kd (which makes the numerator of S positive).
Thus, as expected, we obtain the same result as in the general case (Theorem
2.2.3)), but now we can explicitly write the equilibrium E.,.
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2.2 Deterministic model. Equilibria and stability.

Theorem 2.2.10 (Equilibria). For %d > « the model (2.2.12)) has a unique equilib-
rium Ey = (0, %) When % < « there exists two equilibria, Fy and the coexistence

equilibrium E, = (5,Q) = (Jbl%ﬁ/_"‘l)’ %)

Asymptotic behavior of the solutions for the case without delay

In what follows we show some results concerning the boundedness of the solutions
of system (2.2.12)) assuming latency time ( negligible, i.e., we will consider the
following system

{ S'(t) = (a = kQ(1))S(t) (2.2.14)

Q'(t) = d—mQ(t) + k(b - 1)Q(t)S(t)

These results tell us that there are no solutions that ‘escape’ to infinity, or in
biological terms that the administration of phages controls the population of bac-
teria (it does not allow their population to increase indefinitely as it would happen
without phages). First of all we will study the case where there exists the coexis-
tence equilibrium and finally we will obtain a result in the case where there is no
coexistence equilibrium. This last result tells us that the bacteria-free equilibrium
is a global attractor, i.e., the population of bacteria will eventually extinguish.

Remark. Equations (2.2.14) define a vector field on RT x R*. We will denote
the vector associated to a point (S,Q) by (5',Q’), where S" = (a — kQ)S and
Q =d—mQ+k(b—1)QS

Theorem 2.2.11 (Boundedness). Let ( = 0 and suppose that % < a, i.e., there
exists the coexistence equilibrium E. for system (2.2.14)). Then, given any initial
condition (So, Qo) such that Sp > 0 and Qo > 0, the solution of system (2.2.14)) is
bounded.

Proof. First of all we recall that, under the previous conditions, there exist two
equilibria, say the bacteria-free equilibrium Ey = (0, Q) with Q. = d/m and the
coexistence equilibrium E. = (S., Q.) where S, = %_‘i{;" and Q. = a/k. We can
observe that (). > @, due to the condition of existence of E.,.

Since S’ = 0 over the axis {S = 0,Q > 0} we know that it is invariant.
Moreover, for an initial condition (0, Q) with Qo > d/m we have @)’ < 0 and if
Qo < d/m then @' > 0. Therefore every solution that starts on this axis will get
closer to the bacteria-free equilibrium as we increase time, giving its boundedness.

Let us now look for the vertical and horizontal isoclines.
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(07

0=(0-kQ)S = Q=1 (2.2.15)
0= (d—Q(m—k(b—1)S) = Q:m_k{é_l)s, (2.2.16)
-~ 5= ”Z(b_il/l? (2.2.17)

e’ —>———>—b—>—>—>—b>—>—D>—B—b> > —>—b—b
BB D> —>—b
B e e S

bbb —— —> —b—B— b ——>—b

T b —>—B ——b —B —P—b —D > ——>—b
s .

Sc Sa
S

Figure 2.1: Field and isoclines

We observe that the coexistence equilibrium is the intersection of the two iso-

clines and that have a vertical asymptote when S, = =) (which is
greater than S.). Moreover when S > S, we have ) < 0 and therefore we will
only study equations (2.2.16) and (2.2.17) when S < S,.

The isoclines divide the first quadrant into four sectors and we will label them
as follows: A will be the region delimited by the two isoclines and the axis S = 0,
with @ > «a/k; B will be the region that is also delimited by the two isoclines
and the axis S = 0, but with @ < a/k; C will be the region delimited by the two
isoclines and both axes; and D will be the region that delimits only with the two
isoclines.
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2.2 Deterministic model. Equilibria and stability.

Now we will observe the direction of the field. Since S > 0, the sign of S only
depends on o — kQ. Hence S’ will be negative when @ > «/k and positive when
0 <@ < a/k. On the other hand, for 0 < S < S, we have

d
@ TR =S
which gives @' < 0 and when S > S, (and @ > 0) we have @)’ > 0.

Therefore the solutions of our system cannot go to infinity on region A. Indeed,
A is only unbounded from above and ()’ is negative on A. B is bounded and the
solutions must also remain bounded on this region.

Let us now focus on proving that solutions cannot go to infinity on region C'.
This region is only unbounded from the right, and we will prove that any solution
in C' will not ‘escape’ to the right.

Let F(S,Q) be defined by F(S,Q) = @'/S’, which describes the slope of the
field at (S, Q). Note that F'(S,Q) > 0 for every point in C. Moreover, along the
axis {Q = 0,5 > 0} we have Q' > 0 and F(S,Q) = a%'

We take a point (S*,Q*) € C. Consider the point (S*,0) and the straight line
containing this point and slope Q'/S’ = -4, which comes defined by r* : Q =

~4_(S — S*). We will show that a solutiogscontaining the point (S*, @Q*) cannot
cross the straight line r*, thus proving there is no solution that can escape to
infinity on region C.

To this end it is enough to show that the vector field does not cross r* ‘to
the right’, which is equivalent to see that F(S,Q) > -4 along 7*. Since Q =

aS*
~4_(S — S5*) over r* we get

d—(m—k(b—1)S) % (S~ 5)

aS*

(0= ks%(S = 57)S

aS*

F(S) == F(S,Q)|ger = (2.2.18)

So we want to prove that F'(S) > af‘é* for those S such that r* is in the region

C. Without loss of generality we can suppose S* to be large enough, so we can

take S* > S, in order to ensure that r* does not cross the isocline defined by

(2.2.16). Therefore we will show that F(S) > a%é* for those values of S between

S* and the point where r* intersects the isocline @ = a/k, i.e., S; := S* + O‘ig*.
From we observe that F(S) > ~%- is equivalent to

d(S = 8) (—a—m+ k(b —1)S + 245)
a8*S (o = k% (S — S%))

> 0.

S*
Since S > S* > 0, the sign of this division only depends on the sign of the

expressions —a —m + k(b — 1)S + g‘és and o — kaiS*(S — §*) for S* < § < S
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The second expression vanishes for S = 5; and it is decreasing on S, therefore
it is positive for S* < S < S5;. On the other hand, we notice that the first

. . . . . . = 2 Q* * .
expression is increasing on S and it vanishes when S = S := M%. Taking

S*>S.+ ﬁ we have S < S* and the positiveness of the first expression holds,
proving the boundedness of solution on region C'.

It only remains to prove the boundedness of the solution on region D. First of
all notice that the vector field defined by (S’, Q') crosses the vertical line {S = S}
to the left for any S > S,, since S’ < 0 and Q" > 0 on D. Hence there is no
solution that ‘escapes’ to the right on region D.

To prove that the solutions are bounded from above on region D we take a
point (S’, @) over the vertical line S = S such that Q > Q, = a/k. We recall that
S’ < 0and @ > 0 on this point. Let us now consider the straight line 7 that
contains this point and has slope F(S, Q)

We will proceed as before, proving that the vector field does not cross 7 up-
wards. In other words, we will see that |F(S, Q)| < |F(S, Q)| for any point (S, Q)
in 7. To this end it is enough to see that |F'(S, Q)| is decreasing on ) and increasing
on S or, since |F(S,Q)| = —F(S,Q), that g—g > 0 and g—g < 0 where

OF  —(m—k(b—1)S)(a—kQ)S+ kS(d— (m — k(b —1)5)Q)

aQ 20— kQ)?
 kSd— (m — k(b—1)S)as
B S?2(a — kQ)? ’
OF _ k(b—1)Q(a — kQ)S — (o — kQ)(d — (m — k(b — 1)5)Q)
S S2(a — kQ)?
_ —(a—kQ)(d—mQ)
S2(a—kQ»?

Since @ > «/k on D, and hence Q > d/m, we have that ‘g—g < 0. It is also easy
to see that g—g > 0 for any S > S, condition which is fulfilled on D. And with
this the prove is complete. O

Theorem 2.2.12. Let the coexistence equilibrium E. exist. Then there exists a
bounded region which is positively invariant and global attractor.

Proof. Let U be the unstable manifold of the bacteria free equilibrium E,. With
the notation used on the previous result, starting from Ey we know that U will
go through region C. Then it will cross the isocline {Q = «/k} and continue on
region D until it crosses the other isocline.

Let E* = (S*,Q*) be this last point where U intersects the isocline defined
by and consider the closed region R, which comes delimited by the axis
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{S = 0}, the straight line {Q = Q*} and the piece of U we just described, that
goes from FEjy to E*. It is clear that this region is positively invariant. Moreover,
like we proved on the previous result, all the solutions will get in region A at some
time, and once on this region they must get inside region R. [

Theorem 2.2.13 (Extinction). Let % > «, i.e., there only exists the bacteria free
equilibrium Eq of system (2.2.14). Then, given any initial condition (Sy, Qo) such
that Sy > 0 and Qy > 0, the solution of system (2.2.14) tends to Ej.

Proof. First of all notice that, as in Theorem [2.2.11] we have two isoclines defined

by (2.2.15) and (2.2.16)). Though in this case, since a/k < d/m, these two isoclines

does not intersect in the first quadrant (otherwise the coexistence equilibrium
would exist).

/ oy e a—a—a—a— — S ——
f o et
/ o e a—a—<a—<a— e —
/ o e a—a—a— ———————————
f a et tf
Y o aa—

P e s  a  hanh i il SN S S S

/4/4—‘ Q—Q—Q\Q\G\G\G\G\G\Kv\‘;\kkv\

N D D D D D D D

e
S

RORGRGR R RR R R R R R R R
P A AR ARARRRARRRN
FIPPFIPP PP P T
A

AAAAAARAAAT AT

Sa

Figure 2.2: Field and isoclines

Therefore the situation on this case is slightly different since the first quadrant
is divided into three regions only, namely: region A which is delimited by the
isocline defined by and the {S = 0} axis; region B that limits with the
isocline {@Q = a/k} and both axes; and region C, delimited by the two isoclines
and the {S = 0} axis (when ¢ = « the two isoclines are enough to determine
region C).
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Chapter 2. Models for bacteriophage systems

It is easy to see that the direction of the field on regions A, B and C' is the
same than the direction on regions A, C' and D of theorem [2.2.11] respectively
(see Figure [2.2.5)).

Hence solution cannot escape to infinity on region A. Proceeding as we did for
regions C' and D in Theorem [2.2.11]it can be seen that solutions are also bounded
on regions B and C' respectively.

Moreover, we can observe that solutions will eventually get in region A. Indeed,
solutions on region B, since they cannot escape to infinity nor cross the axes, and
there is no fixed point on B, must then go to region C; similarly, solutions on C'
must go to region A since they cannot go to region B. Once they are on region A,
solutions must remain on this region. Moreover, since there no interior equilibrium
on A and Q" < 0, then all the solutions must tend to the Ej equilibrium.

O
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2.3 Stochastic model

2.3 Stochastic model

2.3.1 Introduction

In this section, we will proceed to analyze a system modeling bacteriophage treat-
ments for infections in a noisy context. In the small noise regime, we show that
after a reasonable amount of time the system is close to a bacteria free equilibrium
(which is a relevant biologic information) with high probability. Mathematically
speaking, our study hinges on concentration techniques for delayed stochastic dif-
ferential equations.

First of all, we consider a truncated identity function o : R, — R, such that
o €C®, o(x) =z whenever 0 <z < M and o(x) = M +1 for x > M + 1, and we
modify our basic model as follows

{ dS(t) = [a = ka(Q(#))] S(t)dt

dQ(t) = [d = mQ(t) — ko (Q(£)S(t) + kbe " a(Q(t — ¢)S(t — ¢)] dt.

(2.3.1)
Here all the parameters have the same meaning they had in (2.1.1)), say, S(¢) (resp.
Q(t)) denotes the non-infected bacteria (resp. bacteriophages) concentration at
time ¢, « is the reproducing rate of the bacteria and k is the adsorption rate. Also,
d stands for the quantity of bacteriophages inoculated per unit of time, m is their
death rate, we denote by b the burst size, ¢ the latency time and the coefficient e 7#¢
represents an attenuation in the release of bacteriophages (given by the expected
number of bacteria cell’s deaths during the latency time, where p is the bacteria’s
death rate). A given initial condition {Sy(7), Qo(7); —¢ < 7 < 0} is also specified.

We have considered here the truncation of the identity ¢ in order to manipulate
bounded coefficients in our equations, but our parameter M can also be interpreted
as a maximal phage attack rate. This feature is also present in [46], where the
author argues that the saturation in the phage attack rate is due to multiple phage
binding to a cell (the likelihood of this event being higher in case of high density
of phages).

Let us point out that these changes with respect to the basic deterministic
model induce some additional mathematical difficulties, which are handled
in Section [2.3.2l The results, though, are very similar to those of the previous
section. Indeed, given a large enough M we shall see that when kd/m > « there
exists a unique stable steady state Ey = (0,d/m) of system (2.3.1) (in particular
bacteria have been eradicated), and when kd/m < « the point FEjy is still an
equilibrium but it becomes unstable, while another coexistence equilibrium FE,. =

(3> %) emerges.
In Section we will conduct a short study on the existence and stability

of the equilibrium Ej for any given M > 0, but we will not give any result on
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the other equilibrium E. since we only study results concerning the bacteria-free
equilibrium Ej along this section. The case of a unique stable equilibrium Ejy makes
the mathematical analysis easier and it corresponds to the main practical situation
we have in mind, where high doses of phages are usually introduced in the cattle
food. One should also mention a natural generalization of our problem, studied in
the previous section for the model : Consider the action of several varieties
of bacteriophages, which is an option widely considered among practitioners. We
have restricted our analysis here to a simplified situation, and the case with n
strains of bacteriophages is left for future works.

