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Abstract

Markov processes and variational problems
by
Mohamed Mehdi Ouaki
Doctor of Philosophy in Statistics
University of California, Berkeley
Professor Steven N. Evans, Co-chair

Professor Fraydoun Rezakhanlou, Co-chair

In this thesis, we study the statistical properties of non-linear transforms of Markov processes.
These transforms are defined via variational formulas, and arise in various fields such as
statistics, mathematical finance, convex analysis, statistical mechanics and hydrodynamic
turbulence. In particular, we will focus on two sets of problems. The first problem that is
addressed in Chapter 2, concerns the study of the Lipschitz minorant of the sample paths of
a Lévy process. The study of this minorant was initiated by Abramson and Evans, but here
we shed a light on its excursion structure away from its contact set. When the Lévy process
is a Brownian motion with drift, an explicit path decomposition of these excursions is given,
together with the decomposition of the semimartingales in the progressive enlargement of the
canonical filtration by the first positive point in the contact set. In the second set of problems,
we will consider physical solutions (also called entropy solutions) to scalar conservation
laws (or equivalently Hamilton-Jacobi equations) with random initial data. In Chapter 3,
we investigate the distribution of the solutions at later times in the one-dimensional case
and when the initial data is a Brownian white noise for any general convex Hamiltonian.
This settles a conjecture of Menon and Srinivasan and extends Groeneboom’s result for the
Burgers case. In Chapter 4, we consider the higher dimensional case and focus in particular
on the planar case. We construct a family of random convex piecewise linear functions which
are the dimension 2 analogue of the anti-derivative of pure-jump Markov processes. At the
heart of this construction is a novel class of kinetic equations. The invariance of this class
of processes under the flow of Hamilton-Jacobi equations is also discussed.



To my parents, my grandmother, and my late grandfather



i

Contents

1 Introduction 1
1.1 Minorants of stochastic processes . . . . . . . . . . ... ... ... ..., 1
1.1.1 Convex minorants . . . . . . . . . . . . . 1
1.1.2  Lipschitz minorants . . . . . . . . . .. .. ... 7
1.2 Hamilton-Jacobi equations and scalar conservation laws . . . . . . . . .. .. 10
1.2.1  The deterministic picture . . . . . . . . . . ... L 10
1.2.2  Scalar conservation laws with random initial data . . . . . . . . . .. 12
2 Excursions away from the Lipschitz minorant of a Lévy process 16
2.1 Introduction . . . . . . ..o 16
2.2 Space-time regenerative systems . . . . .. ... 19
2.3 The process after the first positive point in the contact set . . . . . . . . .. 23
2.4 The excursion straddling zero . . . . . . ... ..o oL 25
2.5 A generic excursion for Brownian motion with drift . . . . .. .. ... ... 31
2.6 Enlargement of the Brownian filtration . . . . . .. ... ... ... ... .. 41
2.7 General facts about the a-Lipschitz minorant . . . . . .. ... ... .... 46
2.8 Two random time lemmas . . . . . . . . ... .. ... 48
3 Scalar conservation laws with white noise initial data 53
3.1 Introduction . . . . . . . . .. 53
3.1.1 Background . . . . ... 53
3.1.2  Burgers equation when p(-,0) is a Brownian white noise . . . . . . . . 54
3.1.3 Burgers equation when p(-,0) is a spectrally negative Lévy process . . 55
3.1.4  Scalar conservation law with general Hamiltonian H . . . . . . . .. 56
3.2 Preliminaries . . . . . . . . .. 63
3.3 The process U? in the Brownian case . . . . . . . .. .. ... ... ..... 64
3.4 Regularity of the transition functions and explicit formulas . . . . . . . . .. 70
3.5 Structure of shocks of the entropy solution . . . . . .. ... ... ... ... 87

4 Random tessellations and Gibbsian solutions to Hamilton-Jacobi equa-
tions 92
4.1 Introduction . . . . . . . . .. 92
4.1.1 Hamilton-Jacobi semigroup . . . . . . .. . ... ... ... ... 93
4.1.2 Tessellations . . . . . . . . . . 94

4.1.3 Gibbsian measureson X or Cy . . . . . . . . . ... ... 95



iii

4.1.4 Consistency . . . . . ... 100
4.1.5 The invariance of Mg and Mg . . . . . . . .. ... ... 105
4.1.6  Generalization to higher dimensions d > 2. . . . . . ... . ... ... 109
4.1.7 Bibliography and the outline of the chapter . . . . . ... ... ... 110
4.2 Construction of the Particle System . . . . . .. .. ... ... ... ... .. 111
4.2.1 The deterministic flow . . . . . ... ... ... 0oL 113
4.2.2  The stochastic low and Markov process . . . . . .. ... ... ... 114
4.3 Forward Equation . . . . . . . ... 118
4.3.1 Lipschitzness of G . . . . . . . . . . 119
4.3.2 Differentiationof G . . . . . ... 125
4.3.3 Proof of Theorem 4.3.1 . . . . . . . . . ... ... ... .. ...... 135
4.3.4 Proof of the genericity of the tessellation X, . . . . . . . .. ... .. 138
4.4 Proof of Theorem 4.1.5 . . . . . . . . . . . 140
4.5 The Kinetic Equation . . . . . . . . .. ... 144

Bibliography 154



v

List of Figures

1.1

2.1
2.2

3.1
3.2

4.1

Approximation of the Brownian motion path and its least concave majorant 3

A typical Brownian motion sample path and its associated a-Lipschitz minorant. 17

A generic excursion away from the contact set. . . . . . . . ... ... ... 37
The typical profile of the entropy solution at a given time ¢ >0. . . . . . .. 62
Path decomposition of X" at its maximum . . . . . . ... ... ... .... 69
The blue dot represents the coagulation of the particles with labels (pa, p3)

and (ps, ps) into the particle with label (py, p4). The red dot represents the
fragmentation of the particle with label (pg, p2) into two particles of respective

labels (po, po2) and (Po2, P2)- « « « o o e e 101



Acknowledgments

First, I would like to express my deepest gratitude to Steven Evans, who in my first semester
at Berkeley, accepted to be my thesis advisor. His guidance, and support have helped me
tremendously, especially at the start of my journey as a PhD student, as I was discovering
what it was like to do research in mathematics. Steve’s humbleness and generosity made
me comfortable in asking naive questions, and his patience allowed me to learn many new
things at my own pace. His vast knowledge and ongoing curiosity were constantly a source
of inspiration to me, and it has been a true honor and pleasure to work with him in my first
two years at Berkeley.

I wish to thank wholeheartedly Fraydoun Rezakhanlou, my second advisor. Since my first
interaction with Fraydoun, while attending his class on stochastic growth models during
the spring of my second year, I was immediately drawn by his infectious enthusiasm and
energy. | am greatly indebted to him for accepting to take me as his PhD student and for
our collaboration for the major part of the last three years. Fraydoun has introduced me to
many new areas of mathematics and showed me that probability can be and is everywhere,
he also played a very big part in my growth as a mathematician. His encouragements, con-
stant availability and joyful personality are a huge part of what made my time at Berkeley
such an enjoyable experience. From the long hours spent in his office, our video calls, to the
Friday seminars, Fraydoun has been nothing short of a great advisor and a role model for me.

Next, I would like to acknowledge Jim Pitman, who in a sense was like a third advisor to me,
and with whom I had the pleasure to work on a very exciting project. I'm very thankful to
having had the opportunity to work on stochastic processes with an absolute expert in the
subject such as Jim. Through his kindness and generosity, I gained a great amount from our
interactions. I also want to thank him for accepting to be part of my dissertation committee.

Several other members of the mathematical community at Berkeley have provided me with
uncountable mathematical ideas, advice, and greatly benefited my experience during the
last five years. I wish to thank Alan Hammond, Shirshendu Ganguly, Sung-Jin Oh, David
Aldous, Brett Kolesnik and Benson Au. Colleagues and friends are also part of what made
my journey at the department so lovely. I mention Frank for our weekly movie theater ritual,
Miyabi, Tyler, Ella and Yassine. I also would like to thank Ali, for our countless mathemat-
ical and non-mathematical conversations over the phone.

I would also like to thank the department of Statistics, for their financial support through
the GSI appointments and for providing me with a fellowship during my third year. In



vi

particular, I am grateful to the staff for their continued support and hard work, especially
La Shana who has helped me countless of times on administrative matters and made things
so much easier.

[ want to thank my family and in particular my parents Bennaceur and Hafida for always
encouraging me in pursuing my dreams and for their unconditional love and support, in
times both easy and difficult. Last but not least, I thank Yiming for her love, care and
friendship.



Chapter 1

Introduction

1.1 Minorants of stochastic processes

For a class C of real-valued functions that are defined on a fixed interval I and an arbitrary
function f, we define the greatest C-minorant of f to be the function ¢ defined pointwise as
follows
clx)= sup g(z), v el
geC.g<f

should the set {g € C,g(u) < f(u) Yu € I} be non-empty. Fix o > 0, when C is the set of
convex (resp. a-Lipschitz) functions, we call ¢ the greatest convex (resp. a-Lipschitz) mino-
rant of f. For these two cases, it is not hard to show that ¢ € C, as convex and Lipschitz
functions are stable under the pointwise supremum operation.

The goal of this section is to give a historical exposition of the study of convex and
Lipschitz minorants of various continuous-time stochastic processes.

1.1.1 Convex minorants

There is a rich literature on convex minorants of stochastic processes such as random walks,
Brownian motion and Lévy processes. In the one-dimensional case, these convex minorants
are exactly the convex hulls of the corresponding graphs, and as such are defined via a
double variational formula. Indeed, the Legendre transform (also called the convex dual) of
a function A defined on the real line is the function A* given by the formula

h*(z) = Sup (zy — h(y))

The convex minorant of h is then equal to h**. The fact that convex minorants do arise in
contexts such as statistics is not surprising, as it is very common in that field to encounter
optimization problems involving samples perturbed by independent Gaussian noise. Indeed,
one such example is that of isotonic regression (see [59]) where the distribution of the convex
minorant of a random walk is related to the isotonic Least Squares Estimator (LSE). In this
thesis, we will only focus on the continuous-time analogues of random walks, the so-called
Lévy processes. A particular focus will be given to the Brownian motion, which even though



it belongs to the class of Lévy processes, has a special structure that allows us to have more
explicit formulas.

Brownian motion

Let (B;)i>0 be a standard linear Brownian motion on [0, 00) started at the origin. The
largest convex minorant (or equivalently the smallest concave majorant) of (B;);>o has been
first considered by Groeneboom in [26]. A crucial element in this study is the argmax
process in the Legendre transform formula of B* (where B* is the convex dual of B). The
link between this process and the concave majorant of the Brownian motion will be made
clearer later on. To be more precise, let us define the process (o(a))a>0 as

o(a) :=sup{t > 0: B; — at = sup(Bs; — as)} (1.1)

s>0

that is, o(a) is the last time (and with probability one, the only time) the Brownian motion
with drift (B, — at);> attains its maximum. We then define 7(a) = o() and 7(0) = 0.
The main result of [26] is that the process {7(a) : @ > 0} is pure-jump with independent
nonstationary increments and increasing paths. More precisely, Groeneboom has proved the

following result

Theorem 1.1.1 ([26]) The process T is a pure-jump process with independent nonstation-
ary increments and right-continuous increasing paths. The process T has the following rep-
resentation

7(a) = /000 In([0,a] xdl) ,a>0 (1.2)

where n(da x dl) is a Poisson measure with mean n(da x dl) = <@ (%) da dl for a,l >0

a2Vl
and ¢(z) = #exp(—%) , ¢ €R.

The marginal density of 7(a) has Laplace transform

2

B fexp(~Xr(@)] = 1,

a>0,1>0 (1.3)

and 7(b) — 7(a) has Laplace transform

B 1++v2X\a?2+1
NGV

Furthermore, the number of jumps of T in an interval (a,b), 0 < a < b < oo, has a Poisson
distribution with mean log (%)

Elexp(=A(7(b) — 7(a)))] (1.4)

The proof of this theorem relies mainly on the celebrated Williams path decomposition of
the Brownian motion with drift at its maximum (see [65]). In a nutshell, this decomposition
says that the pre-maximum process (B; — at,0 < ¢t < o(a)) and post-maximum processes
(By — at,t > o(a)) are conditionally independent given (o(a), Bs()). Moreover, we have
an explicit knowledge on the conditional distribution of each of theses processes together
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Figure 1.1: Approximation of the Brownian motion path and its least concave majorant

with the joint distribution of (¢(a), By(q)). The precise statement of this theorem is given in
Chapter 2, Theorem 2.5.1.

We call the process 7 the slope process. We now relate this process to the concave majorant
of B that we denote (K});>0. Let

H:={(r,Ar. =71 —7_); A1, > 0}

be the point process of jumps of 7. By Theorem 1.1.1, the process H is a Poisson point
process with intensity measure n. The concave majorant K is now simply the concatenation
of the increasing line segments with slope % and duration A7, for (r, A7) € H. The joint

law of K and B is described in the following theorem which is also due to Groeneboom.

Theorem 1.1.2 ([26]) The standard linear Brownian motion B can be decomposed into
the process T and independent Brownian excursions. More precisely, conditionnally on the
process T, the vertical distance of the Brownian motion to the concave majorant (K;—By)i>o 1S
a succession of independent Brownian excursions, i.e for any measurable enumeration (T})ez,
of the jump times of T, depending only on the process T, the process (Ky — By)n,<i<t,,, has

the same distribution as (v/Tix1 — Tie; ( =1 >)Ti§t§Ti+1 where e; is a standard Brownian

Tiv1-T;
excursion on [0,1], and these excursions are independent as i varies.

Figure 1.1 shows the path of a Brownian motion and its concave majorant. One of the
consequences of this theorem, is the derivation of the law of the concave majorant at a fixed
time ¢t > 0. Before stating this proposition, we will introduce a little bit of notation.



Notation 1.1.3 Fort > 0, let Gy (resp. D;) be the left-hand (resp. right-hand) vertices of
the segment of K straddling t. For fixred t > 0, we almost surely have 0 < Gy < t < D;.
Define I; = K; — tK] to be the intercept at O of the line extending this segment (K' here
is the right-hand derivative of K ). As the process (K, B) enjoys Brownian scaling, we can
restrict the discussion to timet = 1.

For p,y € R, let f,, be the density of the inverse Gaussian distribution, given by the

formula
oy (y—pt)?
Juy(t) = 27rt3exp ( o ) t>0

Similarly, we define the size-biased inverse Gaussian distribution, which density is given by

oy =K
fu,y(t) - ytf,u,y@)

We are now ready to state the next proposition which is mainly due to Groeneboom. How-
ever, it was put on a different form and given a much simpler proof by Pitman and the
author in [42].

Proposition 1.1.4 ([42]) The density function of (K}, I, K1 — By, Gil,Dl) is

f5(a, by, v,w) = \/w?’(v — 1)23(w — 1)3ab(wv —1)x

1 wv — 1
exp (—5 (bzw + 2ab + CLQU + y2 (U — 1)(w — 1))) 1{w,v>1}1{a,b,y>0}

In particular, the following marginals take simpler forms.
o The joint density of (K/1,1,, K1 — By) at (a,b,y) is
f3(a,b,y) = 4y(a +b+y)p(a+b+y)liapy>o0}

e The conditional density of D1 — 1 at t given (K] = a,I; = b, K1 — By = y) is given by

a b+y .,
)= —— o () ——L (¢
g() a_i_b_'_yf,y()—i_a_i_b_'_yfa,y()

where fq, and f,, are respectively the inverse Gaussian and size-biased inverse Gaus-
sian densities with parameters (a,y).

Beyond Groeneboom’s results which cover the case of a Brownian motion over the half
real-line, more results have been obtained in the case of a finite interval and have been
extended to other variants of the Brownian path (such as the Brownian bridge, Brownian
meander etc..). These results are due to Pitman and Ross in [47], we compile them below.
The first result concerns a Poissonian description of the convex minorant.

Theorem 1.1.5 ([47]) LetT'; be an exponential random variable with rate one. The lengths
x and slopes s of the faces of the convex minorant of a Brownian motion on [0,T'1] form a
Poisson point process on RT x R with intensity measure

exp (—£(2+ s?))

\V2Tx

dsdx, =>0,s€eR




The second description is a sequential Markovian one. Before stating the result, we make
first the following definition

Definition 1.1.6 We say that a sequence of random variables (T,, pn)n>0 Satisfies the (7, p)-
recursion if for allm > 0:

Pn+1 = Unpn
and )
T o Tnpn+1
n+1l — 9 9
TnZpi1 T Poia

for the two independent sequences of i.i.d uniform (0,1) variables U, and i.i.d squares of
standard normal random variables Z?2, both independent of (7o, po)-

Theorem 1.1.7 ([47]) Let (X (v),0 < v <t) be one of the following:
e o BES(3) bridge from (0,0) to (t,r) for r > 0.
e a BES’(3) process.

e a Brownian meander of length t.

Let (C(v),0 <wv <t) be the convex minorant of X. The vertices of (C(v),0 < v <'t) occur
at times 0 =V < Vi < Vo < -+ withlim,V,, =t. Let,, =t =V, sotg=t>17 >19 > -
with lim,, 7, = 0. Let pg = X(t) and for n > 1 let py — p, denote the intercept at time t
of the line extending the segment of the convexr minorant of X on the interval (V,_1,V,), so

that
C(Va) = C(Vaa)

Vn - Vn—l
The convexr minorant C' of X is uniquely determined by the sequence (T, py) forn =1,2,...
which satisfies the (T, p)-recursion with

po=X(t) and g =1t

Moreover, conditionally given (C(v),0 < v < t) the process (X (v) — C(v),0 < v <t) isa
concatenantion of independent Brownian excursions of length 7,_1 — 1, forn > 1.

PO — Pn = (t=Vu) +C(Vo)

Remark 1.1.8 From the theorem above, one can deduce a description of the convexr mi-
norant of a Brownian motion on a finite interval through Denisov’s decomposition at the
minimum. Denisov’s decomposition of the Brownian motion on a fized interval states that
conditionally on its argmin, the pre and post minimum processes are independent Brownian
meanders of appropriate lengths.

Lévy processes

We recall that a Lévy process (X;)i>o is a real-valued process that has right-continuous
paths with left hand limits, and independent stationary increments. The treatment of the
convex minorants of Lévy processes was mostly done in the work of Pitman and Bravo in
[49] under the assumption that for every ¢ > 0, X; has a continuous distribution (i.e that
for all x € R we have P(X; = 2) = 0). This assumption was alleviated in the recent work
[16]. The first proposition uncovers a structural property that we have seen previously in
the work of Groeneboom.



Proposition 1.1.9 ([49]) Let X be a Lévy process with continuous distributions and C' its
conver minorant on [0,t]. The following conditions hold almost surely:

e The open set O :={s € (0,t) : Cs < Xy A Xs_} has Lebesgue measure t.

e [or every component interval (g,d) of O, the jumps that X might have at g and d have
the same sign. When X has unbounded variation on finite intervals, both jumps are
zero.

o If(g1,d1) and (go,ds) are different component intervals of O, then their slopes differ
Coy, —Cy , Cog, —C,

g2
diy — ¢ dy — g2

We call each connected component (g,d) of O an excursion interval. Associated with each
excursion interval (g,d) are the vertices g and d, the length d — g, the increment Cy — C,
and the slope (Cy — Cy)/(d — g). The result belows gives a sequential description of these
excursions.

Theorem 1.1.10 ([49]) Let (U;) be a sequence of uniform random variables on (0,t) inde-
pendent of the Lévy process X which has continuous distributions. Let (g1, dy), (g2, ds), ... be
the sequence of distinct excursion intervals which are successively discovered by the sequence
(U;). Consider another i.i.d sequence (V;) of uniform random variables on (0,1) independent
of X, and construct the associatd uniform stick-breaking process L by

L1 = t‘/l and fOT 7 > 1 Li+1 = ‘/iJrl(t - S@)

where
So=0 and fori>1 S;=L1+---+1L;

The following equality in distribution holds:
((di = g:. Ca, = Cy)i 2 ) £ (Lo, X5, = X, )i 2 1)

Integrating this last result, we obtain a description of the convex minorant on the random
interval [0, Ty] where Ty is an exponential random variable of paramter 6 independent of X.

Corollary 1.1.11 ([49]) Let T be an exponential of parameter 6 and independent of the
Lévy process X . Let Zr be the point process with atoms at lengths and increments of excur-
sions intervals of the convexr minorant of X on [0,T)|. Then Zr is a Poisson point process
with intensity

dt
po(dt, dx) = e“’t?IP’(Xt € dr)

From Theorem 1.1.10, we can also derive the behavior of the convex minorant of X on
0,00) as described by Groeneboom in the case of the Brownian motion.
Y



Corollary 1.1.12 ([49]) The quantity | = liminf, . 5+ belongs to (—oo, 00 and is almost
surely constant if and only if the convexr minorant of X on [0,00) is almost surely finite. In
this case, and under the assumption that X has continuous distributions, =, is a Poisson
point process with intensity

1e
fioo (dt, dz) = %P(Xt € dr)dt
The special case of Cauchy process

When X is a Cauchy process, i.e the distribution of X is given by

1 t
Fle) = P(X, < 2) = 1 4 2tan(@)
2 T
the convex minorant C' of X enjoys some special properties. Indeed if we denote by C’ the

right-hand derivative of C', and introduce its right-continuous inverse
L=inf{t>0:C, >z} forx eR

Let v be a Gamma subordinator, i.e a Lévy process with Laplace exponent given by

we have the following results due to Bertoin in [11] and Pitman-Bravo in [49]
Theorem 1.1.13 ([11],[49])

o The symmetric Cauchy process is characterized by the independence of lengths and
slopes of excursions intervals on [0, 1].

e (I,,z € R) have the same law as (22, z € R).

v

e The process (CL,0 < s < 1) is continuous and has the same law as (—cot(mL(s71)),0 <
s < 1), where L is the right-continuous inverse of ~y.

1.1.2 Lipschitz minorants

The study of the Lipschitz minorants of Lévy processes and Brownian motion has been
introduced by Evans and Abramson in the work [2]. For a function f, and a > 0, its a-
Lipschitz minorant exists if and only if f is bounded from below on compact intervals and
satisfies liminf, , o f(t) — at > —oo and liminf, , - f(t) + at > —oo. If these conditions
are verified, we denote by m the greatest a-Lipschitz minorant of f, that is given by the

formula

m(t) = inf{f(s) + a|t — s|: s € R}
Abramson and Evans investigated the process (M;);cr that is the a-Lipschitz minorant of
a real-valued Lévy process (X;);er. Let o be the Brownian exponent of X and II its Lévy
measure. In the case where X has bounded variation, let d be its drift (i.e the slope of its
linear continuous part). This first proposition gives necessary and sufficient conditions for
the existence of the Lipschitz minorant of a Lévy process.



Proposition 1.1.14 ([2]) Let X be a Lévy process. The a-Lipschitz minorant of X exists
almost surely if and only if 0 = 0, Il = 0 and |d|= « (or equivalently if X; = at for all
t eR, or X; = —at for allt € R), or E[|X1]] < 00 and |E[X1]|< a.

We assume from now on that X verifies these properties. The first striking result from the
study of the joint law of (M, X;)ier is the regenerative property of the the contact set

Z::{tGR:Mt:Xt/\Xt_}

The regenerative property of a closed set (also sometimes called Markov sets) has many
equivalent definitions. We will give here the defition of Fitzsimmons and Taksar in [22]. For
a more general concept of space-time regenerative systems, we refer the reader to Chapter 2.

Definition 1.1.15 Let Q° denote the class of closed subsets of R. Fort € R and w® € Q°,
define
di(W°) :==1inf{s > t:s € W'}, 7(W°) =dp(w®) —t
and
7(w°) = cl((w” — ) N (0,00))

We define the filtration G? = of{r, : s < t}, and G° = o{r, : s € R}. A random set is a
measurable mapping S from any probability space (2, F) to (Q°,G°).
A probability measure Q on (Q°,G%) is regenerative with regeneration law QY if

(i) Q{d; = o0} =0 for all t € R.

(ii) For allt € R and for all G°-measurable nonnegative function F,
Q[F(r4,)|G¢,] = Q°[F]

where we write Q[-] and Q°[-] for expectations with respect to Q and Q° . A random
set S defined on a probability space (Q, F,P) is a regenerative set if the push-forward
of P by the map S (that is, the distribution of S) is a regenerative probability measure

Remark 1.1.16 Ewvery regenerative set S is associated with a subordinator (Yi)i>o such that
the range of this subordinator coincides with S. This subordinator is characterized by its drift
d and its jump measure A. The drift is related to the Lebesgue measure of S (it is positive
or zero wether the Lebesque measure is zero or infinite). When the set is stationary (i.e S
has the same distribution as u+ S for all u € R, then it turns out that [, yA(dy) < oc.

One of the main theorems of [2] is the following
Theorem 1.1.17 The random (closed) set Z is stationary and regenerative.
As a consequence of this result, the study of the set Z is related to the study of the corre-

sponding subordinator (Y;);>o. Note that Y is unique up to a speed factor. The result below
sheds a light on the Lebesgue measure of Z (equivalently, the drift § of V).



Theorem 1.1.18 ([2]) Ifo =0, I[I(R) < oo, and |d|= «, then the Lebesque measure of Z
1s almost surely infinite. If X is not of this form, then the Lebesque measure of Z is almost
surely zero if and only if zero is reqular for the interval (—oo,0] for at least one of the Lvy
processes (X¢ + at)>o and (X; + at)i>o.

The proof of these results relies mostly on the fluctuation theory of the Lévy processes and
Rogozin’s integral criterion of regularity. Another refined aspect of Z is when the Lebesgue
measure is zero, we can ask the question as to if Z is discrete or dense (also called a perfect
set). This dichotomy is related to whether the Lévy measure of Y has a finite or infinite
mass. The theorem below answers this question (we also recall this result in Chapter 2).

Theorem 1.1.19 ([2]) Let X be a Lévy process that admits an a-Lipschitz minorant and
such that TI(R) = oo, then A(RT) < oo if and only if

1
/ (X, € [—at, af])dt < oo
0

When X has unbounded variation, one can say more about the measure A, in particular we
are able to determine its Laplace transform in terms of the distribution of X under some
additional mild assumptions. This is stated in the following theorem

Proposition 1.1.20 ([2]) Let X be a Lévy process with paths of unbounded variation and
that admits an a-Lipschitz minorant almost surely. Suppose further that X; has an abso-
lutely continuous distribution for all t # 0, and that the densities of the random variables
infi>o (X; + at) and infi>o (X_; + at) are square integrable. Then, § = 0 and A is charac-
terized by

Jrs+ (1~ ™) A(de) = dra /oo {eXp</oo R [(eF T — 1) 1{X, > at}+

fR+ xA(dx) -

(eith—l—izat o 1)1{Xt < —Oét}} dt)]
— exp< / tIE [(e70tENemizel _ D1{X, > at}+
0

(6—9t+ith+iZOct o 1)1{Xt S —at}} dt)] }dz

for 8 >0, and, moreover A(RT) < oo.

When the conditions above for X are not satisfied, one can approximate X by X¢ = X +¢B
where B is a two-sided linear Brownian motion independent of X. The Lévy processes X € do
satisfy the conditions of the above proposition, and hence one can get the Laplace transform
of A by approximation.
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The study of the Lipschitz minorant in the special case of a Brownian motion with drift has
also been discussed in [2], in particular the authors were able to derive the law of several
special points of the Lipschitz minorant, such as the first positive point in the contact set
after 0 denoted by D, and the maximal height of the Lipschitz minorant in the interval
D, G], where G is the last negative point in Z. These results have been extended in the
work [21], that is the subject of Chapter 2.

1.2 Hamilton-Jacobi equations and scalar conservation
laws

1.2.1 The deterministic picture

Momentum only Hamilton-Jacobi equations takes the form:

{ u; + H(Du) = 0 in R? x (0, 00) (1.5)

u =g on R? x {0}

Here u : R? x [0,00) — R is the unknown. We denote the variables by (z,t) € R? x [0, 00).
We refer to € R? as the space variable and ¢ > 0 as the time variable. Du = D,u =
(Ugy, - - -, Us,) is the space gradient. The Hamiltonian H : R? — R and the initial condition
g : RY — R are given. We assume from now that H is convex, in C? and has superlinear
growth at infinity.

It is a classical fact in the PDE literature that the method of characteristics fails globally
for Hamilton-Jacobi equations. Indeed, the function w is shown to be constant along any
characteristic, however for a wide class of initial conditions g, different characteristics may
cross in short times, which leads to a contradiction regarding the existence of global smooth
solutions. A smooth solution to the above PDE would then only exist locally, and thus a
theory of weak or generalized solutions is indeed needed for well-posedeness purposes. We
introduce first the Hopf-Lazx formula, that is derived as a conjectural candidate to Hamilton-
Jacobi PDE using formal computations from the least action principle.

Definition 1.2.1 The Hopf-Lax formula associated with the Hamiltonian H and the initial
condition g is the function u(x,t) given by

u(z, t) = min {g(y) L (g) } (1.6)

where L(q) = sup,ega (p- ¢ — H(p)) is the Legendre transform of H.
The Hopf-Laz formula solves the Hamilton-Jacobi PDE in the following sense

Proposition 1.2.2 ([20]) The function u defined by the Hopf-Lax formula in (3.3) is Lip-
schitz continuous, differentiable a.e in R? x (0,00) and solves the initial value problem

{ u; + H(Du) =0 a.e. in R% x (0,00)

u=g on R x {0} (1.7)
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The Hopf-Lax solution is also unique under the additional assumption of semi-concavity.
Indeed, it is the unique a.e solution to Hamilton-Jacobi PDE that satisfies the following
statement:

There exists C' > 0 that for allt >0 and z,z € R4

u(z + z,t) — 2u(z, t) + u(x — z,t) §C<1+%) |2

When the space dimension d is equal to one, it is more convenient to keep track of the
inclination of u that we denote p = u,. This leads to considering the initial-value problem
called the scalar conservation law given by

{ pr+ H(p), =0in R x (0,00) (1.8)

p=honR?x {0}

where h is a bounded function. Similarly to the Hamilton-Jacobi PDE, the method of
characteristics also fails for the scalar conservation law equation, and so we are in need of a
notion of weak solution. We give it below

Definition 1.2.3 We say that p € L®(R x (0,00)) is an integral solution to (3.1.8) if for

any smooth function v with compact support, we have that

/ / (pve + H(p)v,) dxdt + / hv(z,0)dx =0
0 —00 —00

By using the Hopf-Lax formula for the Hamilton-Jacobi equation and the loose connection
p = u, to scalar conservation laws, one can derive a formula under the name of Lax-Oleineik
that is a candidate for an integral solution to (3.1.8). The following theorem confirms this
intuition

Theorem 1.2.4 ([20]) Assume that H : R — R is smooth, uniformly convex and h €
L®(R). Let g(x) := [y h(y)dy for z € R.

e For each time t > 0 there exists for all but a countably many values of x € R a unique
point y(x,t) such that

min {g(y) +tL (xt;y) } = g(y(,t)) +tL <—x - i(m’t)>

yeR

e The mapping x — y(x,t) is nondecreasing

e For each time t > 0, define the function p(x,t) by

pla,t) = (H')™! (w)

t

The function p is an integral solution to (3.1.8).
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e The function p above is the unique integral solution to (3.1.8) under the additional
entropy condition, that is there exists C' > 0 such that for all t > 0, and x,z € R with
z >0, we have

C

p(.’ﬂ + Zat) - p(x7t) < ?Z

As a brief example of a scalar conservation law solution, we will discuss Riemann’s
problem:

Assume that the initial condition A is piecewise-constant

hw) = { pr i x>0 (1.9)

The following theorem gives the unique entropy solution to the scalar conservation law with
the above initial condition

Theorem 1.2.5 ([20])

o If p > p,, the unique entropy solution to Riemann’s problem is

S i <o
p(ac,t)—{pT if rso (1.10)

where
H(p) — H(pr)

PL— Pr

o =

o If p; < p,, the unique entropy solution to Riemann’s problem is

piif §<H<(p)
pwt) = (HYT(E) i H(p) <% < Hp) (1.11)
prif > H'(p)

Remark 1.2.6 In the first case, the states p; and p, are separated by a shock wave of
constant speed o. In the second case, the states p; and p, are separated by a rarefaction wave
and in this case the solution p is continuous in space for every time t > 0.

1.2.2 Scalar conservation laws with random initial data

When the Hamiltonian H is quadratic (i.e H(p) = p?), the corresponding scalar conservation
law is referred to as Burgers equation. Burgers introduced this equation as a crude model
of hydrodynamic turbulence, and considered it with stochastic initial data with an aim to
understand the statistical moments and correlations of the entropy solution p(x,t). The
Burgers equation with random initial condition thus received a wide interest from mathe-
matical physicists, however identifying the distribution of its solution at later times remained
a challenge, especially for the case of Gaussian white noise initial data. Burgers himself man-
aged to link this distribution with the solution to some boundary problems, but very little
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was known about the exact form of these solutions. This remained the case, until the work of
Groeneboom in [25], who managed to completely determine the law of the entropy solution
to Burgers equation for Brownian white noise initial data. Groeneboom’s original problem
was related to the global behavior of isotonic regressors and its link with the Brownian mo-
tion with parabolic drift. However, it turns out that these two problems are related via the
variational formula of Hopf-Laz. We give an extensive overview of his result in Chapter 3,
mainly Theorem 3.1.1.

After Groeneboom’s results, much more progress has been made in this area (see [58],[4],[5]).
In 1994, Carraro and Duchon in [15] realized that Lévy processes were well-suited as initial
conditions to Burgers equation due to their spatial and temporal homogeneity. They defined
a notion of statistical solutions which is similar in flavor to integral solutions in the PDE’s
world. In brief, a statistical solution to Burgers equation is a family of measures (;):>0 such

that
2 =i [ <;>p i) d )

for all v smooth with compact support and where F is the space of real-valued cadlag func-
tions. This statistical solution approach was further developed by the authors and Chabanol
and Duchon in [14] and [17]. However there is a drawback: given a (random) entropy solu-
tion p(x,t) to the inviscid Burgers’ equation, the law of p(-,t) is a statistical solution, but it
is not always the case that a statistical solution yields a entropy solution.

The next big result in this area was achieved by Bertoin in 1998 in his work [12], who proved
a remarkable closure theorem for Lévy initial data. The full statement of this result is de-
ferred to Chapter 3 in Theorem 3.1.3. In summary, he proved that when the initial condition
is a Lévy process with only upward jumps, the entropy solution to Burgers equation remains
Lévy at later times. Furthermore, the corresponding Laplace exponents themselves solve a
Burgers equation. In 2007, Menon and Pego in [35] used the Lévy-Khintchine representation
for the Laplace exponents and observed that this evolution according to Burgers equation
corresponds to a Smoluchowski coagulation equation, with additive collision kernel, for the
jump measure of the Lévy process y(-,t). The jumps of y(-,t) correspond to shocks in the
solution p(+,t).

It is natural to wonder whether this complete integrability structure is intrinsic to Burgers
equation through Markov processes or is there a similar phenomenon for general scalar
conservation laws with any general Hamiltonian H. Note that the problem of Lipschitz
minorants that we have described in the section above, corresponds to the Hopf-Laz formula
when the Hamiltonian H takes the form

H(p) = +ool(|p|> a)

For the general convex H € C?, very little could be said until the work of Menon and
Srinivasan in [36]. There, it is shown that when the initial condition £ is a spectrally negative
strong Markov process, the backward Lagrangian process y(-, t) and the solution p(-, ) remain
Markov for fixed t > 0, the latter again being spectrally negative. The argument uses the
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notion of last exit times, due to Getoor in [23], to verify the Markov property according to
its bare definition. However, the same could not be immediately be drawn for the Feller
property. The authors formulated a conjecture for general random initial data (see Chapter
3). This conjecture was partially solved by Kaspar and Rezakhanlou in [32] first in the
case of pure-jump Markov processes and later in the case of piecewise-deterministic Markov
processes in [31]. The full statement of the conjecture and the latter result of Kaspar and
Rezakhanlou is deferred to Chapter 3. We state it here their result for pure-jump Markov
processes.

Theorem 1.2.7 ([32]) Consider a process & = &(x) that is a pure-jump Markov process
started at £(0) = 0 and evolving for x > 0 according to a rate kernel g(p_,dp,). We assume
that for some constant P > O that the kernel g is supported on

{(p=sp+): 0<p_<py <P}

and has a total rate which is constant in p~:

A= /g(p—,dm)

for all 0 < p_ < P. Assume that the Hamiltonian H : [0, P] — R is smooth, convez, has
nonnegative right-derivative at p = 0 and finite left-derivative at p = P. Let Ky (resp.
M) be the space of non-negative kernels on [0, P] (resp. non-negative measures on [0, P]).
Let p be the unique entropy solution to the scalar conservation law py = H(p), with initial
condition p(z,0) = &(z) for x € R, then for each fited t > 0, x — p(x,t) has a x = 0
marginal given by €(t,dpo) and for x > 0 evolves as a pure-jump Markov process with kernel

f(tno—v dp+); where
f : [O, OO) — ’C+

0:]0,00) = My

are the unique positive kernels satisfying the initial conditions

f(07 P— dp+) = g(p—7 dp-l—)a K(Oa de) = 50(dp0>
and solving in an integral sense the equations
fi=L"f, and (=LY%

where the operators L5 and LY are as follows, with integration over p, only:

‘Cﬁf(tvp—v dp-‘r) = /(H[p*v P+] - H[p—7p*])f(t7p—a dp*)f(ta P dp-‘r)

- [/H[m,p*]f(t,m,dp*) —/H[p—,p*]f(t,p—jdp*]f(tp—,dm)

and

LO(t, dpy) = /H[p*,po]ﬁ(t,dp*)f(t,p*,dpo) - [/H[po,p*]f(t,po,dp*)lﬁ(t,dpo)
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for allt > 0 and for all 0 < p_ < P, with Hly, z] = % for all y # z. Furthermore,
the total integrals are conserved

A= [ fttp-dpo) [ ettdp) =1

Finally, if
9(p-,[0,p-]U{P}) =0
for all 0 < p_ < P, then the same property holds for f(t,-,-) for all t > 0.

The resolution of the conjecture of Menon and Srinivasan for the remaining case of white
noise initial data was achieved by the author in [41]. These series of work ([36],[32],[31],[41])
have achieved the same level of understanding that so far was only restricted to Burgers
equation to the wider class of scalar conservation laws with convex flux H.

We finish this introduction by pointing out that the case of Hamilton-Jacobi equations in
higher dimensions d > 2 with random initial data has so far been untouched. The first result
in this area was achieved by Rezakhanlou and the author in [43], where we go through a
construction of an analogue of pure-jump Markov processes and then prove a closure theorem
by showing that this class of measures remains invariant under the flow of the PDE. This is
the content of Chapter 4 of this thesis.
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Chapter 2

Excursions away from the Lipschitz
minorant of a Lévy process

This chapter is based on the article [21] written in collaboration with Steven N. Evans that
is published in Annales de 'Institut Henri Poincaré (B), Probabilités et Statistiques.