We are also interested in the exponential convergence of the solution of
towards its equilibrium FEjy, which has to be worked out carefully.

This being recalled for the deterministic system, the main aim of this section
is to deal with a noisy version of equation (2.3.1). This stochastic modeling can
be justified by several effects:

(a) 1t is perfectly assumable that noise will appear when collecting data from lab-
oratory tests.

(b) When one wishes to go from in vitro to in vivo modeling, it is commonly
accepted that noisy versions of the differential systems at stake have to be consid-
ered. Indeed, random fluctuations in parameters like temperature or exposure to
sun, rain and other environmental elements yield an important variability in the
coefficients of our system. These fluctuations can be accurately summarized by a
noisy random coefficient.

(c) Some quantities which were assumed to be deterministic in (2.3.1]) are in fact
random, such as the latency time (¢ (see e.g. [I1], 42] for contributions in this di-
rection) and the number of phages b which are released from the lytic mechanism.

These random effects are present in other biological systems, and stochastic
equations have been introduced for example in [19] for HIV dynamics and in [17]
for bacteriophages in marine organisms. In these references it is always assumed
that the noise enters in a bilinear way, which is quite natural in this situation and
ensures positivity of the solution. We shall take up this strategy here, and consider
system ([2.3.1) with a small random perturbation of the form

dSe(t) = [a — ka(Q°(1))] SE(t)dt + ea(S°(t)) o AW (2)
AQ7(1) = [d — mQF(t) — ko(Q7 (1) S°(t) + kbe " a(Q*(t — O))S*(t — )] dt
+eo(QF(t) o dWA(1),
(2.3.2)
where ¢ is a small positive coefficient and W = (W' W?) is a 2-dimensional
Brownian motion defined on a complete probability space (€2, F, P) equipped with

the natural filtration (F;):>o associated to the Wiener process W. Let us add the
following remarks in order to further justify our model ([2.3.2)).
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(i) Instead of giving a detailed model for all the random effects recalled above,
we have decided to summarize them in a global stochastic term represented by
the Wiener process W. This is obviously a first approximation, where one as-
sumes that a sum of many small effects gives raise to a Gaussian random variable
(as suggested by the central limit theorem). Let us mention however that more
complex situations, were quantities like b are modeled e.g. by Ornstein-Uhlenbeck
processes, might be the object of future extensions of the current work.

More specifically, let us examine the dynamics of S. According to the fact
that this process can be expressed as an exponential, it is reasonable to think that
its relative increments (namely dS(t)/S(t)) are governed by a trend o — ko (Q(t))
plus a small Gaussian perturbation ¢ dW (t). We shall thus assume this additive
noise perturbation for the relative increment dS(t)/S(t), which yields the first
equation in (2.3.2). The second relation of our system (2.3.2)) can be obtained
thanks to the same kind of hypothesis. Let us recall at this point that similar
interpretations of random effects by an analysis of the relative increments are
implicit in [I7, 19]. Furthermore, it should also be mentioned that the curves
t — log(S(t)) and t — log(Q(t)) based on real measurements are compatible
with a stochastic model in which the noise enters in an additive way. We thus
believe that our bilinear noisy model is a natural one, though the exploration of
alternative stochastic modeling strategies as explained in [I], 2] 3] would obviously
be extremely interesting. We defer these developments to a subsequent works.

(ii) We have chosen to work with Stratonovich differentials, denoted by odW,
instead of It0 type differentials. This is harmless in terms of mathematical analysis
and we believe this model to be physically accurate, in spite of the fact that it
differs from the It6 type modeling of [I7, [19]. Indeed, our starting point here is
the macroscopic system of equations , in which the internal noise due to
individual phage and bacteria fluctuations has already been averaged. Then all
the randomness sources alluded to at points (a)-(b)-(c) above can be considered as
external contributions. We refer to [51, Chapter 5] for a thorough justification of
the fact that Stratonovich type noises are applicable in this kind of situation. Let
us also stress the fact that Stratonovich equations can be seen as limits of smooth
noisy equations, according to the celebrated Wong-Zakai theorem [53].

With these considerations in mind, the main aim of the current section can be
summarized as follows: we wish to prove that for a time 75 within a reasonable
range, the coupleZ¢(my) = (5%(70), @°(7)) is not too far away from the stable
equilibrium Ej of equation . Note that reasonable range is meant here as a
time which corresponds to the order of both the latency delay and the time when
the immune system of the animal can cope with the remaining bacteria.

As we shall see in the sequel, the treatment of equation ([2.3.2) involves the
introduction of some rather technical assumptions on our coefficients. For sake
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of readability, we have thus decided to handle first the following system without
delay:

{ dSe(t) = [ — ka(Q°(t))] S°(t)dt + ea(S°(t)) o AW (1)
dQ°(t) = [d = m@Q°(t) + k(b — 1)o(Q°(1))S* ()] dt + ea(Q7(t)) o AW?(1),
(2.3.3)
where we notice that the only difference between ([2.3.2)) and ([2.3.3)) is that we
have set ( = 0 in the latter.
The main advantage of equation ([2.3.3)) lies in the fact that we are able to work
under the following rather simple set of assumptions:

Hypothesis 2.3.1. We will suppose that the coefficients of equation satisfy:
(i) The initial condition (Sp, Qo) of the system lies into the region

mM —d

o= [O’ Fb— DM

] x [d/m, M].

(ii) The coefficient v = kd/m — « is strictly positive and M > d/m.
We shall also use extensively the following notation:

Notation 2.3.2. The letters c, cy, co, . .. will stand for universal constants, whose
exact value is irrelevant. For a continuous function f, we set

| fll oo,z :ilér;lf(:v)!-

Then the previous loose considerations about convergence to Ey can be sum-
marized in the following theorem, which is the main result of this section for our
bacteriophage system without delay.

Theorem 2.3.3. Given positive initial conditions, equation admits a
unique solution which is almost surely an element of C(Ry,R3). Assume further-
more Hypothesz’s setn = m/2A\v and consider 3 constants 1 < k; < Ky < Kg.
Then there exists pg such that for any p < po and any interval of time of the form

I = [k11n(c/p)/n, ke In(c/p)/n], we have

. c1p?
P (||Z° — Eol|loos > 2p) < exp | — =) (2.3.4)

where X is a constant satisfying A > k3 /n.
Remark 2.3.4. Relation (2.3.4)) can be interpreted in the following manner: assume
that we observe a noise with intensity €. Then the kind of deviation we might

expect from the noisy system ([2.3.3) with respect to the equilibrium FEj is of order
e?? with ¥ = 2n/k3. This range of deviation happens at a time scale of order

In(p~")/n.
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A second part of our analysis is then devoted to the more realistic delayed
system ([2.3.2)), for which we have to impose some additional technical assumptions.

Hypothesis 2.3.5. We will suppose that the coefficients of equation satisfy
the following conditions, valid for any t € [—(,0]:
(i) The initial condition (So(t), Qo(t)) of the system lies into the region

Ry := [0, M] x [Z,Ml .

(ii) We have be Qo (t)So(t) > £55(0), and be™+¢ > 1.

iii) The condition Sy(t) < 2M=9_ s satisfied.
kbe—HCM

With these hypotheses in hand, we obtain a result which is analogous to The-

orem [2.3.3l

Theorem 2.3.6. Equation (2.3.4) still holds for the delayed system (2.3.2)), under
Hypothesis |2.5.5]

Theorem [2.3.6| can be seen as the main result of the current section, and de-
serves some additional comments:
(1) We have produced a concentration type result instead of a large deviation
principle for equation , because it seemed more adapted to our biological
context. Indeed, in the current situation one wishes to know how far we might be
from the desired equilibrium at a given fixed time, instead of producing asymptotic
results as in the large deviation theory. At a technical level however, we rely on
large deviation type tools, and in particular on an extensive use of exponential
inequalities for martingales.
(2) Let us compare our result with [17,19], which deal with closely related systems.
The interesting article [I7] is concerned with a predator-prey system similar to
ours, but it assumes that a linearization procedure around equilibrium in the highly
nonlinear situation can be performed. The analysis relies then heavily on
this unjustified step. As far as [19] is concerned, it roughly shows that if the noise
intensity of the system is high enough, then HIV epidemics can be kept under
control (in terms of exponential stability). This is valuable information, but far
away from our point of view which assumes a low intensity for the noise. We
should mention again the related thorough deterministic studies [42], 24], [32] [46],
as well as the enlightening alternative stochastic modeling [I}, 2, [3].
(3) Mathematically speaking, it would certainly be interesting to play with the rich
picture produced by equation and its perturbed version in terms of stable
and unstable equilibria. We have not delved deeper into this direction because it
did not seem directly relevant to the biological problem we are starting from.
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This section is structured as follows: Section is devoted to some prelim-
inary considerations (convergence to equilibrium for the deterministic equations,
and then existence and uniqueness results for our stochastic systems). Then we
show our concentration results in Section [2.3.3] Finally, our theoretical results are
illustrated by some numerical simulations presented in Section

2.3.2 Preliminaries

In this section, we give some basic results concerning our competition system. This
is done in increasing order for the complexity of the system under consideration.

1. Exponential convergence to equilibrium for the deterministic counterpart of
the non delayed equation ({2.3.3]).

2. Same problem for the deterministic counterpart of the delayed equation
(12.3.2).

3. Existence and uniqueness of the solution of the perturbed system ([2.3.2)),
starting from the simpler system ([2.3.3)).

Before going on with our preliminary considerations, let us label the following set
of hypothesis on our coefficient o as well as the initial conditions.

Hypothesis 2.3.7. The coefficients of our differential systems satisfy the following
assumptions.

(i) The function o : Ry — Ry is such that o € C*, and satisfies o(x) = x for
0<z<Mando(z)=M+1 forx > M+1. We also assume that 0 < o’'(z) < C
for all x € Ry, with a constant C' such that C' > 1.

(ii) As far as the initial condition is concerned, we assume that it is given as
continuous positive functions {So(7),Qo(7); —¢ < 7 < 0}. In case of the non
delayed systems, ¢ = 0, it is simply given by two positive constants (So, Qo).

Analysis of the deterministic non delayed system

This section is devoted to the analysis of the non perturbed system corresponding
to (2.3.3). Namely, we shall consider the following dynamical system

{ dS(t) = [ — ko (Q(t))] S(t)dt
dQ(t) = [d —mQ(t) + k(b — 1)o(Q(£))S(t)] dt.
We will give some sufficient conditions for the existence of a unique stable equilib-

rium FEj and then show exponential convergence to this equilibrium.
Let us start with the basic results we shall need about equilibria of ([2.3.5)).

(2.3.5)
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Theorem 2.3.8. If either M +1 < ¢ or M > 2 and 2 > «, system (2.3.5) has a
unique (positive) steady state Ey = (0, %) Moreover, the bacteria-free equilibrium
Eq is asymptotically stable for % >« and M > %.
Proof. To obtain the equilibria, we have to find the solution to the following equa-
tion o
0= (a—ko(Q))S
0=d—mQ+k(b—1)0(Q)S,
where S , Q are positive constants. A X A
Owing to the first equation we have either S =0 or a — ko(Q) = 0. S =0 and

the second equation imply that Q = %, and then we have that the bacteria-free
equilibrium Fj exists for any value of the parameters. In the case M + 1 < ¢ one

(2.3.6)

can observe that no other equilibrium exists (since a — ko (Q) > 0 for any Q).

Taking M > ¢, a — ko(Q) = 0 if and only if @ = ¢. Then, using the second
equation in ([2.3.6]), we have

mo — kd

a . .
=d—m— —1 _ e m M
0=d me +b-1asS = S kb= Do’

which is positive only for a > %d. Otherwise, this last equation gives us another
equilibrium that we shall not consider along the stochastic case. So we have proved
the first part of the result.
For the second part, the Jacobian matrix of system (2.3.5)) at Ej is
R ka(%) 0
O k(b -Do(L) —m)”
The eigenvalues of this matrix are easily shown to be A\g = a—ko () and A\; = —m,

which are negative for 2 > o and M > <.
m m D

Now we wish to study the rate of convergence towards the Ej equilibrium in
the stable case (i.e., when kd/m > a and M > £). The main result we obtain is
the following one.

Theorem 2.3.9. Under Hypothesis|2.3.1| and|2.3.", the solution of system (2.3.5))

with initial condition

mM —d
Y 0, ——m—— d/m, M
(5.0 € [0 | < g
exponentially converges to the equilibrium Ey,
(S(1). QW) = Bo| S ce™, with n=yA, (2.3.7)
where we recall that v = % —a>0.

48



Chapter 2. Models for bacteriophage systems

Proof. In order to prove our claim, we first have to show that the region R :=
[0, k?z]‘_ﬂ_)]‘f/[] x [, M] C [0, M]? is left invariant by equation (2.3.5]). Towards this
aim, we can invoke the same method we will use in Proposition [2.3.10, and we let
the reader check the details.

Now, since we have Q(t) < M for all t, we can consider o(z) = = in equation
. We will consider a version of this system centered at Ey by means of the

change of variables S =5, Q = Q — d/m. This leads to the system

S'(t) = —yS(t) — kQ(1)S(1)
-, N kd _ . (2.3.8)
Q'(t) = —mQ(t) + (b= 1)S(t) + k(b — DQ()S(t).

Notice that, according to our set of assumptions concerning the initial conditions,
we have SO > (0 and Qo > (. Thus the solution to will remain positive for
all ¢ > 0 (it can be deduced from R being invariant, or can be proved just like in
Proposition .

Now, from the first equation in , we have that S'(t) < —yS(t). This
implies S(t) < Spe ", proving that S(t) exponentially converges to zero.

Owing to the second equation in and using positivity properties of the
solution, we also get

Q0 < =m0+ o - DS (4 4.Q00).