2.1 Introduction

Recall that a function g : R — R is a-Lipschitz for some a > 0 if |g(s) — g(¥)|< als — ]
for all s, € R. Given a function f : R — R, we say that f dominates the a-Lipschitz
function g if g(¢) < f(t) for all t € R. A necessary and sufficient condition that f dominates
some «-Lipschitz function is that f is bounded below on compact intervals and satisfies
liminf,, o f(t) — at > —oo and liminf, ,, f(t) + at > —oco. When the function f dom-
inates some a-Lipschitz function there is an a-Lipschitz function m dominated by f such
that g(t) < m(t) for all t € R for any a-Lipschitz function g dominated by f; we call m the
a-Lipschitz minorant of f. The a-Lipschitz minorant is given concretely by

m(t) =sup{h € R: h —alt — s|< f(s) for all s € R}

= inf{f(s) + a|t — s|: s € R}. (2.1)

The purpose of this chapter is to continue the study of the a-Lipschitz minorants of the
sample paths of a two-sided Lévy process begun in [2].

A two-sided Lévy process is a real-valued stochastic process indexed by the real numbers
that has cadlag paths, stationary independent increments, and takes the value 0 at time
0. The distribution of a two-sided Lévy process X is characterized by the Lévy-Khintchine
formula [¢?(Xi=Xs)] = ¢=(t=5)¥() for § € R and —oo < s < t < oo, where

V() = —iab + 50292 ~ /(1 — " 4+ 10211 <1y) (da)
R

with @ € R, 0 € Ry, and II a o-finite measure concentrated on R\ {0} satisfying [, (1 A
2?) TI(dz) < oo (see [9, 56] for information about (one-sided) Lévy processes — the two-sided
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Figure 2.1: A typical Brownian motion sample path and its associated a-Lipschitz minorant.

case involves only trivial modifications). In order to avoid having to consider annoying, but
trivial, special cases in what follows, we henceforth assume that X is not just deterministic
linear drift X; = at, t € R, for some a € R; that is, we assume that there is a non-trivial
Brownian component (o > 0) or a non-trivial jump component (II # 0).

The sample paths of X have bounded variation almost surely if and only if ¢ = 0 and
Je(1 A lz|) II(dz) < oco. In this case ¥ can be rewritten as

U(0) = —idf + /R(1 — ") TI(dx).

We call d € R the drift coefficient.

We now recall a few facts about the a-Lipschitz minorants of the sample paths of X from
2]

Either the a-Lipschitz minorant exists for almost all sample paths of X or it fails to exist
for almost all sample paths of X. A necessary and sufficient condition for the a-Lipschitz
minorant to exist for almost all sample paths is that E[|X;|] < oo and |E[X;]|< a. We assume
from now on that this condition holds and denote the corresponding minorant process by
(My)ier. Figure 2.1 shows an example of a typical Brownian motion sample path and its
associated a-Lipschitz minorant.

Set Z:={teR: M =X, ANX,_}. Wecall Z the contact set. The random closed set
Z is non-empty, stationary, and regenerative in the sense of [22] (see Definition 2.2.1 below
for a re-statement of the definition). Such a random closed set either has infinite Lebesgue
measure almost surely or zero Lebesgue measure almost surely.

e If the sample paths of X have unbounded variation almost surely, then Z has zero
Lebesgue measure almost surely.

e If X has sample paths of bounded variation and |d|> «, then Z has zero Lebesgue
measure almost surely.
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e If X has sample paths of bounded variation and |d|< «, then Z has infinite Lebesgue
measure almost surely.

e If X has sample paths of bounded variation and |d|= «, then whether the Lebesgue
measure of Z is infinite or zero is determined by an integral condition involving the
Lévy measure II that we omit. In particular, if ¢ = 0, I[I(R) < oo, and |d|= «, then
the Lebesgue measure of Z is almost surely infinite.

If Z has zero Lebesgue measure, then Z is either almost surely a discrete set or almost
surely a perfect set with empty interior.

e If 0 > 0, then Z is almost surely discrete.

e If 0 =0 and II(R) = oo, then Z is almost surely discrete if and only if
1
/ FIP{X, € [—at, af]} dt < oo
0

e If 0 =0 and II(R) < oo, then Z is almost surely discrete if and only if |d|> .

The outline of the remainder of the chapter is as follows.

In Section 2.2 we show that the pair ((X}):er, Z) is a space-time regenerative system in the
sense that if D; ;= inf{s > t:s € Z} forany ¢t € R, then ((Xp,+u—XDb,)uz0, ZN[Dy, 00)—Dy)
is independent of ((X,)u<p,, ZN(—00, D;]) with a distribution that does not depend on t € R.
It follows that if Z is discrete, we write 0 < T} < Ty < ... for the successive positive elements
of Z, and we set Y" = (Xp,y — X7,,0 <t < Tyy1 —T,), n € N:= {1,2...}, for the
corresponding sequence of excursions away from the contact set, then these excursions are
independent and identically distributed. When Z is not discrete there is a “local time” on
ZN|0,00) and we give a description of the corresponding excursions away from the contact
set as the pobZ of a Poisson point process that is analogous to Itd’s description of the
excursions of a Markov process away from a regular point.

Because ((X;)ier, Z) is stationary, the key to establishing the space-time regenerative
property is to show that if D := Dy is the first positive point in Z, then ((Xpy:—Xp)is0, 2N
[D, 00) — D) is independent of ((X;);<p, Z N (—o0, D]). This is nontrivial because D is most
definitely not a stopping time for the canonical filtration of X and so we can’t just apply
the strong Markov property. We derive the claimed fact in Section 2.3 using a result from
[37] on the path decomposition of a real-valued Markov process at the time it achieves its
global minimum. This result in turn is based on general last-exit decompositions from [23].

When the contact set is discrete we obtain some information about the excursion away
from the a-Lipschitz minorant that contains the time zero in Section 2.4 using ideas from [61].
If GG is the last contact time before zero and D, as above, is the first contact time after zero, we
show that 2 is independent of (X; — Xg, G <t < D) and uniformly distributed on [0, 1].
This observation allows us to describe the finite-dimensional distributions of (X;, G <t < D)
in terms of those of (X, 0 <t < D), and we are able to determine the latter explicitly. The
argument here is based on a generalization of the fact that if V' is a nonnegative random
variable, U is uniformly distributed on [0, 1], and U and V" are independent, then it is possible
to express the distribution of V' in terms of that of UV.
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As before, write Y,,, n € N, for the independent, identically distributed sequence of
excursions away from the contact set that occur at positive times in the case where the
contact set is discrete. When X is Brownian motion with drift 5, where |f|< « in order
for the a-Lipschitz minorant to exist, we establish a path decomposition description for
the common distribution of the Y,, in Section 2.5. Using this path decomposition we can
determine the distributions of quantities such as the length T,.; — 7T,, and the the final
value X7, — X7,. Moreover, if we write Yj for the excursion straddling time zero, then we
have the “size-biasing” relationship E[f(Yy)] = E[f (V) (Ths1 — Tn)]/E[Ths1 — Ty], n € N,
for nonnegative measurable functions f, and this allows us to recover information about the
distribution of Yy from a knowledge of the common distribution of the “generic” excursions
Y., neN.

As we noted above, the random time D is not a stopping time for the canonical filtration
of X. In Section 2.6 we investigate the filtration obtained by enlarging the Brownian filtra-
tion in such way that D becomes a stopping time. Martingales for the Brownian filtration
become semimartingales in the enlarged filtration and we are able to describe their canonical
semimartingale decompositions quite explicitly.

The chapter finishes with two auxiliary sections. Section 2.7 contains some (deterministic)
results about the a-Lipschitz minorant construction that are used throughout the chapter.
Section 2.8 details two general lemmas about random times for Lévy processes that are used
in Section 2.3 and Section 2.6.

2.2 Space-time regenerative systems

Let Q¢ (resp. £27) denote the space of cadlag R-valued paths indexed by R (resp. R, ). For
t € R, define 7y : Q7 — Q7 by

(e(WwT))s == wiy — w7, 8 > 0.

For t € R define z; : Q27 — R by

For t € R, define k; : Q7 — QF by

w, if s <t

s

(Fe(w®™))s == {

w, ifs>t.

Let NQH (resp. Q) denote the class of closed subsets of R (resp. Ry). For t € R define
T, Q7 - Q7 by
T(w7) ={s—t: s NJt,o00)}.

For t € R define d; : Q% — RU {+oc} by
dy(@7) :=inf{s >t:s€ 0"}

and 7, : Q9 — R, U {+00} by
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With a slight abuse of notation, also use d; and 14, t € Ry, to denote the analogously defined
maps from Q7 to Ry U {+oc}. ) ) )
Put Q7 := Q% x Q7 and Q7 := Q7 x Q7. Define 7, : Q7 — Q7 by

AW, 0%) = (W), 7(@")).
Define d; : 9 — R U {+o00} by

di(w®, &%) = dy(0%).
Finally, for ¢ € R define the following o-fields on Q:

G = o{ds, kg, s <t}

and B B
G7 :=o{ds, kg,,s € R}
Define G, and G~ analogously.

Definition 2.2.1 Let Q" (resp. Q) be a probability measure on (Q,G*) (resp. (Q7,G7)).
Then Q¢ is space-time regenerative with regeneration law Q7 iof

(i) Q°{d; = +o0} =0, for all t € R;
(ii) for all t € R and for all G~ -measurable nonnegative functions F,
Q" [F(74)1Ges] = Q7[F],
where we write Q<[] and Q™[] for expectations with respect to Q" and Q.
Remark 2.2.2 Suppose that the probability measure Q on (Q°,G*) is stationary; that is,
that under Q% the process (W, 0) = (xy (W), r(0))ier has the same distribution as the

process (W™, 07 ) = (st (W) —25(WT), 7546 (@) )1er for all s € R. Then, in order to check
conditions (i) and (ii) of Definition 2.2.1, it suffices to check them for the case t = 0.

Theorem 2.2.3 (i) In order to check that the probability measure Q% on (Q7,G%) is
space-time regenerative with the probability measure Q= on (Q27,G7) as regeneration
law, it suffices to check

(a) Q°{d; = +o0} =0, for allt € R;

(b) for allt € R and for all G~ -measurable nonnegative functions F,
Q“ [F(73,) 1G] = Q[F).

(i) Suppose that the probability measure (_@‘_) on (Q7,G) is space-time regenerative with
the probability measure Q™ on (27,G7") as regeneration law and that T is an almost

surely finite (g_ﬁr)teR-stoppmg time. Then for all G~ -measurable nonnegative functions
a

Q” [F(74,) | Grs] = Q7[F].
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Proof (i) Fix t € R. For n € N set t,, :=t + 27" Consider F : Q7 — R of the form

F((w™,07)) = flws],-.. wsé T (7)), rs, (07))

for some 0 < s; < 85 < ... < s, and bounded, continuous function f : R’ x (R U {4+o00})* —
R, . For such an F' we have

lim F(7g, (07)) = F(75,(w))

n—ro0
for all @ € Q¢ and it suffices by a monotone class argument to show that
Q" [F(74,)167] = Q7[F]
for all n € N. This, however, is clear because g’;i - Qg and
Q” [F(73,)16:7] = Q7 [F]

by assumption. )
(ii) For n € N define a (G );er-stopping time T,, by declaring that T,, := —n when T €

[, 95), k € Z. Let F be as in the proof of part (i). For such an F we have

lim F(7, (@) = F(74,.(@%))

n—00 T

for all @ € Q¢ and it suffices by a monotone class argument to show that
Q" [F(7a,,) 1G] = Q[F]

for all n € N. Since Gy, C Gy, for all n € N, it further suffices to show that
Q7 [F(74,) 1971 ] = Q7 [F].

Fix n € N and suppose that G is a nonnegative GTHH ,-measurable random variable. We have

=g s 2]

el ]
ez ofn-2)
zQﬁ[F}Q; [G],

where in the penultimate equality we used the fact that G 1{T,, = £} is G% -measurable
(see, for example, [30, Lemma 7.1(ii)]). This completes the proof. O

Theorem 2.2.4 Suppose for the Lévy process (X;+at)ier that 0 is regular for (0,00). Then
the distribution of ((X¢)ier, Z) is space-time regenerative.
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Proof. Use Theorem 2.3.6 below, Remark 2.2.2; and part (i) of Theorem 2.2.3. O

Remark 2.2.5 If 0 is not reqular for (0,00) for the Lévy process (X; + at)icr, then 0 is
reqular for (—oo,0) for the Lévy process (X; — at)er. Equivalently, if 0 is not reqular for
(0,00) for the Lévy process (X; + at)ier, then 0 is reqular for (0,00) for the Lévy process
(—Xi + at)ier and hence for the Lévy process (X_y— + at)ier. Thus, either the distribution
of (X¢)ier, 2) is space-time regenerative or the distribution of ((X_i_)ier, Z) s space-time
regenerative.

Write 7% : Q9 — Q¢ for the projection @ = (w*, &%) — &**. Define 77 : Q7 — Q~
similarly. If Q¢ is space-time regenerative with regeneration law Q7, then, in the sense of
[22], the push-forward of Q¢ by 7 is regenerative with regeneration law the push-forward
of Q7 by 7. Tt follows that Q7 {(w™, &) : @~ is discrete} is either 1 or 0.

Suppose that the probability in question is 1. Define (G;);cr-stopping times Ty, Ty, . . .
with 0 < T} < Ty < ... almost surely by

Tllz 0

and
T (@) = dr, @) (@) = To(@7) + do © O, @) (@), n €N,

where 0, : Q° — Q°, t € R, are the shift maps given by 0w, @) = (W], )uer, @7 — 1).
Let 0 be an isolated cemetery state adjoined to R. Define cadlag R U {0}-valued processes
Y" = (Y;n)teﬂh.a ne N7 by
Yoo, 57) i T O Tt (W8 0 ST < do 0wy (07) =G
a) t> dO o eTn(&J‘_’)(wH) = Cna

where 77 : Q7 — Q7 is the projection (w™,&7) + w™. Then, under Q, the sequence
Y™ n € N, is independent and identically distributed.

The path of of each Y, lies in the set Q% consisting of cadlag functions f : R, — RU{d}
such that f(0) = 0, 0 < inf{s > 0: f(s) = 0} < oo, and f(t) = 0 for all t > inf{s > 0 :
f(s) =0}

When the probability in question is 0 there is a local time on our regenerative set and
we can construct a Poisson random measure on the set R x Q%9 that records the excursions
away from the contact set and the order in which they occur. We use the following theorem
which is a restatement of [24, Corollary 3.1].

Theorem 2.2.6 Let (Op)ren be an increasing family of measurable sets in a measurable
space (O, 0) such that O = |J,cn Or- Let 'V be an O-valued point process; that is, V =
(V)0 is a stochastic process with values in O U {t} for some adjoined point t such that
{t >0:V; %1} is almost surely countable. Suppose that {t > 0: V; € O} is almost surely
discrete and unbounded for all k € N while {t > 0 : V, € O} is almost surely not discrete.
Suppose that the sequence {Vy : Vi € Oy} is independent and identically distributed for each
k € N. For k € N define (Ni(t))i>0 by setting N(t) = #{0 <u <t:V, € O} fort > 0.
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For k € N set T}, = inf{t > 0: V; € Oy} and put p = P{Vy, € O1}. Then, for almost all
w € Q, uniformly for bounded t > 0,

lim pka(t7w) = L(taw)a
k—o0

where L(t,w) is continuous and nondecreasing in t > 0, and strictly increasing on {t > 0 :
V(t,w) # t}. For such w, set

V*(o.0) = {V(t,w), if s = L(t,w),

T, otherwise.

Then V* is a homogeneous Poisson point process; that is, the random measure that puts mass
1 at each point (t, f) € Ry X O such that Vi = f is a Poisson random measure with intensity
of the form A®@v, where X is Lebesque measure on Ry and v is a o-finite measure on (O, Q).
Moreover, for almost all w € Q for all t with V (t,w) # 1, V(t,w) = V*(L(t,w),w).

We can apply this theorem if we consider O to be the space Q% of cadlag paths that
vanish at the origin and have finite lifetimes, and take Oy to be the subspace of paths with
lifetime at least % We define V to be the point process of the excursions such that, for
every t > 0, V, is equal to the excursion whose right end point is ¢, with the convention that
V, =t if t is not the right end point of an excursion. In the case where Z is not discrete,
all the conditions of Theorem 2.2.6 can readily be checked and we obtain a time-changed
Poisson point process.

2.3 The process after the first positive point in the
contact set

Notation 2.3.1 Fort € R set G; := sup(Z N (—o0,t)) and D, := inf(Z N (t,+00)). Put
G =Gy and D := Dj.

Remark 2.3.2 We have from Lemma 2.7.3 that
D=inf{t >S: X, ANX;,_ +at =inf{X, + au:u> S}},
where
S=5y:=inf{s >0: X; A X;_ —as <inf{X, —au:u<0}}

because almost surely Xg < Xg_. The latter result was shown in the proof of [2, Theo-
rem 2.6/.

Notation 2.3.3 Fort € R, put F; =) ..o0{Xs: —00 < s <t +¢€}. Define the o-field Fy
for any nonnegative random time U to be the o-field generated by all the random variables
of the form &y where (& )wer is an optional process with respect to the filtration (Fy)ier-
Similarly, define Fy— to be the o-field generated by all the random variables of the form &y
where (§)ier s now a previsible process with respect to the filtration (F;)ier.
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Notation 2.3.4 Let X = (Q,]:", ﬁt,)?t,ét,lfm)vbe a Hunt process such that the distribution
of X under P* is that of (x + Xi+at)>o. PutT :=inf{t >0: X;AX,_ <0}, and fort >0
and x,y > 0 put

Hy(x,dy) == P*{X, € dy,t < T}H

Remark 2.3.5 Write P1, x > 0, for the distribution on the Skorokhod space of cadlag
0, 00)-valued paths of a Markov process with transition functions (Ij]t)tzo. It is shown in [18,
Theorem 2] that if 0 is regular for (0, 00) for the Markov process X', then P! converges weakly
as x | 0 to a distribution P that assigns all of its mass to paths with initial value 0. The
distribution PT is the distribution of a Markov process on [0,00) with an enlarged semigroup
which, with a slight abuse of notation, we denote ﬁt(x,dy), t >0, z,y > 0 for suitably
defined I;Tt(O, ), t > 0. We interpret (the enlarged semigroup) (ﬁt)tzo as the semigroup
of the Markov process X conditioned to stay positive. The semigroup (Flt)tzo 1s Feller on
Co([0,00)), the space of continuous functions on [0, 00) vanishing at infinity.

Theorem 2.3.6 Suppose that 0 is reqular for (0,00) for the Markov process X. Then the
process (Xiwp—Xp)io is independent of (X;, —oo < t < D). Moreover, the process (Xiip—
Xp +at)so is Markovian and has the distribution PT of the process (X; + at)i>o conditioned
to stay positive.

Proof. Because (X})cr is a two-sided Lévy process and S is a stopping time, the process
X = (Xiy5 — Xg + at)so is, by the _strong Markov property, independent of Fg and has
the same distribution as the process X under P°.

Suppose that X is not a compound Poisson process with drift (that is, that either o > 0
or II(R) = 00). Then, by [38, Proposition 2.2], the set {t >0 X, AX;- =inf{X,:s5>0}}
consists P*-almost surely of a single point T for all z € R. If X is a compound Poisson process
with drift, then, by the assumption that 0 is regular for (0,00), the drift must be strictly
positive and in this case an easy argument based on the fact that the times between jumps are
independent exponential random variables shows that the conclusion of the previous sentence
still holds. Consequently, in either case the set {t > 0 : X; A X,_ = inf{X, : s > 0}} also
consists almost surely of a single point 7. From Remark 2.3.2 we have D = S + 7.

Because 0 is regular for (0, 00) for the Markov process X, it follows from that [38, Propo-
sition 2.4] X7 = inf{X, : s > 0}. (That result is given under a blanket assumption that the
Lévy process in question is not a compound Poisson process with drift but it is straightfor-
ward to see that the same argument applies to give the result for the latter class of Lévy
processes.)