Finally, the variation of constants method will lead to the stated result, follow-
ing the same steps we will detail later in the proof of Theorem [2.3.12] [

Analysis of the deterministic delayed system

We now try to generalize the results of the previous section to our deterministic
delayed system (2.3.1). To this aim, recall that we work under the additional
assumptions [2.3.5

A first step towards exponential stability is then the invariance of a certain
region under our dynamical system.

Proposition 2.3.10. Under Hypothesis|2.3.1], |12.5.7 and |2.5.5, the region

mM —d d
R = [O’kbe—MCM] X [m,M

c [0, M]?

is left invariant by equation (2.3.1)).
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Proof. We separate the analysis of S and @ in two steps.
Step 1: boundedness of S. Since S is obviously positive (along the same lines as

for equation (2.3.11))) and owing to the fact that S'(t) = (a — ko (Q(t))) S(t) we
obtain that

S'(t) < 0 whenever Q(t) > and S'(t) > 0 whenever Q(t) <

a
k Y
Furthermore, our system starts from an initial condition Qo(0) > % > 2. Thus S
is non increasing as long as () remains in the interval [%, 00).

Let us now observe what happens in the limiting case (Qo(0) %. Recalling
that our initial conditions are denoted by Sy(t), Qo(t) for t € [—(, 0], we have

Q(0) = ~-55(0) + Kbe o (@~ ) So(~0)

— k(b Q=080 ~ £,0)) >0,

where we have used the fact that be "*Qo(—()So(—¢) > £54(0). According to
this inequality, we obtain the existence of a strictly positive € such that Q(t) > %
for all ¢ € (0,¢). We thus introduce the quantity ¢ty = inf{t > 0: Q(t) = £}, and
notice that we have

Q'(t0) =~k % 8(t0) + Kb o @ty — ©)S(ty ).
Now we can distinguish two cases.
1. If tg > ¢, since S(t) is non-increasing in [0, to], S(to — ¢) > S(to) and hence
Q) > k(e (1 a(Qa — 0) = £ ) >0
due to the fact that be #¢ > 1, M > 4 and Q(ty — ¢) > L.

2. If ty < ¢, since S(to) < Sp(0) we obtain
Q'(to) = —k;iSo(O) + kbe o (Qo(to — €))So(to — ¢)
= k(0 Qulta - OSilta - O~ 50)) >0,
where we have used the fact that be Qg (t)Sy(t) > £ S4(0) for all ¢ € [—¢, 0].
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This discussion allows to conclude that ¢ty cannot be a finite time. Indeed, we
should have @’'(ty) > 0 and hence @ increasing in a neighborhood of ty, while @
should be decreasing in a neighborhood of t; according to its very definition. We
have thus reached the following partial conclusion,

d
Q(t) > —, t~— S(t) decreasing, S(t) > 0.
m
In particular, any interval of the form [0, L] for L > 0 is left invariant by ¢ +— S;.
Step 2: boundedness of ). Our claim is now reduced to prove that for
(So(t), Qo(t)) € R we have Q(t) < M for all ¢t > 0.
To this aim notice that, whenever Qy(0) = M we have

Q'(0) = d—mM —kMSy(0) + kbe " o(Qo(—¢))So(—()
< d—mM + kbe " MSy(—¢) <0,

where we recall that Sy(—() < kzz%z% according to Hypothesis . This yields

the existence of £ > 0 such that Q(t) < M for all ¢t € (0, ¢).
We now define t; =inf {¢t > 0: Q(t) = M}. It is readily checked that

Q(t1) = d—mM —kMS(t;) + kbe "o (Q(t: — ())S(t1 — C)
= d—mM — EMS(t;) + kbe " Q(t; — )S(t; — ()
< d—mM + kbe " MS(t; — ¢),

and we can distinguish again two cases.

1. If t; > (, thanks to the fact that ¢ — S(t) is non-increasing on [0, 1], we
have

Q'(t1) < d—mM + kbe " MS,(0) < 0,

mM—d

since we have assumed that Sy(0) < =57

2. If t; < ( then
Q'(t1) <d—mM + kbe " MSy(t1 — ¢) <0,

thanks to the fact that So(t) < 2L for all ¢ € [—(, 0].

As for the discussion of the previous step, this allows us to conclude that ¢; cannot
be a finite time, due to the contradiction @'(t1) < 0 and Q(t) < Q(t;) for all
t € (0,t1). We have thus shown Q(t) < M for all ¢ > 0, which finishes the

proof. [
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2.3 Stochastic model

Remark 2.3.11. Before stating the exponential convergence to the bacteria-free
equilibrium result, let us observe that Theorem [2.3.8]still holds true for the delayed
system (2.3.1). This can be easily checked, following the procedure as for the non-
delayed system.

We are now ready to state our result on exponential convergence of the delayed
system.

Theorem 2.3.12. Assume Hypothesis|2.5.1),12.53.%, and|2.3.5 are satisfied, and let
R be the region defined at Proposition|2.53.10} Then the solution of system (2.3.1))

with initial condition (So, Qo) € R exponentially converges to the equilibrium Ey,

(S(£), Q) — Eo| < ce™™, with n=yA,

: (2.3.9)

J

where we recall that v = ¢ — a > 0.

Proof. According to Proposition [2.3.10, we have Q(t) < M for all —C <t< oo
under our standing assumptions. Hence one can recast equation (2 as

{d5<t>=<a—kc2< ) S(t)dt
dQ(t) = (d — mQ(t) — kQ(t)S(t) + kbe " Q(t — ()S(t — ¢)) dt

d

Let us perform now the change of variables Q = Q — <. This transforms the

previous system into

Equivalently, our new system is

ds(t) = - (75( +EQ()S(t)) dt
dQ(t) = (—mQ(t) = kE£S(t) = kQ(£)S(t) + kbe S (t — ()
+hbe 5 Q(t — ¢)S(t — ¢)) dt.

Observe now that Proposition asserts that Q(t) > % for all t > 0,
which means that Q(t) > 0. With our change of variables, we have also shifted
our equilibrium to the point (0,0). We now wish to prove that S(t) and Q(t)
exponentially converge to 0.

The bound on S(t) is easily obtained, just note that

dS(t) < —S(t) dt,
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Chapter 2. Models for bacteriophage systems

which yields S(t) < Sp(0) e~ . As far as Q(t) is concerned, one gets the bound

dgf) < —m@(t) + kibe*uﬁso(o) e 1t=0) 4 kbe’“CQ(t — ()S0(0) o 1(t=0)
m
< —mQ(t) + kbe < Sy(0) 0 ( oyl )
m m

= —mQ(t) +ce M,

with ¢ = kbMSy(0) e"~"¢ and where we have used the fact that Q(t) < M
uniformly in ¢.

Invoking now the variation of constant method, it is readily checked that equa-
tion #(t) = —ma(t) + ce™* with initial condition zo = Q(0) can be explicitly
solved as

T — et ~0 ¢ e(m=7t _
(0 (Gutor+ 5 )

C C

= <Qo(0) - m—’y) e+ m—

By comparison, this entails the inequality Q(t) < ¢; e, where ¢; = max(Q(0) —
- ) and n = m A ~y. Our proof is now finished.

m—y’ m—y

e M,

]

Properties of the stochastic system

Recall that we are considering the perturbed problem (2.3.2)), with a coefficient o
and some initial conditions satisfying Hypothesis [2.3.7] In particular, due to the
fact that we have assumed a bounded coefficient o, the existence and uniqueness
of the solution to our differential system is a matter of standard considerations.

Theorem 2.3.13 (Global existence of solution). For any positive initial condition

there exists a unique solution of (2.3.2)), which is defined for all t > 0.

Proof. Tt is readily checked that the coefficients of the equation are locally Lipschitz
with linear growth. The existence and uniqueness of the solution is then a direct
consequence of classical results (see e.g. [29], Section 5.2] for the non delayed system
and [38] for the delayed one). O

Positivity of the solution is also an important feature, if we want the quantities

S(t),Q(t) to be biologically meaningful. Moreover, part of our analysis will rely
on this property, that we label for further use.
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2.3 Stochastic model

Proposition 2.3.14 (Positivity). If we take positive initial conditions Sy(t) > 0,

Qo(t) > 0 for all t € [—(,0] for the system , then the solution fulfills
Se(t) >0, Q(t) >0 for all t > 0.

Proof. Let us first consider the system with o(x) = z for all z, namely

dSe(t) = [a — kQ° ()] S(t)dt + S°(t) o AW (2)
dQ(t) = |d — mQ(t) — kQ*(£)S°(t) + kbe ™ Q*(t — ()S*(t — ()| dt (2.3.10)
+eQ(t) o dW?(2),

with initial condition (Sp(t), Qo(t)). Assuming existence and uniqueness of the
solution to (2.3.10), we shall prove that S¢(t), Q°(¢) > 0 for all ¢ > 0 almost surely.

Indeed, after the change of variables z(t) = e=*W' () S5(t), y(t) = e~V M Qe (1),
we can recast (2.3.10)) into the following system of differential equations with ran-
dom coefficients:

(1) = (a — ke Wy(t)) 2(t)
y'(t) = de="* O —my(t) — ke O (t)y(t) (2.3.11)
+ kbersWEO-W2=O0-W =0y (¢ — )zt — ¢),

) = So(t) >0, y°(t) = Qo(t) > 0 for all t € [—(,0].

with initial conditions z°(¢
t) is immediate from the representation

Then, the positivity of z(

x(t) = 2°(0) exp {/Ot(oz — keaWZ(S)y(s))ds} > 0.

In order to see the positivity of y(t) let us observe that for y°(0) = 0 we
have y/(0) = d + kbe =W O-W* Q=W =)y (_¢)z(—¢) > 0. Therefore, for all
initial condition y(0) > 0 there exists 0 > 0 such that y(t) > 0 for all ¢ € (0, ).
Let us suppose now that y(t) < 0 for some ¢t > 0, and let ¢, = inf{t > 0 | y(t) < 0}.
Due to the continuity of the solution we have that y(ty) = 0. Then

yl(to) — de—W?(to) + kbe*uC*E(W2(to)*W2(tO*C)*Wl(tO*C))y(tO — )zt — ¢) > 0,

which is impossible since it would yield y(¢) > 0 for t € (tg,tg + 0) for § small
enough. This contradiction means exactly that y(¢) > 0 for all ¢ > 0.

Now that we have the positivity for system ([2.3.10]), we can prove the positivity
for (2.3.2)) in the following way. Let us first handle the case of S%(t), and assume
that the initial condition is such that Sy(0) > M. Set then 73, ¢ = inf{t >
0 such that S¢(t) < M/2}, and observe that 73, ¢ is a F- stopping time (recall
that F; stands for the natural filtration of the Brownian motion W), such that S®
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Chapter 2. Models for bacteriophage systems

has remained positive until T](\)/Ls. Furthermore, the strong Markov property for
(5%, QF) entails that the process

{(S(hs +1),Q(Ths +1)): >0}

also satisfies on the set Qg = {w € U 75 < oo}, with an initial
condition Sy(0) = M/2. With these considerations in mind, we can assume that
the initial condition of our differential system satisfies Sy(0) < M.

With such an initial condition we can conclude the positivity of S¢(¢) until the
stopping time 77, ¢ = inf{t > 0 such that S°(t) > M} as we have done for the
system (2.3.10)), since up to time 7§, ¢ we have o(S%(t)) = S%(t). Then, invoking
again the strong Markov property, we can also guarantee positivity until time
Targ = inf{t > 73/ ¢ such that S*(t) < M/2} as above. We are now in a position to
obtain the positivity of Sf until time 74, ¢ = inf{t > 73, g such that S°(t) > M},
once again with the same reasoning than for the system ([2.3.10). The global
positivity of S¢(¢) on any interval of the form [75; ¢, 747§] for k& > 0 now follows by
iteration of this reasoning.

It remains to show that limy_, TJ’\‘}L g = 0o. This is easily obtained by combining
the following two ingredients.

(i) The increments {Tffjsl — T]’f/LS; k > 0} form a i.i.d sequence by a simple appli-
cation of the strong Markov property.

(77) Owing to the specific coefficients we have for equation , it can be checked
that for any 72 > 0 one can find 7; > 0 small enough such that P(TMS > 1) >
1 — my. Details of this assertion are omitted for sake of conciseness.

We let the reader check that the positivity of Q°(¢) can be obtained along the
same lines, which ends the proof.

O

Remark 2.3.15. Using the a priori positivity properties stated above, we could have
also obtained existence and uniqueness of the solution for system ([2.3.10). We did

not include these developments for sake of conciseness.

2.3.3 Fluctuations of the random system

Here again we shall proceed gradually, and work out the following cases.
1. Fluctuations for the non delayed system.
2. Extension to the delayed system.
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2.3 Stochastic model

Towards this aim, let us first summarize the information we have obtained up
to now in the non delayed case. We are considering the system
dSe(t) = [a — ka(Q°(t))] SE(t)dt + o (S°(t)) o AW (1)
{ dQ°(t) = [d — mQ*(t) + k(b — 1)a(Q°(1))S* ()] dt + ea(Q°(t)) o AW?(2).
(2.3.12)
Under Hypothesis [2.3.T]and [2.3.7], we have shown the existence of a unique equilib-
rium Ey = (0,d/m) for the deterministic system (2.3.5)), corresponding to (2.3.12)
with & = 0. Furthermore, we have constructed a region R € R? such that for any
initial condition (S, Qo) € R, the solution converges exponentially to Fy, with a
rate n = v A 5. We now wish to obtain a concentration result for the perturbed
system , that is give a proof of Theorem m To this aim, we shall divide

our proof into several subsections.

Notation 2.3.16. We will set Z¢(t) for the couple (S°(t),Q°(t)), and Z°(t) for
the solution to the deterministic equation .