The sole theorem in [37] gives that the process (X;,,)s>0 is independent of F7 given X7.
Moreover, there exists a family of entrance laws (Q:(z;-)):>o for each x € R and a family of
transition functions (Hy(x;-,-))s>0 for each z € R such that

(X, 7 € A| Fr} = QX 4).1 > 0,

and
PAX, 7+ € Al Fr b = H (X7 X7, A),0 < s < L.
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Using the fact that the processes (z + X, 7)o under P° and (X, 4 7)e=0 under P* have the
same law, it follows that Q;(z;z+ A) = Q+(0, A) and Hy(z;x+y,x+ A) = Hy(0;y, A). Thus
the process (X, P X;)i>0 is independent of Fz and, moreover, this process is Markovian
with the entrance law A — Qy(0; A) =: Q,(A), t > 0, and transition functions (y, A) —
H,(0;y, A) = Hy(y,A), t > 0. Applying Lemma 2.8.2 we get that (X, p — Xp + at);>o =
(X275 — X#)i>0 is independent of Fp_ V 0{Xp} and Markovian with transition functions

Y

(H,);0 and entrance laws (Q;);so.

By the right-continuity of (X, 7 — X:)¢>0, the probability measures Q, converge weakly

to the point mass at 0 as ¢t | 0. It follows from the Feller property of the semigroup (Flt)tzo
noted in Remark 2.3.5 that for f € Cy([0, 00))

Qtf = st{t—sf = 151?01 st{t—s.f = ﬁtf(0)7

so that Q; = H(0,-) and hence (Xtrp — Xp+at)o = (X,17 — X7)i>0 has distribution PT.
Introduce the killed process (X;)ier defined by

X, t<D,
Xt = XD, t — D,
0, t>D,

where 0 is an adjoined isolated point. To complete the proof, it suffices to show that
o{X;,—o00 <t < D} =0{X,,t € R} C Fp_Vo{Xp}; that is, that X, is Fp_ V o{Xp}-
measurable for all ¢ € R. For all v € R the process (1{s>u})ser is left-continuous, right-
limited, and (F)ser-adapted. Therefore, for all v € R, the random variable 1{ps, is
Fp_-measurable and so the random variable D is Fp_-measurable. In particular, the event
{t > D} is Fp_-measurable. Next, the process (X;1,cs)ser is also left-continuous, right-
limited, and (F;)secr-adapted and hence the random variable X1y py is Fp_-measurable.
Consequently, for any Borel subset A C RU {0} we have

{X, € A}

={X,eAIn{t<DHu({X, e AAn{t=D}HuU({X, € A}n{t> D})

B {({th{t@} ceAln{t<DHU({Xpe Aln{t=DYHU{t>D}, €A,
({Xilp<py € A} N{t < D})U({Xp € A} n{t=D}), 0¢ A,

€ Fp_Vo{Xp},

as claimed.

2.4 The excursion straddling zero

In this section we focus on the excursion away from the contact set that straddles the time
zero; that is, the piece of the path of X between the times G and D of Notation 2.3.1.

The following proposition gives an explicit path decomposition for, and hence the distri-
bution of, the process (X,, 0 < u < D).
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Proposition 2.4.1 Set
I™ :=inf{X, —au:u <0}

Consider the following independent random objects :
e A random variable I with the same distribution as I,
o (X))o and (X} )i>o two independent copies of (X¢)t>0-

Define the process (3¢)i>0 by

X!, 0<t<Tl,
3t = X;in +X,1L7 7 <t < jjll“ +17,

0, t>TL+T7,

where
Th=mf{t>0: X;ANX, —at<T}
and .
T":=inf{t > 0: X/ N X, +at = inf{X] + au:u>0}}.

Then,

(X, 0<t<D)L(3,0<t<TL+T").

Proof. The path decomposition follows from the construction of the pobZ S and D in
Remark 2.3.2. The proof is left to the reader. 0

Now that we have the distribution of the path of X on [0, D], let us extend it to the whole
interval [G, D]. First of all, we will prove that the random variable U = D’—ﬁ; is independent
of the straddling excursion (X;,¢ — Xg, 0 <t < D — @) and has a uniform distribution on
the interval (0, 1].

Our approach here uses ideas from [61, Chapter 8] but with a modification of the partic-
ular shift operator considered there; see also [6] for a framework with general shift operators
that encompasses the setting we work in. There is a large literature in this area of gen-
eral Palm theory that is surveyed in [61, 6] but we mention [39, 46] as being of particular
relevance.

We will prove general results for the path space (H, H) and sequence space (L, £) defined
by

H :={(z)ter : # is real-valued and cadlag with z(0) = 0}

and
L::{(Sk‘)kEZERZ:_OO<—"'<S_1<0§80<81<...—>OO}.

We take H to be the o-field on H that makes all of the maps z — 2z, t € R, measurable,
and L to be the trace of the product o-field on L.
For t € R define the shift 6, : H x L — H x L by

0:((2s)ser, (Sk)kez) = ((2t1s — 2t)ser, (Snyrk — tkez)
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where n; = n if and only if ¢t € [s,_1, $,,). The family (6;):cr is measurable in the sense that
the mapping

((2s)sers (sk)kezst) € H X L x R = 0,((25)ser, (Sk)kez) € H X L

is H® L ® B/H ® L measurable, where B is the Borel o-field on R.

We consider a probability space (€2, F,P) equipped with a random pair (K, P) that take
values on H x L. We assume furthermore that (K, P) is space-homogeneous stationary in
the sense that

0,(K, P)< (K, P), for all s € R.

Remark 2.4.2 When Z is discrete, the space-time regenerative system ((Xi)ier, Z) is ob-
viously space-homogeneous stationary due to the two facts that for any s € R we have

(Xigs — Xs)te]Ri (Xi)ier and that the contact set for (Xivs — Xs)ier 18, by Lemma 2.7.1,
Just Z — s.

Definition 2.4.3
o Write I, for the n' cycle length defined by I, = P, — P,_;.

e ForteR, put Ny=n fort € [P,_1,P,).

t—PNt,1

P,

e Define the relative position of t in [Pn,_1, Py,) by U :=
e Define the random variable (K°, P°) by

(K°,P°) = 0p, (K, P) = ((Kerp, — Kpyier, (Pe — Po)rez).

The following are two important features of the family (6;),cr that are useful in proving
results analogous to those in [61, Chapter 8, Section 3].

Proposition 2.4.4 The family of shifts (0;)ier enjoys the two following properties.
(i) The family (0;)icr is semigroup; that is, for everyt,s € R : 0,005 = 0;ys.
(i1) For all s € R and (K, P) € H x L we have 85(K, P)° = 0y,(K, P).

Proof. For all t,s € R, and (K,P) € H x L

Proj g (K 0 0,(K, P))]u = 0.(K) o0 — 0.(K),
= (Ku+t+s - KS) - (Kt-i-s - KS)
= Kuyirs — Kiys
= (Or5(K))u
= Projy[0i1s(K, P)lu

where Proj,; is the projection from H x L to H. The proof for the action of the shift on the
sequence component is given in [61, Chapter 8, Section 2].
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We prove (ii) in a similar manner. We have

(0s(K)i40.(Pyo — Os(K)a,(P)o )ter, (PN, +& — P, )kez)
(Kttsto,Pyo — Ks) = (Ko (Pyot+s — Ks))ter, (Pnosk — PN, )kez)
(Kitstpy,—s — Ksipy,—s)ters (Pn,+x — Pn,)kez)

(Kt py, — Kpyys (Pngik — PN, )kez)

O

We state now a theorem that is analogous to parts of [61, Chapter 8, Theorem 3.1]. The
proof uses the same key ideas as that result and just exploits the two properties of the family
of shifts laid out in Proposition 2.4.4.

Theorem 2.4.5 The random variable Uy is uniform on [0, 1) and is independent of (K°, P°).
Also,

Ny

> f(Or (K, P))

k=1

E

[

lo

Proof.Consider a nonnegative Borel function g on [0, 1) and a nonnegative H ® L-measurable
function f. To establish both claims of the theorem, it suffices to prove that

K°. p° 1
tE [g(Uo)f(—’)} = (/ g(x) d;z:) E
lo 0
By stationarity, the left-hand side of equation (2.2) is

] [ 7]

Ny

k=1

. (2.2)

Because 04(Uy) = Ug and 0s(lp) = ln,, and using the fact that 0,(K, P)° = 0y, (K, P).

We have
e [owg ) = [ [owy LD

In,

Z/Pk g(Us).f<0PN9(K?P)) ds

=1 Pre—1 In,
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It follows from stationarity that

E { /0 : g(l@)wd{ ~E { / AT

[N, In,

A change of variable in the integral shows that

Py M S 1
/ Mds:/ Mds:/ g(z) dz,
Pooy i o 0

and this proves the claim (2.2). O

The next result is the analogue of the identity [61, Chapter 8, (4.5)] with g = 1.

Corollary 2.4.6 For any nonnegative H @ L- measurable function f and every n € Z, we
have
Op (K, P K°, P°
g [J0nCF)) _p [JU0 )
0 0

Proof. 1t suffices to consider the case when f is bounded by a constant A. Applying
Theorem 2.2 with the function f replaced by f o fp , we have, for all ¢ > 0,

o [M} _E

0

S f(0n,, (K. P)

—E

_E [ f(0n, (K, P))

Ni+n

Y fOn (K. P))
k=Ni+1

L)
lo

+E

—ﬂE[

Nt+n

Y. fOr(K,P))

k=N¢+1

+E

Hence ’E [M}_E[WHS%

Letting ¢ — oo finishes the proof. O

0

Of particular interest to us in our Lévy process setting is the case where the sequence
(Kiyp, ,—Kp, |, 0<1t<l,), l)nez is independent, in which case the sequence ((K¢yp, , —
Kp, ,,0<t<l,), l,)nzo is independent and identically distributed (cf. [61, Chapter 8, Re-
mark 4.1]). Part (i) of the following result is a straightforward consequence of Corollary 2.4.6.
Part (ii) is immediate from part (i). We omit the proofs.
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Corollary 2.4.7 Suppose that the sequence ((Kivp, , — Kp,_,, 0 <t < 1,), lp)nez is inde-
pendent

(i) For a nonnegative measurable function f,

E[f(Kitp — Kp,, 0 <t < ), 1y)]
1

1 —1
=K |:—:| E |:f((Kt+P1 — Kpfl, 0 <t< lo), ZO)Z
0

lo

(ii) For a nonnegative measurable function f,

E [f((Kt+P—1 — Kp_l, 0 S t < lo), lo)}
= E[ll]_lE [f((Kt-i-Po — Kp,, 0<1t< ll)? ll)ll] .

We return to our Lévy process set-up and assume that Z is discrete. The pair ((X;)er, Z)

is space-homogeneous stationary and hence, by Theorem 2.4.5, the random variable Uy =

D_—_GG is uniform on [0, 1) and independent of the process (X;1p — Xp)ier. Put

V- Xp—Xop—p-, 05t<D—-G=:(y,
R ) t>D-G.

It is easy to check that D — G is the first positive point of the contact set of the process
(Xp — X(p-t)-)ter and so the process (V;)ier can be written as

V: F(XD+. —XD),

where F'is a measurable function from the space of cadlag functions on the real line to the
space of cadlag functions on the positive real line. Hence the random variable U = 1 — U,
is independent of (V;);>9. We have already observed that we know the distribution of the
process

W AV 0St<D=U(D-G)= G,
""" lo, t>=D=UD-0G).

We now show that it is possible to derive the distribution of V' from that of W.

Corollary 2.4.8 Recall that (v (resp. (w) is the lifetime of the process (Vi)iso (resp.
(Wi)i0). For bounded, measurable functions fi,..., f, that take the value 0 at O and times
0<t1 <...<t, <t<o0,

E[fi(Vi,) - fu(Vi,) H{t < Cv}] = E[fi(Why) - -+ fu(Wh, ) 1{t < Cw }]

E[fi(Wy,) - fn(Wy,) L{Cw € dt}]
dt

+1
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Proof. Observe that

ELfi(We,) -+ fu(We,) H{E < Cw}]
=E[A(Ve) - fu(Vi,) L{E < UGV}

Elfi(Vi) - fa(Ve,) H{t/u < G} du

00 21

[
- / EU (Vi) - FulVe) L5 < Gy ds
/ BLAWL) -+ fulVi) Hr < G} g dr

=t [BUA0R) - BG)H < Gl dr

so that
/tOOE[fl(Vil) (Vi) {r < Cv}] dr = E[fl(th) o fa(Wa,) 1{E < G b

Differentiating both sides with respect to t and rearranging gives the result. 0

Remark 2.4.9 (i) The proof of Corollary 2.4.8 is similar to that of [60, Appendiz, Propo-
sition 3.12] which gives an analytic link between the distributions of Z and UZ where Z and
U are independent nonnegative random variables with U uniform on [0, 1].

(ii) We gave above a way to find the distribution of the excursion straddling zero. To de-
termine the distribution of (X;, G < t < D) we generate the process V' according to the
distribution described above with lifetime (v, and then take an independent random variable
U uniform on [0, 1], then we have the equality of distributions

(Xt> G<t< D) i (W+UCV - VUC\M _UCV <t< (1 - U)CV)

(iii) As a particular consequence of the Theorem 2.4.5, we can find the distribution of the
straddling excursion length D — G if we know the distribution of the right-hand endpoint
D. See [2, Remark 8.2] where the relevant calculations are carried out to find the Laplace
transform D — G.

From now on, we consider the generic excursions (that is, all the excursions that start
after time D or finish before 7). These excursions are independent and identically distributed
and independent of the excursion straddling zero between G and D. In the next section we
give a description of the common distribution of the generic excursions in the case of the
Brownian motion with drift.

2.5 A generic excursion for Brownian motion with drift

Suppose in this section that X is two-sided Brownian motion with drift 5 such that |8|< «;
that is, X = (B; + ft)ier, where B is a standard linear Brownian motion.

We recall the Williams path decomposition for Brownian motion with drift (see, for
example, [55, Chapter VI, Theorem 55.9]).
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Theorem 2.5.1 Let > 0. On some probability space take the following three independent
random elements:

o (B t>0) a BM with drift —pu;
. (Rg“),t > 0) a diffusion that is solution of the following SDE
dR" = dB, + pcoth(uR¥)dt, R\ =0,
where B 1s a standard Brownian motion;

e v an exponential r.v with rate 2.

Set 7 =1inf{t > 0: Bt(_“) = —v} and

. BM. o<t<m
"TARM —4 >

Then, (Ht)t>0 is a Brownian motion with drift p.

Remark 2.5.2 The diffusion RW is called a 3-dimensional Bessel process with drift j and
is denoted BES(3, ). We may use a superscript to refer to the starting position of this
process, when there is no superscript it implicitly means we start at zero. This process has
the same distribution as the radial part of a 3-dimensional Brownian motion with drift of
magnitude p [54, Section 3. This process may be thought of as a Brownian motion with
drift p conditioned to stay positive.

We give some results about Bessel processes that will be useful later in our proofs. The
first result is a last exit decomposition of a Bessel process presented in [50, Chapter 6,
Proposition 3.9].

Proposition 2.5.3 Let p be BES®(3); that is, p is a 3-dimensional Bessel process started at
x> 0. Let T be an a.s finite stopping time with respect to the filtration F*7 := (0{ps, Js,0 <
s < t})is0, where Jy := infssy ps is the future infinimum of p and such that pr = Jr. Then
(pr4t — pr)iso is a BESY(3) that is independent of (p;, 0 <t < T). In particular if

Goy =sup{t >0:py =y} =inf{t >0: p, = J, =y}, y >z,
then (pevg,, — Y)i>0 05 @ BESY(3) independent of (ps, 0 <t < guy)-

The next result relates the time-reversed Bessel process and the Brownian motion. It is
from [50, Chapter 7, Corollary 4.6].

Proposition 2.5.4 Letb > 0, p be a BES®(3), and B be a standard linear Brownian motion.
We have the equality of distributions

(Pry—t, 0 <t < L)L (b— B, 0 <t < Ty),

where Ly := sup{t > 0 : p, = b} is the last passage time of p at the level b and T, :=
inf{t > 0 : By = b} is the first hitting time of the Brownian motion B started at zero to b.
In particular,

LT,
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The final result we will need is a path decomposition of a 3-dimensional Bessel process
with drift started at a positive initial state when it hits its ultimate minimum. We don’t
know a reference for this result, so we give its proof for the sake of completeness.

Theorem 2.5.5 Let b, u > 0. Consider the following three independent random elements :

xT

e a random variable g with density proportional to e** supported on [0,b];

e a Brownian motion (Bt(b’_“))tzo with drift —p started at b;

e a 3-dimensional Bessel process (Rg“))tzo with drift v started at zero.

Define the process :

where T, := inf{t > 0: B" " = g}.
Then, R®#) gBESI’(B,M); that is, R"" is a 3-dimensional Bessel process with drift u
started at b.

Proof. The distribution of a 3-dimensional Bessel process with drift p and started at b > 0
is the conditional distribution of a Brownian motion with drift i started at b conditioned to
stay positive (see the Remarks at the end of [54, Section 3]). The event we condition on has
a positive probability, so it is just the usual naive conditioning

-8 | {sup B, <o} £BES3.0),

t>0

where BM(—) is a Brownian motion with drift —u and started at zero. The theorem is
then just an application of the Williams path decomposition Theorem 2.5.1. [l

Recall that in this section (X})ier is a Brownian motion with drift 5. The discussion in
Theorem 2.3.6 and the Williams path decomposition Theorem 2.5.1 shows that (X, p —
Xp + at)i>o has the same distribution as (B; + (o + ()t)wer conditioned to stay positive.
Thus,

(Xesp — Xp, t > 0) = (R —at, t > 0),

where R(+8) £ BES(3,a + ). We aim now to provide a path decomposition of the first
positive generic excursion away from the contact set (and thus all generic excursions), that
is the path of (Z;)i>0 :== (Xi4p — Xp)i>0 = (Xewp, — X, )0 until it hits the first contact
point Dp, — Dy.

Notation 2.5.6 Using Lemma 2.7.4, let us define the following times that are the analogues
of s and d for this generic excursion.

(a+B)
Ti=inf{t >0:Z, —at <0} =inft>0: tt = 2a
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and
C=inf{t >F: Zi+at =inf{Z, +au:u>T}}
=inf{t >%: R = inf{ R©@+A) .y > TV},

The following theorem is a path decomposition of a generic excursion away from the
contact set.

Theorem 2.5.7 Consider the following independent random elements:

e « pair of random variables (T,7) with the joint density

exp <—(°‘_Tﬁ)gt —2(a+ Bz
273

f’r,&(t,i’) = 10S$§20¢t’ t> 0, (23)

e a standard Brownian excursion e on [0,1],

e a linear Brownian motion (Bt_(aﬂg))@o with drift —(a + f).

Define the process

. _ {ﬁe(%)wat, 0<t<r,

T 20r + B0 r<t<T+T,

T 3 > U =

where Ty = inf{t >0 : Byt = _4}. Then,
(Xop—Xp+at,0<t < )2 (&, 0<t<r+Ty).

Proof. Let us first find the distribution of the path of R(*5 on [0,F]. As T is a stopping time
(with respect to the filtration generated by R(+#) and R(®*#) is a time-homogeneous strong

Markov process, we have that conditionally on the event {¥ =T} = {R(TOH“B ) = 2aT }, the
processes {RS[HB Ji0<u< T} and {R,(f‘w Viu > T} are independent. Now define (Y})i~o
by

Y, = tR ¢ > 0.