Reduction of the problem

Recall that Theorem [2.3.3| states an exponential bound (valid for p small enough)
of the form

1P
P (|1 Z° — Eolloos > 2p) <exp | — =) (2.3.13)

on any interval of the form I = [k In(c/p)/n; ke In(c/p)/n] and 1 < k1 < Ko < K3
such that A > k3/n. R

A first step in this direction is to consider a generic interval of the form [ =
la, b], and write

P (125 = Bolloos > 20) = P ((I12° = Eollw > 20) N ([12° = Eollo s > 1))
+P ((12° = Eollw; > 20) N (I12° = Eoll s < )
which yields
P ([|2° = Eoll o > 20) < A1 + Ay,

with

A =P (|2° - Eollo;>p), and Ay =P (|2°- 2" ;>p). (23.14)
Moreover, the term A; is easily handled. Owing to (2.3.9j , we have A; = 0 as soon

as a = k1 1n(c/p)/n with k1 > 1. In order to prove ([2.3.13)), it is thus sufficient to
check the following identity,

24+
P ([12° = 2% = p) < exp (—Clp ) , (2.3.15)
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Chapter 2. Models for bacteriophage systems

on any interval of the form I = [k11n(c/p)/n; kaln(c/p)/n] and 1 < Ky < kg < K.
We shall focus on this inequality in the next subsection.

Exponential concentration of the stochastic equation

We will now give a general concentration result for Z¢ — Z° on suitable time scales
as follows.

Proposition 2.3.17. Let Z¢ be the solution to . Then there exists g =
eo(M, 1) such that, for any p <1 and e < gy we have

c 2
P (HZE — 7% oo > p) < exp <— 2P ) : (2.3.16)

ere2 782
where ¢y, ko are strictly positive constants which do not depend on p,e, but both

depend on our set of parameters o, k,o,d,m,b, M.

Proof. For notational sake, let us abbreviate || f||o,f0,- into || f||o throughout the
proof. In order to bound Z¢ — Z°, we first seek a bound for S — S°. To this aim
we notice that for the deterministic function S° and thanks to relation ,
one can find a constant k1 = k1(a, k,0,d, m,b) such that ||S%|. < k1. Set also

JH(t) = [ o(S%(s)) o dW(s). Then
s -5l < | (@ — ko(@4())) () — (o — ko(@(s))) $%s)| ds + 2| 11(0)
< | (@ = ko(QF(5))) (5°(s) — S°(s))| s (2:3.17)
+/ ko(@4(5)) — (@) 1S°(@)lds + el ()

IA

/0 (@ + kM)|S%(s) — S°(s)|ds (2.3.18)
sk [ 1Q7(5) — @Q(9)ds + <17
Analogously, setting J2(t) := [i 0(Q°(s)) o dW?(s), we obtain
Q) — QI = [+ k(b= 1)m)|Q7(s) — Q°(s)|ds
+/0t k(b — 1)MIS(s) — S(s)[ds + ] J2(1). (2.3.19)

Hence, putting together (2.3.17)) and ([2.3.19)), we get the existence of two pos-

itive constants ko, k3 such that
t
1Z(t) = 2O < wos® (| OF +12OF) + s [ 12(s) = 2°(s) s,
0
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2.3 Stochastic model

and by a standard application of Gronwall’s lemma, we get for all ¢ € [0, 7]:

25(t) = Z2°(OP < ke[| ) + |2 ()P] explriat)

< ko [[JNOP + [ (0] explrar). (2.3.20)
Let us now go back to our claim (2.3.16)). Thanks to the inequality (2.3.20)),

we have

P (|75 = 20l > p) = P (177 = 2°)2 > ¢?)

2
<P(|JA+11% > —5——— ) ST+ T,
Kog? exp(KsT)
with
T =P (| w>—2 ), and T=P (e >—2 ),
€ exp(ksT) e exp(ksT)

We now proceed to bound the quantity 7;. To this aim we first write J'(¢) in
terms of 1t6’s integrals. According to [29, Definition 3.13 p. 156],

JH(t) = /Ot o (S%(s))dW?(s) + ; <a(S€), W1>

t Y

where (-, -) stands for the bracket of two semi-martingales. Invoking equation
(2.3.12) and ordinary rules of Stratonovich differential calculus, it is also readily
checked that

A(57(1) = o(57) + e [ 00! (S°()AW () + V(1)

where V' is a process with bounded variation. We thus end up with the expression
JUt) = M(t) + V(t), where

~ 9

i = [ "o(S7(s))dW(s), and V() = - 50" (S%(s))ds,

and decompose T; accordingly into 77 < T} ; + T} 2, with

T =P (| > —2 ) and Tio=P([|V!e> —22 .
’ e exp(k3T) ’ e exp(KsT)

We will now bound the terms 7} ; and T} 5 separately.
The term T}, is easily shown to be bounded thanks to some deterministic
arguments. Indeed, since oo’(z) < C(M + 1) for any x € R, we have ||V, <
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Chapter 2. Models for bacteriophage systems

C(M + 1)et, so that for any p < 1 and € < &1 := (ks/(C(M + 1)7 exp(rs7)))"/?,
we have Ty, = 0. As far as 7T ; is concerned, one can apply the exponential
martingale inequality (see, for instance, [22]) for stochastic integrals in order to

get
5402
Thp <exp|— .

M? exp(r3T)e?

Putting together the estimates for 77 ; and T} 2, we have thus obtained

2
Kap
T <e —
1= %P < M?2 exp(m37)52> ’

for any p < 1 and ¢ < ¢, := (ka/(C(M + 1)7exp(k37)))*/2. We let the reader
check that the term 75 can be handled along the same lines, which finishes our
proof.

]

Deviation from equilibrium

Let us now prove inequality (2.3.13). Recall that we have decomposed P(||Z¢ —
Eolloosr > 2p) into Ay + Ay defined by ([2.3.14). Furthermore, A; = 0 when I is of
the form [a, b] with a = k1 1n(c/p)/n.

In order to complete our result, let us analyze the term A, in the light of
inequality (2.3.16). Indeed, in order to go from (2.3.16) to (2.3.15)), it is sufficient
to choose p, 7, A such that

P2 exp(—raT) > p*,

which is achieved for 7 < b := Aln(1/p)/ke. Hence our claim is satisfied on the
interval I = [a,b]. We now have to verify that this interval is nonempty, namely
that a < b. This gives a linear equation in In(1/p) of the form

" In(1/p) + In(e)] < 2 n(1/p).

and the reader might easily check that the following conditions are sufficient.
(i) The linear terms satisfy 51 < %2, that is A > =2,
(7i) We take p small enough, namely p < po in order to compensate the term In(c).

The proof of (2.3.13)) is now finished.
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2.3 Stochastic model

Extension to the delayed system

Let us deal now with the delayed case. As mentioned in the introduction, we
consider the system

dSE(t) = [a — ka(Q°(t))] S¢(t)dt + o (S°(t)) o AW (2)
dQ(t) = |d — mQ () — ko(Q°(£)S°(t) + kbe "o (Q(t — ¢))S*(t — ¢)] dt
+ea(Q(1) o dW?(t),
(2.3.21)
where for any ¢ € [—(, 0] and for any € > 0, (S%(¢), Q°(t)) = (S°(¢), Q°(1)).

Under Hypothesis[2.3.1] [2.3.7] and 2.3.5| we have shown the existence of a unique
equilibrium Fj for the deterministic system , corresponding to with
¢ = 0. Following the non-delayed case, we wish to obtain a concentration result
for the perturbed system ([2.3.21]), as is given in Theorem m

The proof of this result can be carried out almost exactly as for Theorem [2.3.3]
Let us point out that the main difference relies on how to get an equivalent of
inequalities and . To this aim, we set again J'(t) := I 0(S%(s)) o
dW(s) and J2(t) := [3ea(Q(s)) o dW?(s). Then in the delayed case, relations
(2.3.17) and ([2.3.19)) become

576~ 8°0)] < [ (ot kM)|S*(5) = S°(s) ds ke [ 1Q7(5) = @ (s)lds+el7 1),
(2.3.22)
and

Q) - QW) < [ ont ks)lQ(s) — Q(o)lds + [ KMIS(5) - S°(@)p)
+e| J2 ()] + /Ot kbMe 4| S%(s — ¢) — S%(s — ¢)|ds
+ [ Kbk Qs = ¢) - Qs — Qs

Using that for any ¢ € [—(, 0] and for any & > 0, (S°(¢), Q°(t)) = (S°(¢), Q°(t)) we
can write the bounds

/0 CEbMe S5 (s — ) — §(s — C)|ds = /0 T bM< 55 () — S°(s)]ds
< /Ot kbMeHC| 5% (s) — SO(s)|ds,

[ ke 1@ - )~ Qs — Olds = [ Rk Q) — Q(s)lds
< [ Rk Q) - Q(s)lds
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Then, putting these last bounds in ([2.3.22) and (2.3.23)) we get the existence

of two positive constants ko, k3 such that
t
|25(t) = Z°()P < ko (1T OP + [T @)]°) + mg/o |Z°(s) = Z°(s)["ds.

Starting from this point, the proof follows exactly as for Theorem [2.3.3]

2.3.4 Numerical simulations

This final section is devoted to a presentation of some numerical simulations
for the system described by equation . We have chosen the parameters
(v, k,d,m, b, () according to some real data observed in vitro by the Molecular
Biology Group of the Department of Genetics and Microbiology at Universitat
Autonoma de Barcelona. We have also chosen to compare theoretical and noisy
dynamics in order to see that the quantities S and @) are close to their equilib-
rium after a reasonable amount of time (in spite of randomness). We believe that
this study is justified because the noise is expected to appear, either by the errors
when collecting data, either by the appearance of several factors that may affect
the behavior of the agents in vivo.

It is worth noticing at this point that the parameters we have chosen for our
simulations do not meet the conditions stated at Hypothesis 2.3.5] Indeed, those
conditions were imposed in order to obtain our theoretical large deviations type
results with a reasonable amount of effort, but might be too restrictive to fit to
real data experiments. Nevertheless, our simulations turn out to be satisfactory,
since we observe that the solution (S(t), Q(t)) converges to E, for small values of
£ in a reasonable amount of time, regardless of the violation of Hypothesis [2.3.5]

Specifically, we have simulated trajectories with parameters estimated on an ex-
periment involving Salmonella ATCC14028 bacteria and UAB_ Phi78 virus. From
the experiments conducted by the mentioned group we have chosen the parameters
as:

(v, k,d,m,b,¢) = (12.1622,27.36,0.1,0.1947,61,0.01875).

We have also put M = 10, ¢ = 0.5, and we have taken the initial conditions
So(t) = 4.8et+9) Qo(t) = 0 for t € [~(,0]. The time is expressed in days and the
amount of virus and bacteria are expressed in tens of millions of units.

Our simulations are summarized at Figure 2.3} in which different paths of the
processes S and () are computed. We have first expressed our Stratonovich type
equation into an It6 type equation plus corrections, and then used an Euler
type discretization scheme for our equations implemented with the R software.
We have then plotted the deterministic case (¢ = 0) plus the curves corresponding
to several values of € (namely ¢ = —3,1). As mentioned before, the fluctuations
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2.3 Stochastic model

Figure 2.3: Simulation of the trajectories of S and @) with real parameters for the
Salmonella ATCC14028 bacteria and UAB_Phi78 virus for the deterministic case
(e =0), for e = =3 (red curve) and € = 1 (blue curve).

of S and @) (which are obviously due to the randomness we have introduced) do
not prevent them to converge to equilibrium. Observe that there alternative ways
to Euler discretizations in order to simulate Stratonovich type equations, such as
the Runge-Kutta method introduced in [44]. Since our numerical context was not
too demanding, we have chosen to resort to the Euler scheme based on It6 type
equations for sake of simplicity.
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Chapter 3

L? modulus of Brownian local
time

3.1 Introduction

In [18] the authors prove the following Central Limit Theorem for the L? modulus
of continuity of Brownian local time. Let B = {B;,t > 0} be a standard Brownian
motion, denote by {Lf,t > 0,2 € R} its local time and consider

Gy(h) = /]R (L — [7)2de, (3.1.1)
Theorem 3.1.1 ([I8], Theorem 1.1 or [26], Theorem 1). For each fized t > 0,

(/R(L;”h _[)de — 4th> L8/,

as h tends to zero, where

(NI

-

o = [ (L7)dx,
R
and n is a N(0,1) random variable independent of B.
They were motivated to try to find this result by the interest in the expression

n 1 n
H, = Z ]I{SFSJ'} ) Z ﬂ{ISi—Sj\=1}?
i j=Ti] i j=1 i

where S is a random walk on Z. This expression appears as the Hamiltonian in a
model for a polymer in a repulsive medium, and can be written as
1

H, =2 Z(l;vz - l£+1)2>
QxGZ
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3.2 Proof of Theorem |3.1.2

where [} = 371" | 115,—,) is the local time for §.

There are various proofs of Theorem While in [I§] the authors use
the method of moments, [26] provide a proof based on an asymptotic version of
Knight’s theorem combined with some other techniques of stochastic calculus and
Malliavin calculus, like Clark-Ocone’s formula.

Previous to this result, almost sure limits for the L” moduli of continuity of
local times of a very wide class of symmetric Lévy processes were obtained in [36].
This result uses, among others, Eisenbaum Isomorphism theorem (see [35]), and
for the Browninan motian case, p = 2, can be written in the form

00 z+h _ 1x)\2
lim (Lt Lt)

i [ W dox = 4t a.s.

which is used in Theorem B.1.1] to obtain the term 4th.

In this chapter we shall study the decomposition on Wiener chaos of Gi(h).
More precisely, we shall find a CLT for each Wiener chaos element of G;(h) as
states the following theorem.