1
t

By the time-inversion property of Brownian motion, Y is a BES**#(3); that is, Y is a 3-
dimensional Bessel process started at a + 8 (with no drift). The stopping time ¥ can be

expressed as
1 a 1

sup{t > 0:Y; = 2a} - Gat8 20
Hence, by applying Proposition 2.5.3 to our process Y, we find that

(Gt7 t> O) = (}/t-&-

(2.4)

—2a,t>0)

-

is a BES’(3) independent from o{Y; : u < 1} = J{RS)HFB) :u > T}, Now, conditionally on
{T =T}, we have

(RO*D) 0<u<T)= (W(Gi_y +2a),0<u<T)
= (uGL_Tu +2au, 0 <u<T).
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However, it is known that (uG T—u, 0 < u < T)is just a Brownian excursion of length T
(that is a 3-dimensional Bessel %ridge between (0,0) and (7,0)). This can easily be seen
from the same time transformation that maps Brownian motions to Brownian bridges); for
a reference to this path transformation, see [p 226][45]. Hence, given {¥ = T'},

(Wu,OgugT):(eT(u)—l—au,OgugT)g (ﬁe(%)—i—au,ogugT),

where er is a Brownian excursion on [0, 7], and e is a standard Brownian excursion on [0, 1]
obtained by Brownian scaling.

Now let us move to the second fragment of our path; that is, the process W on [T, ].
Because of the fact that T is a stopping time and R“*?) is a strong Markov process, condi-
tionally on {¥ = T'}, the process (Rﬁ_;ﬁ), 0<t<(—%)isjust a BES* (3, + ) stopped
at the time it hits its ultimate minimum. Hence, by applying Theorem 2.5.5,

(R 0<t<c-DEBFTT 0<t < T,
where BoT—(@+0) is g standard Brownian motion with drift —(a + ) started at 27" and
T, = inf{t > 0: BET=@F0) — 41 and v is independent of BZeT—(@+6) with density on
[0, 2aT] proportional to  + @7 Finally by setting 4 = 2aT — v, it suffices to prove
that (T,4) has the joint density in (2.3) to finish our proof.

We know that the conditional density of 4 given {¥ = ¢} is proportional to x ++ e~2(@+5)2
restricted to [0, 2at]. That is,

2(a 4 B)e2lath)z
fiz=i(z) = 1 — e—4(atB)at lo<w<at- (2.5)

To finish, let us find the distribution of ¥. Recall from (2.4) that we have

d 1
Ga+B,2a ‘

5

Now ga+824 18 ‘Ehe last time a 3-dimensional Bessel process siiarted at a4 [ visits the state
2a. Consider (V;)i>0 a BES?(3), and let H, 5 := inf{t > 0:Y; = a + 8} be the first hitting
time of a + 3. Then, by the strong Markov property at time H, 3, we have

d
Loow = Hoys + GatB 20

where gq482q and H,g are independent, and Lo, is the last time Y visits 2. Hence we get
the Laplace transform of g, 324 1S

Elexp(—ALag)]
Elexp(=AHa+g)]

E[exp(—Aga+s.20)] =

Using Proposition 2.5.4, we know with the same notation that Lo, 4 T5,. Thus,

Elexp(—ATha)] = exp(—2av/2)).
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On the other hand, we obtain the Laplace transform of H, from [13, equation 2.1.4, p463],

namely,
_ (a+pB)V2A
Elexp(—AHa+45)] = sh((o + B)VN)
Thus,

e 22V ginh((a + B)V2N)
(+ B)vV2X '

Inverting this Laplace transform, we get the density of ga4s.24; that is,

Elexp(—Aga+p2q)] =

_(a—p)2 (30482
2t 2t

(& — €

2(a + B)V2nt

fga+,8,2a (t) =

The density of ¥ is thus

(3a+8)%t
- 2

1 1 e’(a_f)% —e
t) = — 2 = 10.
f‘f( ) t2f9a+/3,2a (t) 2(0[ 4 ﬂ)\/ﬁ t>0
Multiplying the (2.6) and (2.5) gives the desired equality.

Now we have an explicit path decomposition of a generic excursion and we know the
expression of the a-Lipschitz minorant on the same interval in terms of the locations of the
excursion at its end-points using Lemma 2.7.5. It is interesting to identify the distributions

of the most important features such as:

e the lifetime ( of the excursion;

e the time L at which the a-Lipschitz minorant of the excursion attains its maximal

value;

e the final value Z; of the excursion

— see Figure 2.2.

Using the notation from Theorem 2.5.7 and from Lemma 2.7.5 we have the following

expressions
C:T_‘_T’%
5
L=17——
T o0
5
—L=T +
¢ y+ o

Proposition 2.5.8 (i) The joint Laplace transform of (¢,L,( — L, Z;) is

Elexp(—(p1¢ + p2L + p3(¢ — L) + paZ¢))]
4o

N 200+ \/2(p1 + ps — aps) + (@ + B)? + \/2(p1 + p2 + aps) + (@ = B)?
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Brownian Excursion
BM with drift

—2a—f

slope +a slope —«

0 L T :

Figure 2.2: A generic excursion away from the contact set.

(i) The Laplace transform of the excursion length ¢ is

da
Elexp(=A0)) = 20+ /22 + (@ + B)2 + /22 + (a — B)?

In particular, for B =0 the probability density of ¢ is

a2l
2

e —
[ — 2 —20%®(aV1
V2l ( )
where <I> > 6;27:2 du.

(11i) The Laplace transform of the time L to the peak of the minorant during the excursion
18
4o

30+ 5+ 2t (@ BP

[exp(=AL)] =

The corresponding density s

_(e=p%

[ — 404% —4a(3a+ B)e da(a+p) (I)(\/_(Soz + 7).
s

(iv) The Laplace transform of the time ( — L after the peak of the minorant during the

eXCUrsion 1s
4o

lexp(=A(¢ — L))] = 30— B+ \/m
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The corresponding density is

_ (a+B)%

[ — 4a€T;rl — 4a(3a — )’ @B (VI(3a — ).

(v) The Laplace transform of Z¢, the final value of the excursion, is

4o
20+ /(o + B)2 =2 a + /(a — B) + 2 a

Elexp(=AZ¢)] =

We give the proof of Proposition 2.5.8 below after some preparatory results. We first
recall a result about the distribution of the first hitting time of a Brownian motion with
drift. [13, equations 2.0.1 & 2.0.2, page 295].

Lemma 2.5.9 Let (Bt(”))tzo a Brownian motion with drift ;n > 0 started at zero. Lety >0
and define T}, ,, := inf{t > 0 : Bt(“) =y}. The density function of T, is

Y ep (y —pt)?
2mt3 2t

Elexp(=AT,.,)] = e VD2 —n).

fr,,(t) =

and its Laplace transform is

The following simple lemma is well-known and follows readily from the fact that F(%) =

N

Lemma 2.5.10 For a,b > 0,

0o e—at o e—bt \/_
———dt = V2b—V2a.
0 V23

We now give the proof of Proposition 2.5.8.

Proof. We claim that

]E[exp(—)\lT — )\2’3/ — )\3T:y)]
_ da @
\/2()\1 — )\3) —|— 40&)\2 —|— (20[ —f- \/2/\3 + (OZ + 5)2)2 + \/2)\1 + (Oé — 5)2

The stated equation for E[exp(—(p1C + p2L + p3(¢ — L) + psZ¢))] then follows by noting that
plC + P2L + P3(C - L) + p4Z<
= pi(T+T3) + ps T_i +ps (T -I—i +ppae | T =T 7
K 2c v 200 v a

= (p1 + p2 + aps)T + <——& T o P4> Y+ (o1 + ps — apa)T5.
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The Laplace transforms for the individual random variables follow by specialization and the
claimed expressions for densities then follow from standard inversion formulas.

Rather than deriving (2.7) we will instead derive directly the Laplace transform of (.
This illustrates the method of proof with less notational overhead. We have

Elexp(—AQ)]
= E[e E[e |7, 4]]
_ E[e_he_a(\/m—mw»]

(a—B)>t
0o p2at ex <— —2(a + x)
:/ / e M2V 2t (atB)?—(a+)) P ? ( 2 dt dzx
vV 2mt3

)\—i- & B) )t(l e—2at(\/m+a+ﬁ))
\/2)\—1— 04—1—6 —I—oz+ﬁ/ 2mt3

:\QA+m+ﬂﬁ+a+ﬁA V2rt3

dt

for

_ 2
a:A+E15@—b A+( 2 +&mM%+—a+B +a+ B).

A little algebra shows that

_ %m Fa—BP), b= %(N/m @+ ) +2a)

Hence, using Lemma 2.5.10, we get that

200+ /2X + (o + )% — \/2A + (o — B)?
V2 A+ (a+ 8?2 +a+p '
After multiplying top and bottom by the conjugate this has following simple form

4o
200+ /2A+ (a + B)2 + /20 + (a — B)%

Elexp(=AQ)] =

Elexp(=A¢)] =

O

Remark 2.5.11 (i) Write H := Z;, — M, = \/Te(£) for the difference between the Brow-
nian motion and its minorant at time L — see Fzgure 2.2. We can get an explicit de-
scription for the distribution of this random variable, though computing either its Laplace
transform or density seems tedious. Indeed, we know that for every 0 < u <1, we have that

e(u) 4 u(l —u)xs, where x3 4 Q% + Q3 + Q2 for Q1,Q2, Q3 three independent standard
Gaussian random variables. Hence,

Hey L (1 - é)m .z (%)m N T



40

where U = ﬁ Using the density in Theorem 2.5.7 and a change of variable gives that the
joint density of (7,4) at the point (t,u) € (0,00) x [0,1] is

_ 2
f‘f‘,ﬂ(t7u) = \/22a_7rteXp (_ (a 2ﬁ> t— Oé;_ﬁtu)

and x3 independent of (7,4).
(i) Set W(p1, pa, p3, pa; @, B) = Elexp(—(p1{ + poL + p3({ — L) + psZ¢))]. From the time-
reversal symmetry (By)ier 4 (B_¢)ier, we expect that

\D(plv P2, P3, P4; &, 6) = \Ij(pla P3, P2, —P4; &, _B)a

and this is indeed the case. This symmetry is somewhat surprising, as it is certainly not ap-

parent from our path decomposition. Similarly, from the Brownian scaling (¢! Bay)ier 4 (B4)ier,
c > 0, we expect that

U(p1, pa, p3, pa; v, B) = (S p1, & pa, & p3, & pa; cav, ),

and this also holds.
(i) It follows from the proposition that

Bl = — - Elesp(-30) hoom 3
Similarly, 1
Ell) = =3y
B~ L= oo
and
E[Z] = ﬁ

Note that since limy_,o(B; + )/t = 5 almost surely, we expect E[Z:] = FE[(] by a renewal-
reward argument.

(iv) The results of this section advance the study of the excursion straddling zero in the
case of the Brownian motion with drift carried out in [2, Section 8]. Indeed, the previous study
only determined the four-dimensional distribution (G,D,T, ﬁ), where T := argmax{M, :
G <t< D} and H := X — My. Our approach here gives the distribution of the whole path
of a generic excursion. Let us define

pstraddle . (X, o — Xg, 0<t<D—Q)

and _
weenere .= (X, p — Xp, 0 <t < ().

By Corollary 2.4.7, we have
E [F<Wstraddle)] — E[C]flE [<F<Wgeneric>]
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Because we know the distribution of WM the distribution of the straddling excursion can
be recovered. In particular, the distribution of D—G is just the size-biasing of the distribution
of ¢; that is, E[f(D — Q)] = E[C]'E[Cf(C)] for any nonnegative measurable function f. For
example, the joint Laplace transform of the analogues of ((,L,( — L, Z;) for the straddling
ETCUTSION 18

—d;;fl‘lf(pl,pz,pg?m)

E[¢]

Finally, if we denote by A the Lévy measure of the subordinator associated with the regener-
ative set Z, then it has the density given by the following formula

O¢21

Aldz) _ ¢ 2 20%F(aT) | di
m-(%z\/% 2079 ( \/_)>d

(recall that A is only defined up to a multiplicative constant).

2.6 Enlargement of the Brownian filtration

In this section, the Lévy process (X;)er is the standard two-sided linear Brownian motion.
Set o
Fii=0{X, :u <t} V{the null sets of P}, ¢t € R.

From [50, Chapter 3, Proposition 2.10] (Fi)ter is then right-continuous and (X;)ir is a
(Fi)ier-two-sided linear standard Brownian motion. We denote (M,);cr the a-Lipschitz
minorant of X and we let D be defined, as above, by

D = lnf{t Z 0: Xt = Mt}
By Lemma 2.7.3, the random time D can be constructed as follows. Consider first the
stopping time S given by
S=inf{t >0: X, —at =inf{X, —au:u<0}}.
Then
D=inf{t >S: X;+ at =inf{X, + au:u > S}}.

Thus, if we introduce the one-sided Brownian motion X = (X,.g — Xs)t>0 which is inde-
pendent of Fg, and we let T be the time at which the process (X + at);>o hits its ultimate
infimum (this point is almost surely unique), then

D=S+T.

As we have seen previously, the random time D is not a stopping time. However, D is an
honest time in the sense of the following definition, that is present in Martin Barlow’s work
in [7].

Definition 2.6.1 Let L be a random variable with values in [0,00], L is said to be honest
with respect to the filtration (Fy)er if, for everyt > 0, there exists an Fi-measurable random
variable Ly such that on the set {L < t} we have L = L.
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Lemma 2.6.2 The random time D is an honest time. Moreover, if T is a stopping time,
then P{D =T} = 0.

Proof. We can write D on the event {D < a} as

Dlp., = Sl{g<a} + inf{t >0: Xt+Sl{S<a} - X51{5<a} + at
= inf{X; + at : Sligcqy <t < al}.

The right-hand side is F,-measurable and hence D is an honest time. Also, P{D =T} =0
for any stopping time 7" because P{Xp,; > Xp —at, Vt > 0} = 1 whereas P([),.,{30 <t <
6,XT+t < XT — Oét}) =1. O

We introduce now a larger filtration that is the smallest filtration containing (F,)cr that
makes D a stopping time.

Notation 2.6.3 Fort € R, set

—=D

T = Free Va(D A (t+6))).

e>0

Remark 2.6.4 For honest times D,
FP ={A€Fy:3A,B e F,, A= (AN {D>tHU(B,N{D<t}))}
- see [29, Chapter 5].

: : = : : : —=D : :
Our goal now is to verify that every (F;):>o-semimartingale remains a (F, ):>o-semimartingale,
and to give a formula for the canonical semimartingale decomposition in the larger filtration.

Definition 2.6.5 For any random time p, we call the (F;);>o-supermartingale defined by
Zf =Plp > t| F

the Azéma supermartingale associated with p. We choose versions of the conditional expec-
tations so that this process is cadlag.

We recall the following result from [8, Theorem A].

Theorem 2.6.6 Let L be an honest time. A (F;)>o local martingale (9My);>0 is a semi-

martingale in the larger filtration (F, )i>0 and decomposes as

B tAL d(m, ZL>5 td<m, ZL>5
S =

where (M) >0 is a ((.Tf)tzo, IP)-local martingale.
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It remains to find an explicit formula for ZP. Define a decreasing sequence of stopping
times (S, )n>0 that converges almost surely to S by

—k+1
Sp 1= Z Q—nl{2%§s<%}'
Define the random times (7T},),>0 by
T, =sup{t > 0: X;15, — Xg, +at =inf{X, s, — Xg, +au,u>0}}.

Note that 7, — T almost surely because T}, = argmin{X, g — Xg +ou:u > S, — S} +

n—o0

S — S, and T > 0 with probability 1. Hence,
ZP =P{D>t|F,} =P{S+T > t|F:}
= lim P{T,, + S, > t| F;}
n—roo
= lim 1(g,5¢ +P{T), >t — S, S, < t|F;}
n—oo -

. . k+1 E+1, =
= lim Igs,o0 + ) P{Tn>t—2—n> Sn = —, |7t}
k=0,E8L <t
. . k+1 =
= lim 1{Sn2t}+ Z ]P){Tn >t—2—n|./—'.t}1{sn:k2-‘-n1}
A k=0,2L <t
_7271_

If we apply Lemma 2.8.1 for R := 5,, and X := 1{Tn>t7%} we get

. v k + 1 7(n)
ZP = lim Ls>q+ Y, P {Tn >t= Ft_k;nl} Lisu-5iy

2n
k=055t <t

where (.7:}("))1520 = (MNeso o {Xuts, = Xs, : 0 < u <t + €})i>0. Now we use the following
theorem from [40, Theorem 8.22] .

Proposition 2.6.7 Let (Ny)i>o be a continuous local martingale such that Ny = 1 and
limg oo Ny = 0. Let S; = sup,; N,. Set

g:=sup{t>0: N, =S} =sup{t >0: N, =5;}

Then, the Azéma supermartingale associated with the honest time g is given by

N,
Zf:P{9>t|ft}:§t-
¢

We apply Proposition 2.6.7 to our case for g := T, and the filtration (ﬂ(n))tzo =

(me>0 J{Xu+Sn - XSn 0<u<t+ 6})1520-
By definition, we have T}, = sup{t > 0 : X" + at = inf{X{” + au : u > 0}}, where
X" = X5, — Xs,. Set
N, = exp(—2a(X™ + at)).
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The process N is clearly a local martingale that verifies the conditions of the last proposition
and we also have
T,, = sup{t > 0 : N, = sup N,}.

s>0

Hence
P{T,, > t| F"} = exp (—204(5(15”) +at) + 204(i21Z(X5(") + as))> .
Finally, we get the expression of the Azéma supermartingale associated with D as

ZP = lim 1(g,5n

n—0o0

> < (n k+1 5
+ Z exp<—2&(Xt(_)k+l+a<t— 2—:))—1—204 inf (XS(”)—l—ozs)) 1{&;%}

2m 0<s<t—Etl
k=0, <t SesEE

That is,

7P = ILm s, >0 + {exp (—2a(X; + a(t — S,)) + 2 ( <i£fs (Xsts, + as))} 1is, <ty
Thus, by sending n — 0o, we get that

ZtD = Lis>ey + {exp (—2@(Xt_g + ot — S)) + 2 ( inf (XS + ozs))} lisen-

s<t—S

Now, using Theorem 2.6.6, every (9,0 (F;)i>o-local martingale is a (7—? )i>o-semimartingale
and decomposes as follows

Y o d<mt? ZD>S ¢ d<m7 ZD>S
A B e

where (90%,);>0 denotes a ((7"? ), P)-local martingale.
We develop further the expression of Z? to get an explicit integral representation of its
local martingale part.

Lemma 2.6.8 Let B be a standard Brownian motion and o > 0. Define the process ($¢)i>0
by

$H; = exp (—204 [(Bt + at) — ir<1£(Bs + as)])
Put I; = inf,<;(Bs + as). Then,

t
0

Proof. Applying It6’s formula on the semimartingale $; = F/(B; + at, I;), where F(x,y) =
exp(2a(y — x)), gives

1
Ay, = —208dB, — 20°9,dt + 28,1, + 5 (4a”)$dt

= —20é,ﬁtdBt + 2aﬁtd]t
d$) = —2a9.dB;, + 2ad 1y



45

The last line follows from the fact that the measure dI; is carried on the set {t : B; + at =
[t}:{tﬁtzl} |:|

Substituting formula from Lemma 2.6.8 into the expression for Z” we get that

t—S
ZP = 1ison + Lis<n (1 — 2a/ exp(—2a(X, + au) + 20[(112f(XS + as)) dX,
0 s<u

+2a inf (X, 4 as)).
s<t—S

This can also be written as

ZP =1+ 201(s<y inf (X, +as)
(t—=S)Vvo - . . .
— 2@/ exp (—QQ(XU + au) + 2« (ir<1f(X5 + as))) dX,.
0 s<u

Put H, := exp(—2a(X, + au) + 2a(inf,<, (X, + as))). We want to write the integral

fo(t_s)vo H,dX, as a stochastic integral with respect to the original Brownian motion X.
For that we consider the time-change (Ci, t > 0) defined by C; := ¢t + S. It is clear that
this a family of stopping times such that the maps s +— C are almost surely increasing
and continuous. Using [50, Chapter V, Proposition 1.5], we get that for every bounded
(F1)i>o-progressively measurable process (H;);>o we have

Cy t
/ H,dX, = / He, dXo,.
Co 0

t+S ¢ 3
/ H, ¢dX, = / H,dX,.
S 0

In our case this becomes

Hence,
(t—S)VO ) (t—S)VO+S ¢
/ H,dX, = / H, sdX, = / lo>sH,_sdX,.
0 s o
Finally,
t
ZtD =1+ 2alis<y glfs()v(s + as) — 2a/ A, dX,y,
L 0
where
Au = 1uZSHu—S
=1,>5exp (—QQ(XU_S + au) + 2« ( <infS(Xs + as))) :
that is,

A, =1,>gexp (—204(Xu + au) + 2« ( inf (X, + as))) .