Theorem 3.1.2. Let Gy(h) be the random variable defined in (3.1.1) and denote
the n-th Wiener chaos element of Gy(h) by 1,(Gy(h)). Then, for n = 2k, k € N*,

1

h2\/log(1/h)

as h tends to zero, where N'(0,02) is a centered Normal random wvariable with

#ﬁm Forn =2k —1, k € N*, the limit is zero.

L(Gy(h)) =5 N(0,02) (3.1.2)

variance o2 =

Remark 3.1.3. This result provides us with an example of a family of random
variables that is convergent in law to a Normal distribution, but its chaos elements
of even order do not converge. Moreover, we find a normalization where these chaos
elements do converge in law to a Normal distribution. One can easily see that the
sum of o2 diverges.

3.2 Proof of Theorem [3.1.2

The proof is based on a result due to Nualart and Pecatti [40], where the authors
characterize the convergence in distribution to a normal law A/(0, 1) for a sequence
of random variables belonging to a fixed Wiener chaos. Let us now state their result
here, for sake of readability.

Suppose that H is the Hilbert space H = L*(T, B, i), where (T, B) is a mea-
surable space and y is a o-finite and non-atomic measure, and consider a Gaussian
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Chapter 3. L? modulus of Brownian local time

family of random variables W = {W(h),h € H} defined in a complete probability
space (2, F, P).

Let f be a symmetric element of L?(T™). For any p = 0,...,n, we define the
contraction of f of order p to be the element of L?(T?"~P)) given by

T (tpsty oo tny Sprts - -y Sn) :/Tpf(tl,...,tp,tp+1,...,tn)
X f(tl, ce ,tp, Sp+1s - - ,Sn)dtl ce dtp (321)

Theorem 3.2.1 (J40], Theorem 1). Fiz n > 2. Consider a sequence {Fy, =
I,(fx), k > 1} of square integrable random variables belonging to the nth Wiener

chaos such that
E[F] = nlllfellfen — o*. (3.2.2)

The following statements are equivalent.

(1) As k goes to infinity, the sequence {Fy,k > 1} converges in distribution to
the normal law N(0,0?).

(2) limy_,. E[F}}] = 30*.
(8) Foralll <p<mn—1, limy_ o fi” =0, in HE2=P),
(4) |IDFy||% — no? in L*(Q).

In the following lemmas we shall prove that condition (3.2.2)) and statement

hold true for F), = ﬁmfn(Gt(h)) when h goes to zero, thus proving

Theorem m First of all we derive the following representation of I,,(G(R)).

Lemma 3.2.2. For n = 2k, k € N*, the random variable I,,(G(R)) can be ex-
pressed as the sum of 4 terms, namely:

jn(Gt(h)) = ﬁZ[n (‘I’Zzh (Z\ ts, \i/ tj)) )

where I,, stands for the multiple stochastic integral and \Ilf%h will be defined along
the proof (see (3.2.8)). Forn =2k —1, k € N*, I,(G¢(h)) equals zero.

Proof. Let us use the following expression of G (see [20])
t v
Gy(h) = —2 / / (8(By — By + h) +8(By — By — h) — 26(B, — B,))dudv, (3.2.3)
0 Jo
where § denotes the Dirac’s delta function.
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3.2 Proof of Theorem |3.1.2

We know that §(B, — B, + h) = >0 I,(p) where, for u < ty,...,t, <wv,

1

Ptr, s ta) = ZE(D}, L, (8(B, = B, +h))) (3.2.4)

.....

(see [39] for further details). Then we have

1 & "
Pty tn) = — T L1 E)EGE™ (B, — B, + h)) (3.2.5)
st
L_c—=*/2 the Gaussian distribution, we obtain

where if we consider p;(z) = =e
E(3™ (B, — By +h)) = / 3" (2 + h)py—y(z)dz
R
= (=" [ o+ Wpl()de = pu (k). (3:2:6)

Therefore, we obtain the following expression

=231, (n, A Hn[uvl )W) + 2L (- h>—2p31’u<o>>dudv>

n=0

Tl Z (/ / - J v +p£}n)u( h)—QPE,mu(O))dudv)
n=0

= ZI ( nh(/\tj’\/tj))a (3.2.7)
n=0 j=1  j=1

defining ¥, 5 in the obvious way.

One can easily see that (pq(,n)u(h) + pq()n)u( h) — 2™, (0)) = 0 when n is odd,
proving the result for n = 2k — 1, k € N*. Then, from now on n will be a non-zero
even number, i.e., n = 2k , k € N*. Let us now rewrite ¥, ;, in the following way

W, 1(s1,82) —2// //p"H) )dydzdudw,
52

and using the fact that p"*? (z) = Qa%t

() we obtain

U, n(s1,82)= 4/ / / ptu ps2 u( ))dydxdu

:4//pml =0 V) = 012 () — P4 () dyda

—%/mﬂ — 0" P y) = pE W) + 92 0) (h - y)dy

= —82\1} (51, 82). (3.2.8)
[l
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Lemma 3.2.3. Forn =2k, k € N*,

1 . ) 2542k —1))!
h log(l/h)E (In(Gi(1))") — o= 722h=1) ((k — 1)!)2

[\V]

and for n =2k — 1, k € N*, the limit is zero.

Proof. Let us fix an even n € N* and denote

16 » "
li= n!h*log(1/h) L ( (/:\ \:/ ))

where W}, i =1...4 is defined by (3.2.§). We will show the convergence of E(I3)
to 02 when h tends to zero. To complete the proof the reader can check that the
limit of E(I?), i = 1,2,4, is zero when h tends to zero, which can done similarly
to the limit we will compute.

To start with, let us write E(/2) in the following way

8 h . 2
E(Ig):m/ (/0 pif_ff(y)(hhy)dy> dty - dt,,

// t 7151)” 2
h210g (1/h) o<ti<tn<t (M —2)!
g2 2
(n—2) ( y ) 2n D) <h—y>
d dt,dt,
( Vtn —t)m Vin—t) 2 n )]
(3.2.9)

_ 2B(n—2 //

27Th2 log 1/h 0<ty <tn <t t —tl

2
Yy _—v? h—y
Hn— — 2 ) e2Wn-t1) [ —Z | d dt dtn,

where H,(z) denote the n-th Hermite polynomial.

First letting 7 = t,, — ¢; and then letting x = % we get

w0 = i [ (e Q(W (52 )
2(n - 2) tl(/\r n—2(z e <1 )fdx)z(t—T)dT,

~ 2rh2log(1/h) log(1/h)
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3.2 Proof of Theorem |3.1.2

and finally allowing \% = u we obtain

28(n —2)! oo/ qu 2 T 2 h?\ 2h2
) 202 (P g ()0 (- ) 2,
(I3) = 27h2?log(1/h) \/hz(o 2(w)e u) w2 ) ws

Now we compute the limit when h tends to zero, using Hoépital’s Theorem
twice

o {fu e . 2 _
WV(n — ) IS (fo Ho_a(z)e /2 (1 - 2) dx> (2h gy,

hm E(I3) = lim

h—0 27 —1/h
2
h
1 (v o2 (1 e qg ) £
y 210(TL . 2)' Vi (fo Hn—Q(‘T)e (1 h ) CLT) "5
= h50 27 —2/h3 ’

and to finish this part we consider

h

Jot Hy_o(w)e/? (1 — xT\/z) dz
h
and using again Hopital’s Theorem twice we compute its limit, when A tends to
zero, which finally leads to the desired result

26t(n — 2)! 2 26t(n — 2)!
lmW@:m)OMMﬂJ»: (n=2!
h=0 m Ton—2 ((n?—2)|)
m
Lemma 3.2.4. Let the above notation prevail. Then, for each n > 0,
16 ®p
U (A Aty V. vt | 280 (3.2.10)
(n'h%/log(l/h) 4

forp=1,...,n—1.

Proof. Since W3 , is zero for any odd n, we will consider n to be a non-zero even
number along the proof, i.e. n = 2k, k € N*. Let us first recall that the contraction
of order p of W3 , is defined to be

n n p
(Bl At V) = [ WAt At Vv Vo)
j=1  j=1 [0,t]P j=1  j=p+1 j=1  j=p+l
p n p n



Chapter 3. L? modulus of Brownian local time

Let us now observe that

p n P n
WL AGANG VYV )=
Jj=1 Jj=p+1 j=1 Jj=p+1

p'(n B p)!]l{tlg---gtp}]l{thrlS---Stn}\Ij?L,h(tl N tp-l-la tp \% tn)

Taking into account the expression (3.2.9) and since 1T1Tn,2(:£)e_m2 has a uniform
bound C,, it follows that

n—1 h
(5 Aty V )] < Calty Vb =t Atyid) 7 [ (= y)dy
2
n—1

h
= Cogr(tp Vit =ty Apa) T

Therefore we can bound the L?([0,¢]%™~P)) norm of (3.2.10) by

/ (/ 82C2 -1
o et Vit =t At) T
Ay TTXAY A (Z) log1/h

B 2
X (ty V S — t1 A Spp1) "7 diy- - -dtp> Aty - dtpdsyyy- - - ds,,

and since log 1/h goes to zero as h tends to zero, we can prove the result by showing
the boundedness of

Tn::/ (/ tNt, —t Atyy) T
ATPy ATP Af( b Y
B 2
X (tyV Sp — 11 A Spp1) T dty- - dtp> Abpypr- - dtpdsysr- - - ds,. (3.2.11)

The study of the boundedness of T,, involves a lot of computations. The reader
can find these computations in the following Appendix. ]
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Appendix A

Further details on the proof of
Lemma 3.2.

In this appendix we shall provide more details on the proof of Lemma 3.2.4, Recall
that we reduced our problem to bound the following expression

n—1
Tn::/ </ t,Vit, —t1 Nt T2
APTPX AT Af( P 1A tpi)

—1 2
X (tyV Sy — 1y A spyr) "7 dty- --dtp) ey dlydsyey---ds,, (A0.1)

where n is an even number and p = 1,...,n — 1. First of all we will prove the
boundedness of (A.0.1) for n =2, p=1and p =n — 1. Then we will provide the
computations of the ‘general case’ p =2,...,n— 2, n # 2.

Along this appendix € will be a number in the interval (0, %)

A.1 Casen=2

In this case, p = 1 and from (A.0.1) we get that

; 2
T, = " (/ (t1 V2 =t Ats) 2(t V82—t A 32)_;dt1> dtadss
0.2 \Jo

[
t rt t
:2// (/(tlth—tl/\tz)
0 Jto 0

where the last equality holds true thanks to the symmetry with respect to s, and
to. Now this case is reduced to study the following 3 possibilities.

N

2
(tl V 89 — tl A SZ)édtl) dSthQ,

Subcase @ t <ty < 8.
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A2Casep=1(n+#2)

In this situation, we can easily see that

nesf ([
2 [([fe-o

Subcase @ to <t < 8.

N

2
(52 — tl);dtl) dSthQ

[NIES
=

2
(82 — t2)7 <t2 — tl)‘lldt1> dsadty < 00.

We will start by noticing that

t gt 52 1 1 2
Tg = 2/ / (/ (tl — tg)_§(82 — t1)_2dt1) dSthQ
0 Jto to

T

=4 (tl — t2)7%<82 — tl)ié(tl — t2)*%(52 — t/)iédt2dt1dt/d82’

{t2<t1<t'<s2}

D=
N
N =

(32 — t/)_%dtldt/dSthQ

where we used the symmetry with respect to ¢; and ¢’ in the last step. We notice
1 1
that (¢’ —t3)"2 < (¢’ —t;)"2 and we obtain that

T, < 4 (t — o) 2 (50— t1) 2(t — 1) 2(s0 — )" 2dtodt dt'dsy
{t2<t1<t'<s2}
17t _1,, _1 Nl ,
=1 {—2(151 —t2>2}0 (Sz—tl) Q(t —tl) 2(52_t) thldt d82.

{thi<t/<s2}

< (sy—t))"1(t' — t;)"1 we finally obtain that

S

Since 2v/f; < 2/t and (sy —t;)~
Ty < 8Vt (59— )73 (t' — ;)" 1dt,dt'dss < 00
{t1<t/<s2}

Subcase @ ty < 59 < ty.

This situation can be dealt with an argument almost identical to the first situation.

A2 Casep=1(n#2)

In this case, since n is an even number greater or equal than four, if we first
compute the integrals with respect to t3,...,%,_1,53,...,5,_1 we obtain that

t e
Tn:/ B _1(/(t1\/tn—t1/\t2)21
APTIXAT 0

2
X (t1V sy —t1 A 82)_T€1dt1) dty- - - dt,dsy- - - ds,

t 2
< Cn/ (/ (tl Vi, —t1 A tQ)_l<t1 Vs, —t1 A 82)_1dt1) dtodt,,dsods,,,
AZx A2 0
t X%
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Appendix A. Further details on the proof of Lemma |3.2.4

where we used that (¢, — t3)"™ < (t; Vi, — t; Aty)" 3 and (s, — s9)" 3 <
(t; V 8, — t1 A 82)" 3. Thanks to the symmetry with respect to t5, ¢, and s, s,, we
can reduce the problem to study the boundedness in the following 3 cases

Subcase @ to <t, < sy < sy,
Subcase @ ty <59 <t, <sp,

Subcase @ ty < 59 < s, <t,

and for each one of these cases we have 5 possible positions for ¢;. We shall proceed
to show some of the computations involved in the study of these cases.
Along this section we will omit the constant C,, for the sake of readability.

(DA) 0<t <t <t, <sy <5, <.
With this order we have
to 2
T, < ( / (tn — 1) (sn —tl)‘ldtl) dt,dt, ds,ds, (A.2.1)
A+ \Jo

and taking into account that (s, —t;)™ < (¢, — t1) (s, — t,,) "' we obtain that

t 2
T.< |, ( / Z(tn — tl)lfdtl) (8, — tn) 2T dtydt, dsyds,
At \Jo

_ —2e
< (tn t2>

</, 5 (8, — tn) T dtydt,ds, < 0o,
A3 £

where we used that 0 < (¢, —to) ™= — . < (t, — t2)~°.
The following situations

(DE) 0<ty<t,<sy<s, <t <t,
(2)A) 0<t; <ty <sp<t,<s,<tand
(DE) 0<ty<sy<t,<s, <t <t

can be studied with a reasoning similar to situation @ A).