S<s<u
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The process t — 2alig<y infsgt,g()?8+as)) is decreasing and so the (F)s>o-local martingale
part of ZP is equal to

t
—2a/ A, dX,.
0

From the integral representation of martingales_ with respect to the Brownian filtration
(see [50, Chapter 5, Theorem 3.4], every bounded (F;);>o-martingale (9;);>¢ can be written
as

t
Sﬁt:C—i—/ :U’sts'
0

Such a process decomposes as a (7? )i>o-semimartingale in the following way

tAD t
~ psAg ds fsAg ds
M, =9, — 2 2 —
= [ b [ 85

where (9M,)>0 is a ((ff)tZO,IF’)—local martingale.

2.7 General facts about the a-Lipschitz minorant

Recall that a function f : R +— R admits an a-Lipschitz minorant m if and only if f is
bounded below on compact sets, liminf, , ., f(t) — at > —oo, and liminf, , o f(¢) + at >
—o00. In this case,

m(t) = inf{f(s) + alt —s|: s € R},t € R. (2.8)

The following result is obvious from (2.8).
Lemma 2.7.1 Suppose that f : R — R is a function with an a-Lipschitz minorant. For
z,s € R, defineg : R = R by g =x+ f(s+-). Write my and m, for the respective
a-Lipschitz minorants of f and g. Then my =+ my(s+ -).

The next result is a consequence of [2, Corollary 9.2] and Lemma 2.7.1, but we include a
proof for the sake of completeness.

Lemma 2.7.2 Consider a function f : R — R for which the a-Lipschitz minorant m exists.
Fiz a € R such that m(a) = f(a). Define f7 :R - R by

fla)+a(t—a), t<a,

/70 = {f(t), t>a.

Denote the a-Lipschitz minorant of f~ by m™~. Then m(t) =m7(t) for allt > a.
Proof. From the expression of m™ we have for every t > a

m~(t) = inf{f(s) + a|t — s|: s > a} A (m(a) + at — a)).
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Note that
m(a) + a(t —a) =inf{f(s) + a|s —a|]: s € R} + a(t —a)
<inf{f(s) +als—a|: s <a} +a(t—a)
=inf{f(s)+ala—s)+a(t—a):s<a}
= inf{f(s) +a|t —s|: s < a}
and so m~(t) < m(t) for t > a.
For the reverse inequality, it suffices to prove that
inf{f(s) + a|t — s|: s € R} <m(a) + a(t — a),t > a.
By definition, m(a) < f(s) + a|s — a| for all s € R, and so, by the triangle inequality,
m(a) + a(t —a) > f(s) + als — al+ala —t|> f(s) + a|t — 5]

for every s € R. ([l

The following result is [2, Lemma 9.4].

Lemma 2.7.3 Let f : R — R be a cadlag function with a-Lipschitz minorant m : R — R.
Set
d:=inf{t >0: f(t) A f(t—) =m(t)},
s:=inf{t >0: f(t) A f(t—) — at <inf{f(u) —au:u <0}},
and
e:=inf{t>s: f(t) N f(t—) +a(t —s) =inf{f(u) + a(u—s) : u >s}}.
Suppose that f(s) < f(s—). Then, e =d.

Let us also state here a simple expression of the time s when the time zero is a contact point.

Lemma 2.7.4 Let f: R — R be a continuous function with a-Lipschitz minorant m : R —
R, and suppose that we have m(0) = f(0) = 0, then s defined in Lemma 2.7.3 takes the
following form

s =1inf{t > 0: f(t) = at}.
Proof. This is straightforward, as
0> inf{f(u) —au:u <0} >inf{f(u) + alu|: u € R} =m(0) =0
because f(0) = 0. O

The following lemma describes the shape of the a-Lipschitz minorant between two consecu-
tive points of the contact set. It is [2, Lemma 8.3].

Lemma 2.7.5 Suppose that f : R — R that is a cadlag with a-Lipschitz minorant m : R —
R. The set {t € R :m(t) = f(t) N f(t—)} is closed. If t’jt” are such that f(t') A\ f(t'—) =
m(t), ft") N f(t"=) = m(t"), and f(t) A f(t—) > m(t) for allt’ < t < t", then setting
= (fA)NFE"=) = FE) N F{=) + at” +1))/(20),

(1) = IO NTE-) Falt =), ¢ <<t
OV A ) ol 1), <t
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2.8 Two random time lemmas

We detail in this section two lemmas that we used previously in Section 2.3 and Section 2.6.
We consider here (X;);cr to be two-sided Lévy process with (F;)er as its canonical right-
continuous filtration; that is, F; := (., 0{X,, —o0o <s <t +¢€}, t € R

Lemma 2.8.1 Let R be a (F;)er-stopping time that takes values in a countable subset of
R. Define the o-fields Fy := (Nougo({Xut — X : 0 < u < t+¢€}), t > 0, and put
Foo = Viso Foo. For every random variable X measurable with respect to Fao we have for
every t € R and r < t that almost surely

E [% ‘ 'F;‘/] 1{9%:7“} =E [%l{m:r} ‘ Ft} =E [% ’ ./T:‘t,T:| 1{9%:7"}-

Proof. The first equality is trivial because the event {R = r} is F,-measurable and hence
Fi-measurable. We therefore need only prove the second equality.

By a monotone class argument, it suffices to show that the second inequality holds for
X =1 fi(Xy+m — Xn), where 0 < uy < ug < ... < u, and fi,..., f, are nonnegative
Borel functions.

We have for any F;-measurable nonnegative random variable A; that

E | Alm_ry H(fi(XUi+m —Xn))| =E A=y H(fi<X“i+’” - XT))]
i=1 i=1
=E| A=) H (fi(Xuspr — X7))
u; <t—r
x E H (fz(Xurl-r_XT)Hft]]
wu; >t—r
—E|Alpen [[ (X — X))
u; <t—r
x E H (fz(Xuz-’-?” - X; + X(tfr)+r - XT)) "Ft]] :
u; >t—r

Using the independence and stationarity of the increments of the Lévy process X gives

=E Atl{m:T} H (fi(Xujr — X))

wu; <t—r

X H (gi(X(tfr)Jrr _XT))]

u; >t—r

E Atl{mzr} H(fz(XuerER - X‘ﬁ))

i=1
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for g; :== E[fi(Xy,1r—t + -)]. Thus,

Atl{m:r} H(fz(XuﬂriR - Xm))

E =E| A lin=r) H (fi(Xuirm — X))
i=1 u;<t—r
X H gz (t—r)+R — Xg{))

Because the process (X, 10 — Xn)u>0 is itself a Lévy process with respect to the filtration
(Ft)e>0 and it has the same distribution as (X¢):>o, we have

E H(fi(Xui+%_X%))’ﬁtr] = ] iXusn = X)) [] (6(Xenim — X))

=1 u; <t—r u; >t—r

Thus we finally get the desired equality

Al [ [(Fi( X — X)) | = E

=1

E Atl{ﬂ%zr}]E

[ (X — X)) |E_T”

i=1

O

Lemma 2.8.2 Suppose that almost surely lim; ... X; = oo and that zero is regqular for
(0,00) for the process (Xi)ier- Let R be an almost surely finite (Fy)ier-stopping time. Put
(X))i20 .= (Xipm — Xnt)i>0. Consider the random time £ := sup{t >0: X, AX,_ = inf{X,:

u > 0}}. Then, setting ® := R+ £, the o-field 0{X,,c — X¢ : t > 0} is independent of the
J-ﬁ@ld JT‘.@, V U{X@} = .F@,.

Proof. We begin with an observation Define the o-fields F; := Neso C{Xsqm—Xn : 0 < s <
t+e€}), t >0, and put Fug = V>0 Foo- It follows from the part of the proof of Theorem 2.3.6

which comes before we employ the current lemma that U{Xt+2 —Xe:t> 0} is independent
of

Feo = 0{& : (§)>0 is an optional process with respect to the filtration (F;);>o0}-

Returning to the statement of the lemma, and by noticing that Xp = Xo 4+ X, it suffices
to prove for any bounded, nonnegative o{X; ¢ — X¢ : t > 0}-measurable random variable
), any bounded, nonnegative, continuous functions g',...,¢" h', h?, and any previsible
processes &1 ..., €™ with respect to the filtration (F;)qcr that

n

[[ o En an*(Xe)| - (2.9)

i=1

E @Hg%f;)hl(Xm)h?(Xg) =E[Q|E

However, (J]7, ¢"(&}))ier is itself a previsible process, so it suffices for (2.9) to prove for any
bounded, nonnegative 0{X;;¢ — Xg : ¢ > 0}-measurable random variable 2), any bounded,
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nonnegative process ¢ that is previsible with respect to filtration (F;):cr, and any bounded,
nonnegative, continuous functions h', h? that

E[Q&oh' (Xn)h*(Xe)] = E[DIE[Eoh (Xot)h* (Xe)]. (2.10)

A stochastic process viewed as a map from €2 x R to R is previsible with respect to the
filtration (F;)er if and only if it is measurable with respect to the o-field generated by the
maps (w,t) — 1;57(), where 7" ranges through the set of RU {+o0o}-valued (F;)icr-stopping
times (see [55, Chapter IV, Corollary 6.9] for the analogous fact about previsible processes
indexed by (0,00)). Also, note that the collection of the sets A = {{(w,t) : t > T(w)} :
T is a stopping time} is a m-system because the minimum of two stopping times is a stopping
time. Hence, to establish (2.10), it suffices by a monotone class argument to show for any
R U {400} -valued (F;)ier-stopping time 7" that

ED1osrh! (Xa)h*(Xe)] = EDIE[Liosrph! (Xot)h* (X)) (2.11)

Because we have that 1{p>ry = lim, o L{p>7any, it further suffices to check (2.11) for T an
R-valued (F;);er-stopping time.
Consider (2.11) in the special case when R and 7T take values in the countable set {ry :=

* k€ Z}. We then have

E1osryh (Xon)h?(Xe)] = E[QLmyesryh' (Xn)h*(Xe)]
= Z E[m1{£>m—m}hl(){m)h2(X2)1{W:Tk7T:Tz}]

kIEZ

= > ED L r—rph! (X, )0 (X))
<k

+ 3 ED L eon-ny L rmnpht (X0, ) B (Xe)]
k<l

= Z E[@]E[l{m:rk,tr:n}hl (er)h2 (XE)]
<k

+ Z E[E@jl{2>n—m}h2<)€£) | ‘Frz]l{m:TkyT:Tz}hl(XTkﬂ
k<l

By applying Lemma 2.8.1 for X = 2)1{2>rl_rk}h2()?2), we have, for k <, that
ED 1 o5 r—ryh? (Xe) | Fr ) Ligmre =) = BIDL(esr W (Xe) | Frpr) Loy 7=}
Moreover, if we let A to be an event in F,,_,, , then
EDL(esr,—rignil®(Xe)] = EDIE[L es s,y ynah®(Xe)],

because the process (€)= = (1{t>rlfrk}ﬂAh2(Xt))t20 is clearly an (F;);>o-optional process (as
it is the product of the left-continuous, right-limited (F;)¢¢-adapted process (1 (t5r1—r )04 )20
and the cadlag (F;)io-adapted process (h?(X;);>0)). Hence

E[@1{2>TZ—%}‘ﬁTﬁrk] = E[@]E[l{ﬁzrz—m}h2<)zﬁ)|ﬁ7“l*7"k]'
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Substituting in this equality gives

EQLio-rph! (Xn)h*(Xe)] = Y EDIE[Ligier, 1=y h' (Xs)h* (Xe)]
<k

+ Z EQJE[L{esr—r, R:rk,T:rl}hl (X )h?(Xe)]

— BB e nyh! (Xo)h(Ko)]
= ERQIE[Lp>mph! (Xa)h* (X)),

We have thus proved (2.11) when R and T both take values in the set {rj, := £,k € Z}.
Suppose now that T is an arbitrary R-valued stopping time but that R still takes values
in {ry = 2n,kEZ} For m € N set T,, _—mwheng—w}<T<2im,k€Z. Thus
(Ton)men is a decreasing sequence of (F;)icr-stopping times converging to 7. Taking (2.11)
with T replaced by T,, and letting m — oo we get (2.11) for R taking values in the set
{ry, := £,k € Z} and general R-valued 7.

We now want to extend to the completely general case of (2.11). Put (X?);5o :=
(Xi4m — Xn)i>0. Denote the corresponding random variables £, 2), and © by £2 2%, and
D% respectively. Recalling that @% is an arbitrary bounded, nonnegative random variable
measurable with respect to o{ X} oo Xg‘m,t > 0}, it suffices by a monotone class argument
it suffices to show (2.11) in the special case where

m m

H t +29* 9% ) = H fi(Xti+£“+zR - Xziﬂw%)

=1 1=1

for £, i=1,...,m, bounded nonnegative, continuous functions and 0 <t} < -+ < t,,.
For n € N set ‘R, := —n when % <R < 2’2, k € Z. Thus (R, )nen is a decreasing

sequence of (E)teR—stopplng times converging to PR. Note that
£ — argmin{ X, ;s — Xt 1 u > R, — R} + R —R,.

Thus, if £* = 0, then D% | ©% by the right-continuity of the sample paths of X. On the
other hand, if £% > 0, then, for n large enough, we have that ®™ = ®%. Hence, by applying
the special case of (2.11) for the stopping times fR,, taking discrete values, and using the fact
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that X has cadlag paths we get
E[Q” 1 pnsryh! (Xon) B2 (X 30))]

=K

H fi(Xti_;'_@ER - X@m)l{@m>T}h1 (Xg}.)h?(X@m - X{)Q)]

=1

n—oo

= lim E Hfi(XtiJr@%n - X@?“n)1{99‘n>T}h1(an)h2(X®%n - Xsm)]
1=1

= lim E

n—oo

—:

F(Xi 1 om — Xoma) | ElLgomar) b (Xon, Jh2(Xoma — Xon, )]

i=1

H (X pom — Xon)

(2

E[1{©m>T}hl (Xm)hz (X;Dm - Xm)]

=F
= EQME[Lionsryh! (X)) b (Xpn — X))

It remains to show that Fo_ V 0{Xp} = Fop_. This, however, is a consequence of [53,
Corollary 1(ii)] from which it follows that Xo = Xp_ when zero is regular for (0, c0) for the
process (X;)ier-
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Chapter 3

Scalar conservation laws with white
noise initial data

This chapter is based on the article [41] that is published in Probability Theory and Related
Fields.

3.1 Introduction

We are interested in the following conservation law problem

=(H(p))s , for t>0,z€R
{ o(0.0) — (@), TER (8.1)

where H is a C? strictly convex function with superlinear growth at infinity and £ is a white
noise derived from a standard linear Brownian motion. A question of interest is to describe
the law of the process p(-,t) at any given time ¢ > 0.

3.1.1 Background

There is a straightforward link between the scalar conservation law and the Hamilton-Jacobi
PDE that was expanded in the introduction of the thesis. We will briefly recall some of
these deterministic facts here below. If one defines the spatial anti-derivative of p(-,t) for
any fixed t by

ule,t) = / " oy 0)dy

—0o0

= /lﬁ(y)dy

uy = H(uy) (3.2)

and the potential

then wu solves the Hamilton-Jacobi PDE
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and is determined by the Hopf-Lax variational formula (see [20][Theorem 4, Chapter 3.3])

u(z,t) = sup <U0(y) —tL <y - x)) (3.3)

yeR

where L is the Legendre transform of H defined as

L(q) = max (qp — H(p))
peER
The rightmost maximizer y(x,t) in the equation (3.3) is called the backward Lagrangian,
and is directly linked to the entropy solution p of the scalar conservation law (3.1) by the
Lax-Oleinik formula (see [20][Theorem 1, Chapter 3.4])

pla,t) = (H') (M) o (M)

t t

The reader may be familiar with this other form of the Hamilton-Jacobi PDE
u + H(ug) =0 (3.4)

If we denote by w a solution of (3.4), then it is easy to see that u(x,t) := —u(x,t) verifies
@iy = H(i,) for the Hamiltonian H(p) = H(—p). We will thus only restrict ourselves to the
version of the scalar conservation law in (3.1).

When the Hamiltonian H takes the simple form H(p) = %2, the scalar conservation law (3.1)
is called Burgers equation and is written p; = pp,. The Lax-Oleinik formula simplifies to

y(x,t) —x

t (3.5)

plz,t) =

The Burgers equation has seen an extensive interest when the initial data p(-,0) is random
in the context of Burgers turbulence. We will present hereby the most relevant results in
this area.

3.1.2 Burgers equation when p(-,0) is a Brownian white noise

This is the case when the initial potential Uy is expressed as
Up(x) =0B(x), z€R (3.6)

where o > 0 is a diffusion factor and B is a two-sided standard linear Brownian motion. In
a remarkable paper [25] with the aim of studying the global behavior of isotonic estimators,
Groeneboom completely determined the statistics of the process

(V(a) :=sup{z € R: B(z) — (z — a)? is maximal} ,a € R)

He showed that this process is pure-jump with jump kernels expressed in terms of Airy
functions. By the Hopf-Lax formula and (3.5), this process is related to the solution of the
Burgers equation with Brownian white noise initial data.
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More precisely, let p,(x,t) be the entropy solution of Burgers equation when the initial
potential is determined by (3.6). Since in the Burgers case the Hamiltonian enjoys the same
scaling as the Brownian motion. It follows that for every ¢ > 0, the process (p,(x,t),x € R)
has the same law as (03¢ 3py(2((0t)"3,1),z € R). The following theorem gives a precise
description of the law of the entropy solution at time t = 1.

Theorem 3.1.1 ([25]) The process (p% (x,1),z € R) is a stationary piecewise-linear Markov
2
process with generator A acting on a test function ¢ € C(R) as

Ap(y) = —¢'(y) +/ (p(2) = e(y))nly, 2)dz
y
The jump density n is given by the formula

n(y,z):T;)K(z—y) , 2>y

where J and Z are positive functions defined on the line and positive half-line respectively,
whose Laplace transforms

- | T e i(ydy,  kq) = / " WK (y)dy

—00
are meromorphic functions on C given by

1 d?

jlq) = Aig) k(q) = —Qd—qglogAi(Q)

where Ai denotes the first Airy function.

Remark 3.1.2 For generalt > 0, the process (p}(a:, t),x € R) is also a stationary piecewise-
2
linear Markov process with generator

Alp(y) = —%w’(y) + /OO tn(yts, 2t3) (p(2) — ply))dz

1
In particular, the linear pieces have slope —7

3.1.3 Burgers equation when p(-,0) is a spectrally negative Lévy
process

A Lévy process (X;)ier is a process with stationary independent increments and such that
Xo = 0. By spectrally negative Lévy process, we mean a process that has only downward
jumps. For the Burgers equation, Bertoin in [12] proved a remarkable closure theorem for
this class of initial data. We quote here his result.
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Theorem 3.1.3 ([12]) Consider Burgers equation of the form p; + pp, = 0 with initial
data &(x) which is a spectrally negative Lévy process for x > 0 and &(x) = 0 for x < 0.
Assume that the expected value of £(1) is positive. Then for each fized t > 0, the backward
Lagrangian y(x,t) has the property that (y(z,t) — y(0,1)).>0 is independent of y(0,t) and is
in the parameter x a subordinator, i.e. a nondecreasing Lévy process. Its distribution is that
of the first passage process

r—inf{z>0:t(z)+ 2> x}

Furthermore, if we denote by ¢ (s) and O(t,s) (s > 0) respectively the Laplace exponents of
¢(z) and y(z,t) — y(z,0),

Elexp(s§(2))] = exp(ay)(s))
Elexp(s(y(z,t) = y(0,1)))] = exp(2O(t, s))

then we have the functional identity
V(tO(t, s)) + O(t,s) = s

Moreover, the process (p(z,t) — p(0,1))z>0 is a Lévy process, and its Laplace exponent 1 (t,q)
verifies the Burgers equation

Remark 3.1.4 This theorem is remarkable in the sense that it provides an infinite-dimensional,
nonlinear dynamical system which preserves the independence and homogeneity properties of
its random initial configuration. Moreover, it was observed in [35] that the evolution accord-
ing to Burgers equation of the Laplace exponents in (3.7) corresponds to a Smoluchowski
coagulation equation [6/] with additive rate which determines the jump statistics. This con-
nection is simply due to the Lévy-Khintchine representation of Laplace exponents.

3.1.4 Scalar conservation law with general Hamiltonian H

A natural question that arises is if the previous phenomenon (the entropy solution at later
times having a simple form that can be explicitly described) is intrinsic to the Burgers equa-
tion or if the same holds for scalar conservation laws with general Hamiltonians H. In an
attempt to answer this question, Menon and Srinivasan in [36] proved that when the initial
condition ¢ is a spectrally positive strong Markov process, then the entropy solution of (3.1)
at later times remains Markov and spectrally positive. However, it is not as clear whether
the Feller property is preserved through time. The following conjecture was stated in that
paper, together with different heuristic but convincing ways to see why that must be true.

Conjecture. If the initial data & of the scalar conservation law in (3.1) is either
1. A white noise derived from a spectrally positive Lévy process.

2. A stationary spectrally positive Feller process with bounded variation.
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then the solution p(-,t) for any fixed time ¢ > 0 is a stationary spectrally positive Feller
process with bounded variation. Moreover, its jump kernel and drift verify an integro-
differential equation.

Remark 3.1.5 By a result of Courrége (see [3][Theorem 3.5.3]), the generator A of any
spectrally positive Feller process with bounded variation takes the form

Ap(y) = b(y)¢'(y) + /00(90(2) — »(y))n(y, dz)

gwen that C*(R) C D(A) (CX(R) is the space of infinitely differentiable functions with
compact support and D(A) is the domain of the generator A). Moreover the kernel n verifies
the integrability condition : fyoo(l Ay — z[*)n(y, dz) < oo.

A variant! of the second part of this conjecture when the initial data is a piecewise-
deterministic spectrally positive Feller process was recently proved by Kaspar and Reza-
khanlou in [32] and [31]. We give below an explicit exposition of their result together with
the exact form of the integro-differential equation verified by the drift and the jump kernel.
This equation (3.8) was formally derived by Menon and Srinivasan in [36] and shown to be
equivalent to the following Lax equation

9.A = [A,B] = AB — BA

where A" is the generator of x +— p(xz,t) and B' is the generator of ¢ — p(z,t). We give
explicit formulas for these generators below in the statement of Theorem 3.1.7.

Notation 3.1.6 We write My for the set of probability measures on the real line, and

H(y) — H(z)
Y

[H]y,z - :

fory # =

Theorem 3.1.7 ([31]) Assume that the initial data p° = p°(z) is zero of x < 0 and is a
Markov process for x > 0 that starts at p°(0) = 0. More precisely, its infinitesimal generator
A° has the form

Ap(p_) = (p_ ) () + / T (@ps) — 20N (oo pi)dps

Furthermore, assume that

1. The rate kernel fO(p—,p.) is C* and is supported on

{(p—spy) : P-<p_ <p, <P}

for some constants Py.

!Under some mild conditions on the Hamiltonian H, and a slight modification of the nature of the initial
data.
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2. The Hamiltonian function H : [P_, Py] — R is C?, convez, has positive right-derivative
at p = P_ and finite left-derivative at p = P,.
3. The initial drift b° is C' and satisfies b° < 0 with b°(p) = 0 whenever p & [P_, P].

Then for each fized t > 0, the process x — p(x,t) (where p is a solution of (3.1)) has
x = 0 marginal given by €°(dpy,t) where £°: [0,00) — M is the unique function such that
°(dp,0) = dy(dp) and
dl®(dp, t)
dt

where B™ is the adjoint operator of B, that acts on measures with

= (Bt*go(U t))(dp> t)

B'o(p-) = —H'(p-)b(p—,t)¢'(p-) — /M[H]p,m(w(m) —(p-))f(p-, p+, t)dp-+

for any test function @. Moreover the process x — p(x,t) evolves for 0 < x < 0o according
to a Markov process with generator A given by

Aplp) = Wp-rt)(p) + [ (elpr) = 0lp) (o )
p—
Here b and [ are obtained from their initial conditions

b(p70) :bo(p)a f(p—7p+70> :fo(p—7p+)
b solves the ODE with parameter

dib(p,t) = H"(p)b(p, t)*

and f solves the following Boltzmann-like kinetic equation

Oif(p— p—>t) = QU f) + C(f) + 0 (fVo (p—s 4, 0)) + 0, (fVo (p—s 04, 1))  (3.8)

where the velocities V,,_ and V,, are given by

Vo (p—s pst) = ([H],_p. — H'(p-))b(p-, 1)
Vo (o=, p1t) = ([Hlo_ oy — H'(p4))b(ps, 1)

the coagulation-like collision kernel Q) is

QUf, o=, py,t) = /p+([H]p*,p+ — [H]o_ o) f (o=, pus ) f(p, p1. t)dps

- /Oo([H]p_,p+ — [Hlp, 0) [ (o=, p1, 1) f (05, pu t)dps

P+

[~ )£ 0 e t)d.
p—
and the linear operator C' is given by

C(N)p- p+) = flo— p4)(b(p—, ) H (=) = ([H],_p, — H'(p-))8,_b(p-, 1))
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The purpose of this chapter is to prove the first part of the conjecture when the initial data
¢ is a Brownian white noise and thus extend the results of Groeneboom [25] in the Burgers
case. We show that at any fixed time ¢t > 0, the solution p(-,t) is a stationary piecewise-
smooth Feller process and we give an explicit description of its generator. This result proves
the complete integrability of scalar conservation laws for this class of initial data and moves
away from the unnatural emphasis on Burgers equation. Our method as will be seen by
the reader can be extended when the white noise is derived from a spectrally positive Lévy
process with non-zero Brownian exponent. Our shortcoming in this case will be not having
explicit formulas for the jump kernel. We also show that the structure of shocks of Burgers
turbulence holds for the general scalar conservation law under the assumption of rough initial
data.

Since the entropy solution is expressed via the Lax-Oleinik variational formula. It is
natural to study the law of the process ¥¢ defined as

U?(z) = sup {y eR:Up(y) — oy — z) = max (Up(z) — o(z — x))} , T€R (3.9)

z€R

where U, is a spectrally positive Lévy process and ¢ is a C? strictly convex function with
superlinear growth, such that Uy(y) = o(é(y))? for |y|— oo. The relationship between the
process U? and the entropy solution p(-,t) of (3.1) is the following

W) () — x>

t

p(z,t) =1L <
Our chapter is organized as follows

1. In Section 3.2, we give some preliminary results on the process ¥¢ when U is a spec-
trally positive Lévy process such as its Markovian property.

2. In Section 3.3, we will focus on the case where Uj is a two-sided Brownian motion and
show that the process ¥? is pure jump, following similar ideas used by Groeneboom in
[25]. The main ingredient being the path decomposition of Markov processes when they
reach their ultimate maximum. This result implies that the Brownian motion U, has
excursions below the sequence of convex functions (z +— ¢(z — x,,))nen Where (2,)nen
are the jump times of the process U? (which is a discrete set by a result of Section 3.5).
However, the justification of many manipulations used in [25] rely on the regularity
and asymptotic properties of Airy functions at infinity, as those arise naturally in the
expressions of transition densities used throughout the study of the Brownian motion
with parabolic drift. Unfortunately, those special functions are intrinsic to this special
case as we will explain later, and one do not have similar expressions in the general
case.

3. In Section 3.4, we circumvent this difficulty by using a more analytic approach to
prove the smoothness and integrability of the densities that were used in Section 3.3.

2We write f = o(g) if lim§ =0and f = O(g) if 5 is bounded.
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Moreover, via Girsanov theorem we manage to express explicitly the jump kernel
of the process ¥? in terms of the distribution of Brownian excursion areas. Along
the way, we find the joint density of the maximum and its location of the process
(W (2) — ¢(2)).er where W is a two-sided Brownian motion. In particular, the density
of argmax, (W (z) — ¢(2)) enjoys a simple expression similar to Chernoft distribution
for the parabolic drift.

4. Finally, in Section 3.5 we give a sufficient condition on the Lévy process U, for the
process U? to have discrete range (with the convention that a set is discrete if it
is countable with no accumulation points). As a consequence, this implies that the
structure of shocks of the entropy solution p(-,t) is discrete for any time ¢ > 0 when
the initial data belongs to the large class of abrupt Lévy processes introduced by Vigon
in [63], this result generalizes the findings of Bertoin [10] and Abramson [1] when Uy
is spectrally positive.

We give here our main results

Theorem 3.1.8 Suppose that the initial potential Uy is a two-sided Brownian motion and
let p be the solution of the scalar conservation law py = (H(p)).. Then for every fized t > 0,
the process x — p(x,t) is a stationary piecewise-smooth Feller process. Its generator is given

by

Ap(p) = =20 [ ) = ol Dl 1o

for any test function ¢ € C*(R), where

+ foo H" (p)—K(p+,p,t) dp
—p VK (p_, pest) P s o)t (or))?
(o pot) = (P4 — p-)K(p—, ps,1) + /2t (H' (p)—H'(p+))

- 7 — 17/ 3 0o H'"(p)—K(p—.p;t)
Vert(H' (py) — H'(p-))* p- + [ N rEeR

(3.10)

for p— < p4, and

K(p—,py,t) = H"(py)exp (—% /pp+ pEH”(p*)dp*) E [ewp (— /pp+ e(tH’(p*))dp*)]

where e is a Brownian excursion on the interval [tH'(p-),tH'(p)].

Remark 3.1.9
1. The profile of the solution at any fized time t > 0 is a concatenation of smooth pieces
that evolve as solutions of ODEs with vector field (or drift) b(p,t) := —m and are

interrupted by stochastic upward jumps distributed via the jump kernel n(-,-,t). We
prove in Section 3.5 that in the Brownian white noise case, under mild assumptions
on the Hamiltonian H, the set of jump times is discrete, i.e. : there are only a finite
number of jumps on any given compact interval.
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2. For any € > 0, the profile of x — p(x,€) is a piecewise-deterministic Markov process
and belongs to the class of initial data considered in the second part of the Conjecture.
A consequence of this observation would be that the kernel (p_, py,t) — n(p_, py,t)
in the expression (3.10) verifies the kinetic equation (3.8). However, Theorem 3.1.7
only considers a variant of the original statement of the conjecture as it forces the
initial data to be flat on the negative real-line (whereas here we deal with a stationary
process) and restricts the range of p° on a compact interval [P_, P;]. These technical
modifications arise from the very challenging proof of existence and uniqueness of a
classical solution to (3.8) under general assumptions. Verifying that the kernel n in
the Brownian white noise case is a solution to the kinetic equation (3.8) from the
explicit expression (3.10) seems also inaccessible at the present due to the complicated
term involving the Brownian excursion. This verification was done for the Burgers case
by Menon and Srinivasan in [36][Section 6] through many non-trivial calculations, but
relied extensively on the connection with Airy functions and an associated Painlevé

property.

The following result is a consequence of our study of the process ¥?. It gives an explicit
formula for the density of the random variable argmax,p(W(w) — ¢(w)) where W is a
two-sided Brownian motion. From results of Section 3.4, we also have access to the joint
distribution of

(argmax,ep (W(w) — ¢(w)), max(W(w) — ¢(w)))

weR
but we omit it here because the expression is quite large.

Theorem 3.1.10 Let wy; be the location of the maximum of the process (S(w) = W(w) —
d(w))wer where W is a two-sided Brownian motion, its density is equal to

P[WM S dt]

_1 (=) (_
LEA P (-

for any t € R, and where

0 vV 27Tu3

p?(t,u) = exp (—% /t o ¢’(z)2d,z) E [ez’p (— /t o ¢”(z)e(z)dz)1 foru >0

where e is a Brownian excursion on [t,t + u].

fot) =¢'(t) + du

with

Remark 3.1.11 In the parabolic drift case (Chernoff distribution), the term ¢" is constant
and the Laplace transform of a standard Brownian excursion area is known to be expressed via
Airy functions. We will develop on the connection between the formulas found by Groeneboom
in [25] and ours at the end of Section 3.4. Also, we refer the reader to the survey [28] for
a more detailed exposition on the distribution and Laplace transform of various Brownian
paths areas.
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A p(., t)
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Drift b(t\)o i
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Figure 3.1: The typical profile of the entropy solution at a given time ¢t > 0.

We define now a class of rough Lévy processes called abrupt that were introduced by
Vigon in [63].

Definition 3.1.12 A Léuvy process (X;)ier is said to be abrupt if its paths have unbounded
variation and almost surely for all local maxima m of X we have

1 1
lirirli%nf E(Xm,h — X, ) = 400 and lirr;foup E(X,,Hh - X)) = —

Remark 3.1.13 A Lévy process X with paths of unbounded variation is abrupt if and only
if
1
/ t'P[X, € [at,bt]] dt < 0o, Va <b
0

Ezamples of abrupt Lévy processes include stable processes with index o € (1,2] and any
process with non-zero Brownian exponent.

Our last main result determines the structure of shocks of the scalar conservation law when
the initial data is a white noise derived from an abrupt Lévy process.

Theorem 3.1.14 Assume that the Lévy process Uy is spectrally positive, abrupt and is such
that Uy(y) = O(|y|) for |y|— oo, then the set

Et:{yERiyzy(x,t) ory =y(x—,t) for some x € R}
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1s almost surely discrete for any fived time t > 0. We say then that the structure of shocks
of the entropy solution p(-,t) is discrete.

Remark 3.1.15 From a point of view of hydrodynamic turbulence, a discontinuity of the
entropy solution p(-,t) at position x means the presence of a cluster of particles at this
location at time t. Those clusters interact with each other via inelastic shocks, and the
cluster at location x and at time t contains all the particles that were initially located in
ly(z—,t),y(z,t)). Ourresult shows that at any given timet > 0, the set of clusters is discrete.
When the initial data is a Lévy white noise, we can picture that there are infinitely many
particles initially scattered everywhere with i.i.d velocities. Therefore, when we assume that
this initial profile is rough (as it is the case when the potential Uy is an abrupt Lévy process),
this turbulence forces all the particles to aggregate in heavy disjoint lumps instantaneously
for any time t > 0.

3.2 Preliminaries

Notation 3.2.1 We will use the notation argmax™ f to denote the rightmost mazimizer of
a function f (i.e. : the last time at which a function f reaches its mazimum).

Menon and Srinivisan proved in their paper [36] a closure theorem for white noise initial
data for the scalar conservation law solutions. They showed that if initially the potential Uy
is spectrally positive with independent increments then p(-,t) is a spectrally positive Markov
process for any fixed ¢ > 0. The proof of this statement follows from standard use of path
decomposition of strong Markov processes at their ultimate maximum. The same holds for
our process U?. Precisely, we have the following theorem for which we give the proof for the
sake of completeness.

Theorem 3.2.2 Assume that Uy is a spectrally positive Lévy process, then the process ¥
is a non-decreasing Markov process. Moreover for any a € R, the process ¥?(. + a) — a has
the same distribution as V.

Proof. For z; < x5 and y < ¥?(x), we have that

Uo(% (1)) — Uo(y) > ¢(¥%(x1) — 1) — ¢y — 1)
> ¢(V(z1) — x2) — Py — 1)

By the convexity of ¢, and hence W% (z;) < ¥?(zy). Also, by definition ¥? is a cadlag process
(right continuous with left hand limits). Take A > 0, then

TP (2 + h) = U (x) + argmaxg (Uo(y + P9(x)) — ¢y + T9(z) — (¢ + h))) (3.11)

The process U*(y) := Up(y) — ¢(y —x) is clearly Markov. By Millar’s theorem of path decom-
position of Markov processes when they reach their ultimate maximum (see [44]), the process
(U (y+¥?(x)),>0 is independent of (U*(y)),<ype() given (U?(x), U*(T?(x))) (because of the
upward jumps of Up, the maximum is attained at the right hand limit). Moreover, because
of the independence of the increments of U?, the process (U*(y + ¥?(x)) — U*(¥?(x)))y>0
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is independent of (U*(y)),<we) given ¥?(z). Now it suffices to see that (U%(y)),<, only
depends on the pre-maximum process (U”(y)),<ws(s) because of the monotonicity of U? this
fact alongside the equation (3.11) gives the Markov property of the process ¥¢. The last
statement follows easily from the stationarity of increments of Uj. U

Remark 3.2.3 Notice that except in the last statement, the stationarity of increments was
not used in the proof of the Markovian property of the process W.

3.3 The process U? in the Brownian case

In this section, we assume that W := U is a two-sided Brownian motion. We proved in the
previous section that the process U? is Markov and enjoys a space-time shifted stationarity
property. Hence, we shall only determine its transition function at time zero and consequently
the form of its generator at this time. In this section we will differentiate and switch the
order of integrals and differentiations without any justification, as Section 3.4 is devoted to
take care of all those technicalities.

Notation 3.3.1 In the sequel, we will deal with functions of the form f(s,z,t,y) where t
and s play the role of temporal variables, and x and y that of spatial variables. Without
confusion, the notation 0, f(s,x,t,y) (resp. 0,f(s,x,t,y)) refer to the partial derivative of
f with respect to the second variable (resp. fourth variable).

We state here the first result regarding the transition function of the process W,

Theorem 3.3.2 Let h > 0 and w; < wy be two real numbers. Then we have that

P[W?(h) € dw,|U?(0) = wi] = Plargmaz’., X" (w) € duw,]

w>wi
where X"(w) := S*(w) + r"(w) and

o (SH(w))wsw, 18 the Markov process (S(w) = W(w) — ¢(w))wsw, started at zero and
Doob-conditioned to stay negative (i.e to hit —oo before 0). Precisely, its transition
function is given by

Plro = 00| S(t) = y]
Plro = o0|S(s) = z]

P[S*(t) € dy|S*(s) = 2] = f(s,z, t,y)dy (3.12)

fort>s>uw and x,y < 0, and where 1y is the first hitting time of zero of the process
S. The function f is the transition density of the process S killed at zero, at time t
and state y, formally defined as

PS(t) € dy, max S(u) < 0]S(s) = 2] = f(s,z,1,y)dy

Moreover, the entrance law of S* is given by

BSH0) € dy) = 5 =X EI 0 oty (1)
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e The function r" is defined as r*(w) = ¢(w) — ¢p(w — h) + ¢ where ¢ is a constant such
that r(wy) = 0.

Proof. We have that
P[W?(h) € dwy|U?(0) = wi] = Plargmax. (W (w) — ¢(w — h)) € dwy|T?(0) = w]

w>wi

= Plargmax., (S(w) — S(w1) + " (w)) € dws|argmax™S(w) = w]

wW>w1

Now, using Millar path decomposition of Markov processes when they reach their ulti-
mate maximum, the expression of the transition densities of the post-maximum process
in [44][Equation 9] on the process S, and the spatial homogeneity of the Brownian motion
(and thus of ), we get (3.12). To get the entrance law it suffices to send s to w; and = to
ZeT0. 0
Let us now introduce some notation to keep our formulas compact.