(UB) 0<t, <t <t, <sy<s, <t

73



A2Casep=1(n+#2)

Now we can write T, as follows

tn 2
7o [ ([t =) (s = )71 ) dtadtydsads,
Ai

to

After integrating with respect to s, we use that (s, —t,) ™! < (t,—t1) (s, —t,) 1 *¢
to get that

tn 2
T, < (/ (85p — tl)‘ldh) (tn — t2) (5, — t,,)dtodt,ds,
A? to

tn 2
< ( / (tn —tl)‘adh) (tn — ta) 2(5, — t,) T2 dtydt,ds,,

- A? to

and finally integrating with respect to t; we conclude that

T </ M(t 1) (s — ) < o0
n = Ag’ (1—6)2 n 2 n n

In the situation
(D) 0<tr<t, <sy<ty <5, <t
T,, can also be proved to be bounded in a similar way to @ B).
(DC) 0<ty<t, <t <sy<sy <t

In this situation we have
S0 2
T, < /4 (/ (t1 —t2) " (s, — tl)_ldt1> dtodt,dsads,
At \Ji,

89 S9
— / ) / / (t1 —t2) " L(sp — t1) 7Lt — to) " H(sp — ')t dt dtodt,dsodsy,.
A Jtn Jtn

Using the symmetry with respect to t;,t and integrating with respect to ¢, and
Sy we obtain that

T, < 2/ 4(t1 —to) Nsp —t1) TNt —t2) H(sp — )Tt — t2)(sp — t')dtadt dt ds,
At

< 2/ (t - £2)2 (50 — 1) 2 (' — t2) 2 (s — t') 2 dtadt,dt'dsy,
A

t

where we used that (£, —t3) < (t1—t2)2 (' —t5)2 and (s, —t') < ($p—t1)2 (s,—t)? to

obtain the last inequality. It only remains to observe that we have already studied
this integral in situation of case n = 2.
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Appendix A. Further details on the proof of Lemma |3.2.4

(2)B) 0<ty<t;<sy<t, <s, <t

With this order 7,, can be written as

to

s 2
T, < /4 </ Z(tn —ty) (s, — tl)‘ldh) dtydsydt,ds,,.
At

Since in this case we cannot directly integrate with respect s, as in case @ B)
we shall start by using that (s, — ;)7 < (t, — t1) (s, — s2) 71" to obtain that

S9 2
T, < /A ) ( / (tn, — tl)_adtl) (tn — t2) > (s — 52) "> dtadsadt,ds,.

to

Now integrating with respect ¢; and s, (we recall that 7,, > 0) we finally obtain
that

T, </ M(t —t9) 2 (t, — 8o) TT*dtadsydt, < 00
n = Af’ (1—8)2 n 2 n 2 2Uo2Ulp .

Again, situation
(2)D) 0<ty<sy<t, <t <s, <t

can be dealt with a similar argument.
(2 C) 0<t<sy <t <t,<s, <t
We first observe that

tn 2
T.< [, ( / (tn — t2) (50 — 52)‘1dt1) dtadsydt,ds,
At

52

< /A (b = 52)%(tn — 12) (50 — 52) 2dtadsadt,ds,.

Considering that (t, — s9)? < (t, — t2)'™(s, — $2)'7° we finally obtain that
Tn S /4(tn — tg)_H_E(Sn — 82>_1_5dt2d82dtnd8n
At

t — —€
< / (t, — Q)‘stdtgd@dtn < 0.
A3 £

(B)A) 0<ti<ty<sy<t, <s,<t.
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A3 Casep=n—1(n#2)

Now 7T, becomes as follows
b2 -1 -1 ?
Tn S . (/ (tn — tl) (Sn — t1> dtl) dtgngdSndtn
a1 \Jo
and using that (¢, —t1)™' < (s, — t1)7(t, — s2) 71 we obtain that

. 2
T, < (/ 2(sn — t1)1€dt1) (tn — s2) "% dtadsyds,dt,
0

Al

< (Sn . t2)725 (tn - Sn)71+28

dtods,dt, < oco.
— Jas g2 1—2¢ 265 >

Situations

(3)B) 0<ty <t <sy<s,<t, <t
(3)D) 0<t, <sy<s,<t <t,<tand
(B)E) 0<ty<sy<s,<t,<t; <t
can be studied in a similar way.

(3)C) 0<tr<sy <t <s, <ty <t

Observing that

Sn 2
T, < / 4 ( / (tn — ta) " (5 — sg)—ldm) dtydsyds, dt,,
At

s2
< 4(sn — 59)%(t, — t2) " 2(8n — 52) 2dtydsads,dt,
At

we can conclude that T, < % < 00.

A3 Casep=n—1(n+#2)

In this case we can rewrite T}, as follows

n—1
Tn:C’n/ / (o1 V ity — 1 Aty) 2
az\Jaz

t

2
X (b1 V by — 1 A )" T (tny — tl)”?’dtldtn_l) dtndsy,
2
< (Jn/ i (/ S(tno1 Vit —t1 A tn) H(tno1 V Sn —t1 A sn)—ldtldtn1> dt,ds,,
At At
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where we used that (tn_1 —t1)" 3 < (tno1 Vi — 1 Aty) T (tpe1 V Sn—t Asp) T .
We have 6 different ways of sorting ¢, t,_1 with respect to t,,, s,. We shall now
study each one of this orderings.
Along this section we will omit the constant C,, for the sake of readability.

Case (1) 0<t) <ty g <ty < sy <t
We first observe that

2
T, < r (/A2 Lo y<ty (b — t1) " (80 — tl)_ldtldtn_1> dt,ds,,

2

tn
< (/ (tn —t1) (50 — 1)t — tl)dt1> dt,ds,,.
Az \Jo

And now, by using that (t,—t;) < (t,—t1)°(s,—t1) "¢ and (s, —t1) "¢ < (s, —t,) "¢
we conclude that

2

tn
T, < , (/ (tn — h)Hsdtl) (8, — tn) *dt,ds, < 0o
Az \Jo

Also,
Case (6) 0<t, <s, <t <t, <t

can be studied in a similar fashion.
Case (2) 0<t; <t, <t, 1 <s, <t

Taking into account the order we have, we get that

2
Tn S A2 <AQ ﬂ{tlgtngtn_1}<tn—l - tl)_l(sn - tl)_ldtldtn—1> dtndsn-

After using that (s, — )™ < (s, — tn)’%“(tn,l — tl)’%’E we obtain that

2
- -3 ¢ o —1+2¢
Tn S Af ( Af ]l{tlgtngtnfl}(tn—l tl) 2 dtldtn—l> (Sn tn) dtndsn

1 2
tn (¢, —t1) 2°°
<[,/ Un =027 10 ) (o — )2 dtdsy < o0
A2 0 54‘8

Again we notice that

Case (5) 0 <ty <t <s, <t, <t
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A3 Casep=n—1(n#2)

can be dealt with a similar procedure.
Case (3) 0<t <t, < s, <ty 1 <t

In this case we have that

2
T, < ( /A L <tezsnstn (1 — 1) 7t —tl)—ldtldtn_1> dt,dsy,.

A7

Now using that (¢, 1 — ;)72 < (tn_1 — t1)>T(s, — t,) ¢ we get that
2
Tn S /A? < A? ]l{tlgtngsngtn_l}(tn—l - tl)_2+€dt1dtn—1> (Sn - tn)_QadtndSn

tn n — t —14¢ 2
< ( / Mdu) (S0 — tn) " %dt,ds, < 00.
a2 \Jo 1—¢

Case (4) 0 <t, <t <t, 1 <s, <1

In this case we can bound T,, by
2
-1 -1
/Af < A2 l{tn§t1§tn71§sn}(tn71 - tn) (Sn - tl) dtldtnl) dtndsn
and using the inequality (a+b)? < 2(a?+b?) we can split this expression as follows
2
2/ (/ Lt <tr<tn <ot Lt 1—tn<sn—tr}(tne1 — tn) " (sn _tl)_ldtldtn—l) +
A7 A7

2
+ (/ ]l{tngtlStn_lSsn}ﬂ{tﬂ,_l—t,,an—tl}(tnfl - tn)_l(sn - tl)_ldtldtn71> dtndsn
A?
= (I) + (I1).

We shall prove the boundedness of (I), and the reader can check that similar
computations proof the boundedness of (II).

Since in (I) we have ¢, —t, < s, — t; we can see that (s, —t;)™' < (s, —
tl)’%(tn_l — tn)’% and we obtain that

2
_3 _1
([) S 2 A2 (/AZ ]l{tnﬁtlﬁtn71§5n}<tnfl — tn) 2(Sn — t1> 2dt1dtn1> dtndSn
t t
<2 (/ Tty — 1) 2 (s — t) " 2dt; ) dtnds,
AZ \ Jt,

<8 / t— 1)

<8 [ (h—t)
where we used the symmetry with respect ¢;,¢" in the last step. To finish, we

notice that we have just found the same integral we studied in situation @ of
case n = 2.
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A4 Casep=2,....n—2 (n+#2)

In this general case we consider the parameters p=2,...,n—2 and n # 2,i.e., n
is an even number greater or equal than 4.

Integrating ({A.0.1)) with respect to ta, ..., tp—1,tpt2, ..., tae1, Spt2, - - -, Sp—1 and
taking into account that

o (ty—t)P"2 < (tyV by — by A1) T (tp V 50—ty A Spy1) T
o (tn— 7510-1-1)7171)72 < (tp Vin =t A tp-&-l)nﬂ%2

o (5, —8pi1)" P2 < (tp V sy —t1 ASppr) P2

we can bound 7, (omitting constants depending on n, p) as follows

Njw

T, < A2z (/A%(tp Vi, —ti Atpr)”
. 2
X (tyV $n — 1 A spﬂ)—idtldtp) dtys1dtnds,  ds,. (A1)

Let us now observe that we can sort t,.1,%,, Sp+1, S, in 6 different ways that,
by symmetry, can be reduced to the following 3

@ tp—i—l S tn S Sp+1 S Sn,
@ tp—i—l S Sp+1 S tn S Sn,

@ tp—i—l S Sp+1 S Sn S tn

Moreover, for each one of these three cases we can sort ¢1,t, in 15 different ways.
Below we shall provide a sketch of the computations involving most of these 45
cases.

(DA) 0<t; <t Sty Sty Ssp S5 <t

Considering (A.4.1)), taking into account the order we have in this case and then
integrating with respect to ¢, and s,;; we obtain

Tn < /A“ </A2 ﬂ{tpﬁtpﬂ}(tn — 1)

tp+1
< t, —t1)"
—Jad (/0 ( 1)

Njw

2
(80 — tl)—idtldtp> dtpp1dt,dsys1ds,

[S]Ie]

2
(S0 — 1) "2 (tpp1 — tl)dtl) ($n — tn)dt, 1dt,ds,.
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A4 Casep=2,....,n—2 (n#2)

We now observe that (tps — t1) < (t, — t1)(sp — 1) and (s, — £;)727° <
(Sn — t2) "2 to conclude that

t 2
T, < ( / +1(tn—t1)3+sdt1> (8 — tn)"2dt, 41 dtndsn
a3 \Jo

< (t"_tpﬂ)_lws(s — t,) % dt, 1 dt,ds, < 0o
o G Cn T dhendide e

(DB) 0<t; Stypr Sty <ty < spyr < 5, <t

Considering the order in this case we have
_3
T, < A ( A2 ]l{t1§tp+1§tp§tn}(tn - tl) ?

2
X (8n — tl)gdtldtp> Atpsydt,ds, s ds,,

and integrating with respect to ¢, and s,

tp 2
T.< | (/ Tty =) 3 (50— 1) E (b, — tp+1)dt1> (Sn — to)dtpsrdt,ds,.
a3 \Jo

We now point out that (£, — tpe1) < (¢, — t1)%(sp, — ¢1)'7° and (s, — )2 <
(Sp — t2) "2 to see that

tpr1 2
Tos [ (7t =) 850 (50— ) Pty adtads,
A3 \Jo

which turns out to be the same integral we studied in case @ A).

(D) C) 0<ty Sty Sty <ty < sppr < 5y S

In this case,

N

Tn S Ag (A% ]]'{tlstp+1§t7L§tp§5p+l}(tp - tl)_

2
X (8n — tl)—idtldtp) dtps1dt,dsys1ds,.

We first notice that we can integrate with respect to t, and sp44

tp+1
T, < (/ 2ty — 1)
a3 \Jo

[NIES

2
(S — tl)gdtl) ($n — tn)dt, 1dt,ds,,
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Appendix A. Further details on the proof of Lemma |3.2.4

3
2

and now, using that (s, —t1)72 < (s, — t,,) (¢, — tl)’%’e, we conclude that

tp+1 2
T,<4/ ( / ’ (t, — tl)—l—fdtl) (8 — tn) 12ty dt,dsy,
A3 \Jo

(tn - tpH)_Qe

<4
N g2

($n — tn)_HQedtpHdtndsn < 00.

(UD) 0<ty Sty <ty <sppa <t <5, <t

In this situation, (A.4.1)) becomes

Nl

T, < N </A2 ]l{tlétp+1}]l{8p+1§tp§5n}(tp - tl)_
2
3
X (Sn — t1)_2dt1dtp> dtp+1dtnd8p+1d8n.

Again, integrating with respect to ¢, and ¢,, we obtain

lpt1 2
Tn S /Ad <‘/0 2(Sp+1 — tl)_%<8n — tl)_gdt1> (Sp_|_1 — tp+1)dtp+1d8p+1d8n

< (Spp1 — 1) 72 (s0 —

Njw

and using that (sp41 —tp1) < (s —tpy1) and (s, — 1)~
tp+1) ' we conclude that

tota “1-e 2 142
T, <4 N (/0 (Sp+1 — t1) dt1> (8n = tps1) dtpi1ds,ds,

<4 (Spﬂ - tp+1)_2€

—142¢
5 (Sn — tpt1) dt,+1dsyds, < oo.
A2 £

(DE) 0<t <tpn <ty <spp1 <8 <ty <t

Taking into account this order, we have that

2
Tn S At </A2 ]l{tlﬁtm-l}]l{snﬁtp} (tp — tl)_3dt1dtp> dtp+1dtnd8p+1d8n.

If we now use that (¢, —t1) ™ < (t, — t1)"*"(s, — s,41) 7 we get

tpt1 (Sn . t1)72+5 2 L
T, < / Un =W © g4, (s, — “dt, (dt,ds, . ds,
= s ( 0 5_ ¢ 1] (s 5p+1> p+1 Sp+1ds

/ (8n — 7510+1)_2+2‘E
A (2—¢)2(1 —¢e)?

(Sn — 3p+1)_Q‘Sdtpﬂdtndspﬂdsn.
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A4 Casep=2,....,n—2 (n#2)

To conclude we integrate with respect to ¢, to obtain that

< (Sn - tn)_1+2€ —2e
T, < /AS 0o = (1 = 2) (Sn, — Sp+1)” ““dt,dspr1ds, < .

(D F) 0<ty <t <ty <ty < spp1 <5, <

In this situation we have

[SI[98)

Ins A} ( A2 ]l{tp+1§t1§tp§tn}(tn - tp+1)_

2
X (80 — tl)_gdtldtp> dtpp1dt,dsysydsn,

2
tn
< / ) ( / (tn — tys1) 2 (S — 1) 7% (tn — tl)dt1> Aty 41 dt,dsy.1ds,.
At tp+1

First using that (¢, —t1) < (t, — tp+1)' (s, — t1)° and then writing the square of
the integral as a double integral we obtain that

tn 2
T, < / </ (tn — tpp1) 2 (50 — tl)_3+5dt1> dty 41 dt,ds, 1ds,
A;l tp+1

= 2/6(tn —tpi1) (s — 1) 2 (s, — 1)
At

3
2

*edt,,  dtydt’dt, sy, 1ds,.

To conclude, we integrate with respect to t,41 and s,

(tn _ tl)—2€

s (Sp — t1) 2% (s, — /)" 2%% (s, — t,)dt1 At dt,ds,,
A 5

T, <2

and we finally use that (s, — tl)’%“ < (sp — tn)’%+€ to obtain that

(tn N tl)—za (Sn i tn)—%ﬁ

1
T,<2 Sy — tp) 275 dt dt,ds,
= s 2e z—¢ ( ) !
tn — ¢ —2¢e n — tn —142¢
<o Wt Z 0 =) ) 4t ds, < oo
N 2¢e 5—€

(D) G) 0ty Sty <ty Sty < sy S5 St

We first observe that

Njw

T, < N ( a2 Lty <ti<tnsty<spin}(tp — tpr1) ™

2
X (8n — tl)-idtldtp> dtpsydt,ds,s ds,,
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Appendix A. Further details on the proof of Lemma |3.2.4

and by means of inequality (a + 0)? < 2(a? + b?) we can split T}, as follows

2
_3 _3
2/4 (/2]1{tp+1<t1<tn<tp<sp+1}]1{tptp+1<snt1}(tp —tpr1)” 2(sn —t1) Zdtldtp>
At At

e

! <A2 ﬂ{tp+1StlStnﬁtpgsp-%—l}]l{tp_tp-%—lan—tl}(tp o thrl)_

t

2
X (8n — tl)_gdtldtp> Aty 1dt,ds, 1ds,

= (I)+ (II).

We shall prove the boundedness of (I), and the reader can check that similar
computations prove the boundedness of (II). In case (I), we have t, —t,41 < s, —t;
and hence (s, —t1)72 < (t, — tpr1) S (sn — t,)"27. Using this inequality and then
integrating with respect to ¢, we see that

3_
5—¢€

=2/, ( o Htpnstistusty<opn) (tp = tp)”
t t

2
X (8 — tl)_3+5dt1dtp> dtpy1dtndsy1ds,

2
tn
S Ca/ </ (tn - tp+1)_%_5(sn - tl)_g+£dt1> dtp+1dtnd$p+1d$n,
Al

lpt+1

where C. is a constant that depends only on €. We finally observe that we studied
this last integral along the proof of case @ F).

(DH) 0<t, <t1 <t, <spy <t,<s, <t

In this case,

Njw

Tn S Al < A2 ]]‘{tp+1§tlgtn§5p+1§tp§5n}(tp - tp+1)
t t

2
X (80 — tl)_gdtldtp> dtpp1dt,dsyp1ds,.
If we now integrate with respect to ¢; and ¢, we obtain that
T, < 4/A?(sp+1 — tp+1)_1(sn — tn)_ldtp+1dtndsp+1dsn
<4 [ Gorn = 1) = )7 (Lsprityrizonio)

+ ]l{sntn<3p+1tp+1}> dtp+1dtnd5p+1d5n,
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A4 Casep=2,....,n—2 (n#2)

where we have split the integral into two parts. We will again study the first
part, leaving the details of the second part to the reader. In the first part, since
Spr1 — tpr1 < sp — t, we have that (s, —t,)7" < (s, — tn) " (sp41 — tpr1)° and
we can conclude that it can be bounded by

4/A4 (Sp+1 — tp+1>717€(5n — tn)71+€dtp+1dtnd5p+1d5n
t

(Spr1 =)™, \Ci4e
<4 \ (s — tn) dt,dsp+1ds, < oco.
A €

(WD) 0< by <ty <ty < syt S5 Sty <t
This situation can be studied in a similar way than situation @ D).

(1)) 0ty Sty <ty <ty <spyr < su <t

In this case,
2
T, < /A </A Li<ticty<sy i} (tp = tps1) "2 (sn —tl)—idtldtp> dtpyrdt,ds, 1dsy,
' t 2
< Z/A;L (/A2 Lt <tr <ty sy} Mty—tpar st} (bp — tp41) "2 (50 — tl)gdtldtp>
, ;
+ (/A2 ]l{tnStlStpSSp+1}1{tp*tp+123n*t1}

2
X (ty — tpr1) "2 (s — tl)gdtldtp> Aty 1dt,ds, 1ds,
= (I)+ (II).

We shall prove the boundedness of (I), and the reader can check that similar
computations prove the boundedness of (II).

Since (t, — tp+1) < (s, — t1), we have (s, —t1)7° < (t, — t,41)° and we can
bound (I) by

-3_, =3, 2
X ( , ﬂ{tngtlﬁtp§8p+1}(tp — tp+1) 2 (Sn — tl) 2 dtldtp> dtp+1dtnd8p+1d8n
Ay A
Sp+1 1 _3 2
< Cs . (/ (tl — tp+1) 2 _E<Sn — tl) 2 +Edt1) dtp+1dtnd8p+1d8n.
Al tn

We now develop the square of the integral with respect to ¢; as a double integral
with respect to ty,t]. Moreover, by symmetry, we can assume t; < t| and we
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Appendix A. Further details on the proof of Lemma |3.2.4

obtain

(D=0 [ 0=ty (50— ) 37

t
X (8] = tpe1) T (s — t)) 2 TEdt Aty dt At sy ds,

=1

- CE/ (t1 — thrl)%_e(Sn - tl)?+5(t/1 - tp+1)_71_6(5n - tll) 2 +Edtp+1dt1dt/1dsn’
A
Finally, using the fact that (¢; — tp+1)%’S < (4 — p+1)%78, we can conclude that

(I) < C’E/ (sn —t1) 2 TE(E] — tpp1) 2 (sp — )7 Tedt,y1dtydt,ds,
A4

t

<Ce | (su- E) T (] — i) 2 (s — )7 TEdE, 1 dtds, < oo
At

(DK) 0<tp Sty <ty <sppa <t < s, <t
This situation can be studied in a similar way than situation @ G).
(DL) 0<tyy <ty <t < sppr <50 <ty <t
This situation can be studied in a similar way than situation @ C).
(DM) 0<ty <ty <spp <t <t,<s, <t
This situation can be studied in a similar way than situation @ F).
(DON) 0<tp Sty <sppi St <s, <t <t
This situation can be studied in a similar way than situation @ B).
(1) 0) 0<typy <ty < spy1 Ssu <ty <, <t
This situation can be studied in a similar way than situation @ A).

(2)A) 0<t <ty <ty S sppr Sty < s, <t
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A4 Casep=2,....,n—2 (n#2)

Considering (A.4.1)), taking into account the order we have in this case and then
integrating with respect to ¢, and s,4; we obtain

2
3 3
T, < /A‘l (/A2 ]l{tpgtp+1}<tn — tl)_i(sn — tl)_thldtp> dtp+1d8p+1dtnd8n
t t
tp+1 _3 3 2
< [ (7 = )R = ) R — )] (fn — )i,

We now observe that (fyy1 — t1) < (sn — 1) (tn — 1) and (t, — t;)"2° <
(tn — tps1) 2% to conclude that

tp+1 2
T.< [, ( / " (s — tl)_3+5dt1> (tn — tpe1) dt, 1 dt,ds,
A3 \Jo

< (8n — tp+1>_1+26

“Jay (39

(tn — tpe1) dt, 1 dt,ds, < co.

(2)B) 0<ti <ty <ty <spy Stn <5 <t

In this situation,

Njw

Tn < " ( N L <tyn<ty<spny (tn —11)~

2
X (8n — tl)—idtldtp> dtps1dspprdindsn,.

If we now integrate with respect to t,

lpt1 3 3 2
Tn S N (/0 (tn — tl) 2 (Sn — t1> 2 (Sp+1 — tp+1)dt1> dthrldSerldtndSn,
t

and we use that (sp+1 — tpr1) < (8, — t1)%(tn — t1)' ¢ to get that
tpt+1 1 3 2
T,< |, ( / (th —t1) 727 %(s, — t1) 2+€dt1) dt,1ds,1dt,ds,
Az \Jo
tp+1 1 3 2
</, (/ (tn —t1)2€(sn—t1)2+€dt1) (tn — tpy1)dt, 1 dt,ds,.
A3 \Jo
Finally we notice that (£, — t,)"27° < (f, — tp11) "2 ¢ to conclude that

—1+42¢

ty — ty1) " 2dt, 1dt,ds, < oo.
>~ A? (% _ 8)2 ( p+1> p+1
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Appendix A. Further details on the proof of Lemma |3.2.4

(2)C) 0<ty <typr < spy1 <ty <ty < 5, <t

Considering the order in this case we have that

Njw

T, < Al <~/A? 1{t1§tp+1§3p+1§tp§tn}(tn - tl)_

2
X (Sn - t1>gdt1dtp> dtp+1d8p+1dtnd8n
tp+1 3 3 2
< N (/0 (tn —t1) 72 (s — t1) " 2(tn — sp+1)dt1> dt,1ds,y1dt,ds,.

By means of the inequality (t, — sp+1) < (8, — t1)°(t, — t1)' ™ we obtain that

tp+1 2
T, < /3 </ Tty — 1) (s — tl)_3+5dt1> (tn — tpp1)dty 41 dt,ds,,
a3 \Jo
which we have already studied in case @ B).

(2)D) 0<t; <tpy1 <spr1 <ta <ty < s, <t

In this situation, (A.4.1)) becomes

D

T, < A (/A? Lty <tyiry Litn<tp<sny (tp — t1) ™

2
X (89 — h)gdtldtp) At 1dsys1dtnds,
tp41 | 5 2
< /A3 (/ 2(tn - tl)_§(8n - tl)_2dt1> (tn — tp-i-l)dtp—}—ldtndsn.
3 \Jo

We now notice that (t, — tp11) < (tn — tpr1)' (s, — t1)* and (¢, — )7z <
(t, — tp+1)’% to obtain that

tp+1 _3. 2 L
Tn S 2 5 </ (Sn — t1> 2 6dt1) (tn — tp+1) 6dtp+1dtnd8n
Ay 0

(Sn _ tp+1)—1+2€

<2
oy (5-e)

(tn — tpy1) 2dt, 1 dt,ds, < co.

(2)E) 0<t; <ty <spi Sty <s, <t <1t
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A4 Casep=2,....,n—2 (n#2)

Taking into account this order, we have that

2
T, < /A“ (/AQ ]l{tlitpﬂ}]l{snﬁtp}(tp - tl)_gdtldtp> dtp1dspr1dt,dsy,.
t t

If we now use that (¢, — ;)™ < (t, — t1) 73" (s,, — t,,) ™ we get

2
3+
Tn S A;l (A% ]l{tlﬁtp+1}]l{sn§tp}(tp - tl) adtldtp>

X (8p — tn) dt,11ds,1dt,ds,

tp+1 (sn — tl)_2+€ 2 9
S A? (\/0 2——5‘dt1 (Sn — tn) 2 (tn — tp+1)dtp+1dtnd8n.

To conclude we notice that (¢, —tp+1) < (s, — tp11) to obtain that

T, < (5n = tp1) " N\-2(. At did
"= A (2 —9)2(1 —e)? ($n = tn) " (8n — tp1)dtpy1dtnds, < oco.

(2)F) 0<tp <t1 <ty <spi1 <ty < s, <t

In this situation we have

[SI[Y

Tns Al </A§ Lityrsti<ty<sprn} (tn — i)™

2
X (8n — tl)_gdtldtp> dtpy1dsprdnds,

Njw

Sp+1 3 2
< / (/ (tn — tp+1)_ (Sn — tl)_2 (SP+1 — tl)dtl) dtp+1d8p+1dtnd8n.
A? tp+1

Using that (sp11 — t1) < (£, — tpr1) (80 — t1)° we conclude that

Sp+1 2
T, < ( / (5, — t1)3+€dt1> (tn — tpr1) 2 dt,y1ds, 1 dE,ds,
A? tp+1

1+4-2¢ ( 2

< (8 — Sp—H)i Sp+1 — tp+1)7

~ a3 (3 —¢)? 2e

13
dtp41ds,iids, < oo.

(2)G) 0<tyr <ty < spp1 <ty <ty <5, <
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We first observe that

e

T, < /A;‘ ( A2 ]l{tp+1§t1§sp+1§tp§tn}(tn - tp-i-l)_

2
X (1 —-tl)édtldtp> dtyy1ds,sdt,ds,

N
Njw

2
(Sn — tl)_ (tn — Sp+1>dt1> dtp+1d8p+1dtnd8n.

Sp+1 _
< / / B tp+1)
tp+1

By means of the inequality (¢, — sp+1) < (8, — ¢1)%(tn — tp1)' ™% we obtain that

tp+1

2
T, < / ( / s —tl)‘3+5dt1> (tn — tpe1) *25dt, 1ds, i dt,ds,
A4

—1+42¢ —2e
— Spt1 Sp+1 — tpy1
</ on T p_+€ (spt 2€p+ ) dtp1ds,1ds, < oo

(2H) 0<t, <t <sp <ty <t,<s, <t

In this situation we have

(NI

=, < A2 Lty <ti <sprr <ta<ty<sn} (bp = Tpr1) ™
2
3
X (Sn — tl)_zdtldtp> dtp+1d8p+1dtnd8n.
After integrating with respect to ¢; and ¢, we find that
T, < /A ;1 16(ty, — tpi1) " (8n — Spy1) 'ty 1ds,1dt,ds,,

and now we use that Tyq, ¢, 1)<(sn—sps1)} T L{(sn—sp11)<(tn—tps1)} = 1 tO split the
integral into two parts.

In the first one, we have that (s, — sp41)"" < (8 — Sp1) T (t, — tpe1)° and
we can see that

16/ — tpt1) l(sn - Sp+1)_1]l{(tn—tp+1)S(Sn—8p+1)}dtp+1d3p+1dtnd3n
<m/ ) (50— Span) el sy dEnds,

S 16 (tn_SIH’l) (S

—14¢
" . n— Spt+1) ds,y1dt,ds, < oco.
t

The other term can be proved to bounded using a similar reasoning.
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A4 Casep=2,....,n—2 (n#2)

(2)I) 0 <ty <ty < spyr <ty <5, S, <t
This situation can be studied in a similar way than situation @ D).

(2)3) 0<tp <sp <t <ty <t, <s, <t

In this case,

leo

T, < /A;1 ( A2 Lispin<ti<ty<ta} (tn — tp1)”
2
3
X (Sn — 8p+1)2dt1dtp> dtp+1d8p+1dtnd8n
<[ 4. - it — tpe1) (50 — Aty dsypdt,d
= A44( n Sp+1> (n p+1) (Sn Sp-i-l) p+1ASp 1AL ASy,.
t
We observe that (t, — sp41)* < (6, — tp1)* ™ (sn — sp41)° ¢ and we conclude that
1 _ 1
T, < /A (b)) (50— 8p41) by dsppdnds,

1 R )
=1 /A;* (tn = tp1) HgE(S” — tn) "dtp1dt,ds, < oo

(2)K) 0 <ty <spp1 <ty <t, <t,<s, <t
This situation can be studied in a similar way than situation @ G).
(2)L) 0<tyy <spy <t <ty <s, <t, <t
This situation can be studied in a similar way than situation @ C).
(2)M) 0<tp < spry Sty <t <t, <5, <t
This situation can be studied in a similar way than situation @ F).
(2)N) 0<tp1 <spay Sty <ty <5, <1, <t
This situation can be studied in a similar way than situation @ B).
(2)0) 0ty s Sta <8 < <, <t
This situation can be studied in a similar way than situation @ A).
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Appendix A. Further details on the proof of Lemma |3.2.4

(B)A) 0<t; <ty <ty <spy1 < $u <ty <t

Considering (A.4.1)), taking into account the order we have in this case and then
integrating with respect to ¢, and s,;; we obtain

2
3 3
T, < /A4 (/M Tt <tyony(tn — 1) 2 (850 — t1)_2dt1dtp> dtp1dspy1dsndty
t t

tp+1 3 3 2
<[, ( [ =t H e - t) 2(tp+1—t1)dt1) (5 — tps1)dtpy1dsndty.

We now observe that (fy41 — t1) < (sn — 1) (tn — )" and (f, — t;)72° <
(tn — tp41) 2. Moreover, (s, — ty11) < (tn — tp41). Taking all these inequalities
into account, we can conclude that

tpt1 2
<[ ( / " (sm —t1)3+€dt1) (tn — tps1) 2dty 41 ds,dty,
a3 \Jo

- (Sn o tp+1)—1+25

ty — tyr1) " Edt, 1ds,dt, < oo.
>~ Af (% _ €>2 ( P+1) p+1

(8)B) 0<ty Stypr <ty < Spy < 8y Sty <

In this situation,

Njw

T” < Af </A% ]]‘{tlﬁtp+1§tp§5p+1}(t” - tl)_

2
X (8n — tl)—i’dtldt,,> dtpp1dsps1ds,dt,.

If we now integrate with respect to ¢,

tp+1 3 _3 2
Tn S " (/0 (tn — tl)_Q (Sn — tl) 2 (SP+1 — tp+1)dt1) dtp+1d8p+1d8ndtn,
t

and we use that (sp11 — tpr1) < (sn — t1)°(tn — t1)'° to get that
tp+1 —l—a —§—|—8 2
Tn < A4 (/0 (tn — tl) 2 (Sn — t1) 2 dt1> dtp+1d8p+1d8ndtn
t

tp+1 1 3 2

< [ (7 = 1) s = )7 EA ) (s )ty
a3 \Jo

Finally we notice that (f, —t1) 72 < (t, —tpp1) 2 and (s, —tpp1) < (tn —tps1)

to conclude that

—1+42¢

tn — tyr1) " 2dt, 1ds,dt, < oco.
>~ A? (% _ 5)2 ( P+1) p+1
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(8)C) 0<t; <typr < spy1 <ty <5, <ty <t

Considering the order in this case we have that

_3
T, < A <A2 IL{t1§tp-q-1§sp-~-1Stpgsn}(tn - tl) ?
¢

t

2
X (8n — tl)—idtldtp> dtpy1ds,s1ds,dt,

N

tp+1 2
</, ( / Tt — 1) "2 (s — 1) 73 (50 — sp+1)dt1> At pp1dspp1ds,di,.
At \Jo
By means of the inequalities (s, — sp11) < ($p—t1)%(tn —t1) 7 and (t, —,) 727 <
(tn — tps1) "2 we obtain that

tp+1 2
T,< |, (/ " (5, — t1)3+5dt1) (tn — tpr1) % (5, — tpp1)dt,p1ds,dt,,
A3 \Jo

and finally using that (s, — ty41) < (¢, — tp1+1) we conclude that

T o< (sn_tp+1)fl+2€
Sy E-ep

ty — tyr1) " 2dt, 1ds,dt, < oo.
p+ p+

(B)D) 0<t; <tpy1 <spr1 S sp St <t <t

In this situation, (A.4.1) becomes

3
2

Tn S A? </A? ]}‘{tlgtp+1}]}‘{3ngtp§t7b}(tn - tl)i
2
3
X (tp — tl)_thldtp> dtp+1d8p+1d8ndtn
lp+1 3 1 2
<[ (/ (tn — t1) " 32(5, — t1)2dt1> (50 — tp1)dEy 41 dsndt.
a3 \Jo
We now notice that (s, — tp11) < (sn — tpr1) > (tn — t1)* and (s, — t)"2 <
(S, — tp+1)_% to obtain that

t . 2
T,<4/ < JAC tl)—§+€dt1> ($n — tya1) " 2dt, 1 dsndt,
A3 \Jo

(tn — tp+1>_1+26 —2
< 4/A§ (% o) (Sn, — tpr1) dt,r1ds,dt, < oo.
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Appendix A. Further details on the proof of Lemma |3.2.4

(B)E) 0<t; <tpy1 <spr1 <sp <ty <t, <t

Taking into account this order, we have that

2
Tn S /A4 (/AQ ]l{tlgtp+1}]l{tn§tp}(tp — tl)_3dt1dtp> dtp+1d8p+1d8ndtn.

If we now use that (¢, —t1)™ < (¢, — t) "5 (s, — tp+1)_%_5 we get

2
,§+
In < /Af ( A2 ]l{tlgtp+1}]l{tn§tp}(tp - tl) 2 Edtldtp)

X (85, — tpi1) 2 dtp1dsyy1ds,dty,

)—28

3 2

it (tn — 1) 27 (8p+1 — tpr1

= /A3 (/ - 3 _ dty : 92 - (tn — tp41)dlpy1dspiadtn
t 0 5 — € €

< 1/ (tn —tpy1) 1%

e ) G eph P

(Sp+1 — tp+1)_2€dtp+1d8p+1dtn < 0.

(B)F) 0<tyy Sty <t <spn <8y <ty <t
In this situation we have

_3

Tn S Ag (A? ]]‘{tp+1§t1§tp§3p+l}(tn - tp-f-l) 2

2
X (80 — tl)gdtldtp> dtpyp1dsprds,dt,

Njw

2
Sp+1 3
< / (/ (tn — tp+1>_ (Sn — tl)_2 (S[H-l — tl)dt1> dtp+1d8p+1d8ndtn.
A? tp+1

Using that (sp11 —t1) < (¢, — tp1)' (s, — t1)° we conclude that

2
T, < / (/ - (5, — tl)—3+5dt1> (tn — tpe1) 25 dt,1ds,yids,dt,
Af

tp+1

—142¢ —2e

Sy, — S S, —t

< / 3 (5 = Spr1)” T (S = byt 72 s < oo
At

(3 —¢)? 2¢

(3)G) 0<ty <t <spn <ty < s, <ty <t
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A4 Casep=2,....,n—2 (n#2)

We first observe that

[SI[Y

Ins Al ( A2 ]l{tp+1St1§5p+1§tpS3n}(tn - tp+1)7

2
X (Sn - tl)_gdtldtp> dtp+1d8p+1d8ndtn
Sp+1 3 3 2
S /A4 (/t (tn - tp+1)_§(3n - tl)_a(sn — Sp_;,_l)dtl) dtp+1d3p+1d3ndtn-
t p+1

By means of the inequality (s, — sp11) < (8, — t1)(t, — tp11)' "¢ we obtain that

2
T, < 4 </ " <Sn - t1>_;+5dt1>
At

tp+1

(tn — tpr1) 72 dt, 1 ds,y1ds,dt,

< / (8n — Sp—kl)_H_26 (8 — tzo-i-l)_26
= Jas

(% BgSE 5e dtp41dspiids, < oo.

(B)H) 0 <ty <ty <sppy <8y <ty <t, <1t

In this situation we have

Nl

T, < /A;‘ ( N Lty i1 <tr <spir <sn<ty<ta}(tn — tpr1)”

2
x (t, — tl)gdtldtp> Aty s 1dsys1ds,dt,.
After integrating with respect to ¢, we find that

2
Sp+1
T, < / (tn — tps1) 22(sp — t1)72dty | dbyy1dsy 1ds,din,
A? tp+1
and now using that (¢, — tp+1)_% < (t, — tp+1)_%_5(sn — t1)" ¢ we finally obtain
that

2
Sp+1
T, <4 / ( / (5, — t1)3+€dt1> (tn — tpe1) 2 dtyy1ds, 1 ds,dt,
A? tp+1

(STL - Serl)_l-"_2E (Sn — tp+1)_26
=4 A3 (I —¢)? 90 dtpy1dsprids, < oo,

(B)I) 0 <ty St < spy1 <8y Sty S, <t

This situation can be studied in a similar way than situation @ D).
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Appendix A. Further details on the proof of Lemma |3.2.4

(8)J) 0<tpy1 <spr1 <t <ty <s, <t, <t

In this case,

_3
T, < /A;‘ </A§ ]l{sp+1§t1§tp§sn}(tn —tp1)?

2
X (8 — spH)—‘Sdtldtp) dtpp1dspyrds,dt,

1
S " 1(8” — Sp+1)4(tn — tp+1>_3(8n — Sp+1)_3dtp+1d8p+1d8ndtn.
t

We observe that (s, — sp41)* < (£ — tpr1) (s, — $p41)> ¢ and we conclude that

1
Tn S A (tn - tp+1)72+€(5n - Sp+1>7€dtp+1d5p+1d5ndtn

/ (tn — Sp—l—l)i1Jr€
A?’

T . (Sn — Spt1) “dspp1dspdt, < oo.
(B)K) 0<ty1 Sspp1 St <5, Sty <t, <t

This situation can be studied in a similar way than situation @ G).
(B)L) 0<tp1 <spir <t <5 <ty <ty <t

This situation can be studied in a similar way than situation @ C).
(B)M) 0<tyy <spi1 <8, <ty <t, <t, <t

This situation can be studied in a similar way than situation @ F).
(B)N) 0<tys1 Sspp1 < sp St <t <4, <t

This situation can be studied in a similar way than situation @ B).

(8)0) 0<tyy1 < spr1 S sp <ty <ty <t, <t

This situation can be studied in a similar way than situation @ A).

This concludes all the cases, finishing the proof of Lemma
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