Notation 3.3.3 Denote by
J(s,x) =Py = 00|S(s) = 2] = P[S(u) <0 for allu > s|S(s) =z], <0
and define

Also denote
Plry € dw|S(s) = ]
dw ’

Furthermore, let S be the process defined as (S(w) = W (w) — ¢(—w))wer. We define f and
® analogously.

O(s,x,w) =

s<w, r€R

With this notation, the entrance law of the process S¥ is expressed as

t
P[SY(t) € dy] = Mazf(wh(],t,y)dy, t>w;andy <0 (3.14)

J(s)
The next result will allow us to recover the transition function of the process ¥.

Theorem 3.3.4 Let wy < wy and z* € (0,7"(wy)). Define w* € (wy,ws) to be the unique
point such that r,(w*) = x* (such a time exists because of the strict convexity of ¢ that makes
T strictly increasing). Then we have that

w>w1

Plargmaz) ., X"(w) € de,rI;axXh(w) € dr*|

dwodz*

2/ ‘M@(w* —h,y — x5, wy — h)D(—w*,y — ¥, —wy)dy
—00 j(Wl)
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Before proving this theorem, we will state a lemma that links the joint distribution of
the maximum of the diffusion S and its location with the functionals f and J .

Lemma 3.3.5 Let M and wys be respectively the mazimum of the process (S(w)),>s and its
location, we have then that

Plwy € dt, M € dz|S(s) = ]
dtdz

Proof. We have by the Markov property that

_ %j(t)ayf(s, T2 t0) = —j()D(s,x —21)  (3.15)

Plwy > t, M € dz|S(s) = ] = P[max S(u) < z,mthS(u) € dz|S(s) = x]

s<u<t

— [ Hsi— sty - 2)PlmaxS(u) € deIS(e) = vy
Now we see that

Plmax S(u) € dz|S(t) =y| = J(t,y — 2z —dz) — J(t,y — 2) = —j(t,y — 2)dz

u>t
Hence
Plwy > t, M € dz|S(s) / f(s,z—z,t,y)j(t,y)dydz

Thus

Plwy € dt, M € dz| at/ F(s,2 — 2,6, 9)i(t, y)dy (3.16)

dzdt

Now, by Kolmogorov forward and backward equations on the diffusion S we have that

0f = (00, + 301

and 1
0 = ()0, ~ 502

By interchanging the time partial derivative and the integral sign in (3.16), we find by
integration by parts

o / £l = 21, 9)it )y = 90 7 + 5 100 — FO,51

Now it suffices to see that f vanishes at both zero and infinity, from which the first equality
follows. For the second equality, it suffices to see that

Py > t[S(s) / f(s,z,t,y)d

Differentiating with respect to time and using the Kolmogorov forward equation in the same
fashion as was done before gives the result. 0
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Remark 3.3.6 All these differentiations and integrations by parts are justified by the fact
that f and j are sufficiently smooth and integrable away from {t = s}. This fact will be
proved in the next section.

Proof of Theorem 4.3.1 We have that

Plargmax,,, X"(w) € dwg,glza}th(w) €de’] =

®

/ P[X"(w*) € dy,argmax:ijth(w) € dwg,rn>axXh(w) € dx”]

Because for w € [wy,w*), we have that X"(w) < rp,(w) < x*, then by the Markov property
we get that
P[X"(w*) € dy, argmax].,, X"(w) € dwg,m>axXh(w) € dr'] =
w>wi

w>w

P[X"(w*) € dy]Plargmax. . X"(w) € dwz,rr;a{th(w) € da*| X" (w*) = 1]

w>w*

Let us focus first on the second term of this product. The law of the Markov process X" is
that of the process S + r" conditioned to stay below rj,. However, when X" starts from the
state y < x* at time w*, the event we condition on has positive probability and hence it is
just the naive conditioning. Thus, we can write

P {argmax;gw*Xh(w) € dw2,m>a>§ X"w) € da*| X Mw*) =y| =

P {argmaxzzw*S(w) + (W) € dws, max S(w) + r"(w) € do*

|S(w*) =y — 2", S(w) <0 for all w > w7]

This probability is equal to the ratio of this probability
P, =P {argmax;rZw*S(w) + 1" (w) € dws, max S(w) + r'"(w) € da*,
S(w) <0 for all_w > w'S(w") =y — 7]
over the probability
Py =P[S(w) <0 for all w > w*|S(w*) =y — 2]
For the first probability P, notice that on the event that {f}lﬁ,x S(w) + rh(w) € dz*}, we

always have that S(w) < 0 for all w > w*, because r"(w) > z* for w > w*. Thus

Py =P |argmax],,.S(w) + ' (w) € dwg,gggg S(w) +r"(w) € do* |S(w*) =y — 27
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Now we have that
Sw)+r"w)=Ww) —dw—h)+c , w>w
Hence
(S@) + " @)SW") =y = 2 )uzer = (S = WIS = h) = Yz
Thus by using Lemma 3.3.5 for s = w* — h and x = y — =¥, we get that
Py = —j(wy — h)P(w* — h,y — %, ws — h)dwedx™

Therefore p ( oW — . B
1 J\wW2 — w =Ny —-xr,wy — *
— = — dwayd 1
P, J(w*,y — x¥) Wl (3.17)

Finally for the first term P[X"(w*) € dy|, we have that

PIX"(w") € dy] = P[S*(w") € d(y — r"(w"))]
= P[S*(w*) € d(y — 27)]
Y= 0,0y —
- j(Wl) amf( 1707 Y )dy

Now it is not hard to see that we have the following equality

f(s,z,t,y) = f(—t,y,—s, ) (3.18)

This is true because both those functions verify the same PDE with the same boundary and
growth conditions, by combining the backward and forward Kolmogorov equations. Hence

aa:f(su x, ta y) = ayf(_t’ Yy, —S, I)
Hence, by Lemma 3.3.5

8:Uf(w17 07W*7 Yy — I*) = ayf(_W*7y - I*v —Ww1, O)
= —2<i>(—w*, y—x* —w)

Thus
J(w*,y — x*)

PLX"(w") € dy| X" (wn) = 0] = ~2=—7

O(—w*,y — a*, —wi)dy (3.19)

Multiplying equations (3.17) and (3.19) and integrating with respect to y on (—oo, z*) gives

the result. 0
We are ready now to state the main result of this section.
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Figure 3.2: Path decomposition of X" at its maximum

Theorem 3.3.7 The transition function of the process U? is given by

o o T2(0) = cor] = 22@2 =B [ 0 o — By oy —
PLVA(h) € dnf°(0) = ) = 22t [ [y )= g — )
XP(—w, 1y, —w; )dydw

Moreover, the process U9 is pure-jump and its generator at zero is given by its action on any
test function ¢ € C°(R)

Hply) = / T(0(2) — o))y, 2)d=

where

n®(y, z) = / / ¢ (W) (w, x, 2)D(—w, z, —y)drdw =: ?E—;gK"b(y, z)

Proof. By integrating the formula in Theorem 4.3.1 with respect to z* between and 0 and
r*(ws) (as X" is pointwise at most r"), we get that

_ w2
Plargmaxs,, X"(w) € duy] = 222~ “’2 / / (@ — By — 2" w5 — h)x

) y _wl)dydx
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Now it suffices to do the change of variables ¢/ = y — 2* and w = (r")71(z*) to get the
transition density. As for the generator part, it suffices to do the following Taylor expansion
for h — 0

(r")'(w) = ¢"(w)h + O(h?)
0

Remark 3.3.8 In the next section, we will greatly simplify this expression of the generator
by giving explicit formulas of K® and j in Proposition 3.4.7 and Theorem 3.4.8 respectively.

3.4 Regularity of the transition functions and explicit
formulas

The goal of this section is to prove the regularity of the transition density f(s,z,t,y) away
from the line {t = s}, so that we can justify all the operations we did in the previous section
and to deduce along the way explicit formulas for the jump kernel of the process ¥?.

Processes such as the three-dimensional Bessel process, the three-dimensional Bessel bridges,
and the Brownian motion killed at zero will be mentioned in some of the results of this sec-
tion. We refer the unfamiliar reader to [50][Chapters 3,6,11] for basic facts about these
processes.

The following proposition gives a closed formula for the density f.

Proposition 3.4.1 Let x,y < 0 and t > s, the density [ is given by the formula

Fantin) = Gt ghean (o 0-+ 0000 - 5 [ (@w)Pan)

E {e:cp (— /: ¢”(U)B(u)du) IB(s) = —x, B(t) = _y}

where B is a three-dimensional Bessel process, and G 1is the transition density function of
the Brownian motion killed at zero, given explicitly by

)2 Y
G(S, x,t, y) — ; (6_ (z(tfz) — e (z(j—yi) )
27(t — s)

Proof. The process S can be expressed as

S(t) = W(t) — o(t) = W(t) / ¢ (u)du — ¢(s)

Thus by Girsanov theorem, S is a Brownian motion under the measure Q with Radon-
Nikodym derivative given by

2 oo ([ owan, -] [@wra)
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where F; := o{W(u) : s < u < t} is the canonical filtration of W. Thus for any function F
we have that

E[F(S@))l{sggéts(uko}|S(5) =] = E[Z(t)F(W(t))l{srgétW(U)<0}‘W<S) = 7]

20 = e (= [ daw, - [ dwran)

In particular for F' = F, := il[y—a?frd’ we have that

where

f(s7'r7 tay) = li_{%E[FE(S(t))l{SglgﬁtS(UKO}|S<S) - x]

.1 vt
= lim — / E[Z(t)Liwwed, max wwy<oy|W(s) = 7]
y s<u<t

Now if we denote by W the Brownian motion killed at zero whose law is defined as
E[F(W?(0)[W(s) = 2] = E[F(W ()L fmax,coc, w(w<oy| W () = 2]

Thus

1 [yte
flssit) =l oo [ BZOIV0) = 5. W) = alpf. (o, 2)d:
e=02€ J, .

= (2, y)E[Z° ()| WO(t) = y, W(s) = 2]

where Z9 is the same as Z with W replaced by W2, and p?(x,%) is the transition density
function of the process W9. However it is a well-known fact that p?  (z,y) = G(s,z,t,y),
and the law of the Brownian motion killed at zero between s and ¢ conditioned on its extreme
values is the law of the reflection of a three-dimensional Bessel bridge between (s, —z) and
(t,—y) (as our killed Brownian motion stays negative and the Bessel bridges are by definition
positive). Finally, by using an integration by parts we have that

d(B(u)¢' (u)) = ¢ (u)dB(u) + ¢ (u) B(u)du
Integrating between s and ¢, we get the desired result. 0
Remark 3.4.2 From the last proposition, one can readily see that for fized s and x
0< f(s,x,t,y) < C(t)e’A(t)y2 for all y
where C' and A are locally bounded, and A is locally bounded from below by a positive constant.

Let us now prove that f is smooth. First of all, one can extend f to the positive line as well
by defining

f(s,z,t,y) = —f(s,2,t,—y), y>0
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Then f verifies in the distribution sense the following PDE (Kolmogorov forward equation)
1
@f—éﬁf:d@wdon@ynm&+m)xR (3.20)

and with boundary conditions f(s,z,s, ) = d, — d_,, and obviously f(s,z,t,0) = 0. Now,
it is well-known that the function G that we defined in Proposition 3.4.1 verifies the heat
equation

1
G — S03G =0

with the same boundary conditions as f. Moreover, if one defines the function G as

- 1 _@—w)?
G(s,z,t,y) = ——————¢ 2
27(t — s)

it is also a solution for the heat equation but with boundary condition @(s,x,s, ) = 0.
Thus, in order to study the regularity properties of the solution to (3.20), one might use
Duhamel’s principle to get a representation formula for f. More precisely, we shall prove the
following theorem

Theorem 3.4.3 Fiz s,z € R. There exists a function h € C([s,+00), L}(R) N L*=(R))
(where here L'(R) N L>(R) is the space of continuous functions on the real line that are
uniformly bounded and absolutely integrable), such that

h(t,y) = /t/Rgb'(u)é(u,z,t,y)@zG(s,x,u,z)dzdu
—/t/qb'(u)azé(u,z,t,y)h(u,z)dzdu
s R

Furthermore, h is smooth.

Proof. Let us fix T' > s. Define the functional Z¥ from Cr := C([s, T], L*(R) N L*°(R)) into
itself equipped with the norm

llep=sup [[A(E)[|ze+[[A(E)]] L1
s<t<T

=T ! / A
= [h](t,y) = ¢ (w)G(u, z,t,9)0.G(s, x,u, z)dzdu
[ Lo
- [ [ ¢w0.Cw.zt ), )dsdu
s JR

It is clear that =7 sends Cr to itself due to the growth rate of the Green functions G and G
at infinity in space. Moreover we have that for any two functions A and h in Cp

I 01, ) = =< [ 16 @ldu [ Tbu,) = A, 2)ds | 0.6z 0)ldy
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Now we see that

A Yy—z _y=2)?
0.G(u, z,t,y) = ————¢ 20-9
(W by) = =
Hence
2
/]6Guzty|dy< / we 2(tu)dw_—
\2m(t —u)3 27 (t — u)
Thus

4 \% T—s Supue[s,T] |¢/(u)’
N

A similar bound is found for the L®> norm. Thus, for T close enough to s, the operator =

becomes a contraction, and thus by Picard theorem, it admits a unique fixed point.
Now define

IET[R)(E, ) = ET (R, I < 1A = hlle,

T

T* = sup{T > s : 3h € Cr such that Z'[p] = h}

Suppose that T* < oo, then it is easy to see by Gronwall inequality that for any sequence
(tm)men such that t,, + 7%, the sequence (A(ty, ))men is Cauchy in L>®(R)N L*(R) and thus
converge strongly to a unique limit that we denote h(7T™,-). This extension thus belongs to
Cr+. However, for small € > 0, one can further extend the fixed point A to Cy«,. by the same
contraction argument. This contradicts the definition of 7™, and thus T = oo from which
follow the existence of a global solution. The smoothness of h follows readily from that of
the Green function G and the dominated convergence theorem. O

We are now ready to prove the following result

Theorem 3.4.4 The function f—G is everywhere smooth in the variables (t,y), in particular
the function f is smooth away from {t = s}.

Proof. Define the function ¢ by
q(s, @, t,y) = h(t,y) + G(s, z,t,y)

where h is the global solution from Theorem 3.4.3. By integration by parts we have that
q(s,z,t,y) = G(s,z,t,y) / /(;5 G(u, z,t,9)0.G(s,x,u, z)dzdu
/ /¢ G(u, z,t,y)0.h(u, z)dudz

=G(s,z,t,y) —I—/ /(b'(u)l{te(u#oo)}é(u,z,t,y)@zq(u,z)dudz
s R
Now it suffices to see that

1 A R
(0 — 58;)(lt€(u,+oo)(}’(u, z,t,y)) = 0ot — u)G(u, z,u,y) = 6o(t — u)dp(y — 2)
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and thus the function ¢ verifies the PDE (3.20) with the boundary conditions ¢(s, z,s,-) =
0z — 0_5. The result now would follow if we can prove that f = ¢q. Consider the function
v := f —gq, it verifies the PDE (3.20) with vanishing initial condition. The growth condition
of v at infinity in space ensures that v can be viewed as a tempered distribution. By taking
the Fourier transform in space in the PDE (3.20) we get that

Oy (t, k) = (—%k? + igzﬁ’(t)k:) o(t, k)
Thus
By (6(t, k)ez"t-ioky — o

which means that the distribution 6(¢, k)ez¥*t=9®k is constant along the time variable ¢.
Moreover, we also have that

limo(t,-) =0

t—s

in the tempered distribution sense. Indeed for any ¢ in the Schwartz space S(R), if we
denote by S? is the diffusion S killed at zero we have that

lim | @(y)ot,y)dy = lim [(Bp(S°(H)]S”(s) = 2] = Elp(W (1) W(s) = 21)
— (Elp(=57(t))15%(s) = a] = E[p(W°(t))|[W(s) = ~])

—/Rcﬂ(y)h( )dy} 0

as h(s,-) = 0 and by using the dominated convergence theorem. Thus by continuity of the
Fourier transform, one deduces that v is zero everywhere, and hence ¢ = f as desired. [

Let us introduce now a function that is going to play a fundamental role in our calculations.
Define g by

g(s,z,t,y) = G(s,z,t,y)E [exp (— /: gb”(u)B(u)du) |B(s) = —z, B(t) = —y (3.21)

for x,y < 0 and t > s, where B is a three-dimensional Bessel process. Because f is smooth
away from {t = s}, the same holds for g. We have then the following lemma.

Lemma 3.4.5 The function g verifies the following PDE
1
g = 50,9+ ¢"(t)yg (3.22)

fO’I’ (t7y> S (57_'_00) X (—O0,0).
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Proof. We can replace the Bessel process B by the Brownian motion killed at zero W7 in the
expression of g in (3.21) for the same reasons we gave earlier. Now let ¢ € C2°((s, +00) X
(—00,0)) be a test function. We apply Ito formula to the following semi-martingale

V(o) = pte.Wews ([ oW in)
where W is a Brownian motion started at z. We get then
4Y (t) = B,0(t, W (1) )exp ( / t gb"(u)W(u)du) AW (1)
+ (@go(t, W) + %8§g0(t, WD) + ot W(t))gzﬁ”(t)W(t)) exp ( / t gb"(u)W(u)du) dt

We integrate between s and t A1y (where 79 is the first hitting time of zero of W). As the first
term is a bounded local martingale (and hence a true martingale), by taking the expectation
we get that

E [w Ao, W(EAT))] = E| / o <8tg0(u, W) + 503p(u, W ()
ot W () W e ([ @) ) il
Therefore
B ot A W e A o)) = B[ 1 s wor (i, W) + 308t W)
ol W) W e [ W (@) )
- [ 2] (etu ) + 030t 70)
ol W) W () xp ([ 6" @) )| do
By sending t — oo and conditioning on the value of W?(u), we get
[ [ (ovetu + 306t + et ) ot it =0

Thus we get the PDE in the distribution sense, but also in the classical sense because g is
smooth on the interior of its domain. 0

We give now an explicit formula for the functional ® that was introduced in the previous
section.
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Proposition 3.4.6 The function ® can be expressed as

B(s, z,t) = ﬁ(fﬂis)&rp (ng'(s)x - % / t(¢'(u))2du) x

E(s,—x)—>(t,0) |:6!L'p (_ /t gb,/(u)Bbr(u)du)]

for s <t and x < 0. B® here is a three-dimensional Bessel bridge from (s, —x) to (t,0).

Proof. From Lemma 3.3.5, we have that

(I)(S,I‘,t) = —%8yf(5,.17,t, 0)

Since
flovati) = esp (= + 9161~} [ alsum
and
0,9(s,2,1,0) = lim 9,G(s, 2,1,) [ ( / &' (u ) B(s) = —z, B(t) = —y}

a2t 9)0,8 oo (— [ 600 Bkda) 1B(5) = —2,B(6) = =]

it suffices to prove that

t
li%l o,E {exp (—/ ¢”(u)B(u)du) |B(s) = —z,B(t) = —y| < o0
Y S
as G(s,x,t,0) = 0. We have by Hopital’s rule applied twice
hm@ E [exp < / d" (u ) |B(s) = —z,B(t) = _yl _ 1;%1 (ayg)GG_2(8yG)g
i (029)G — (9;G)g
y10 2Go,G

= lim 62 — lim (8;(;)9
yto 20,G  yto 2GO,G
(0,G)g
0 2G,G
o (03G)g + (8§G)8yg
yto 2(9,G)* + 2GOIG
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In the fourth line we used the fact that limyy 0;g = 0. This follows from the PDE (3.22)
verified by ¢ and the fact that g(s,z,t,0) = 0. Moreover because lim,, 9,G # 0, we can
conclude that the limit is equal to zero in the penultimate equality.

To finish the proof, we refer to the fact that the weak limit of the law of the three-
dimensional Bessel process conditioned to end at y when y goes to zero is that of the corre-
sponding three-dimensional Bessel bridge, and thus the result follows from the expression of
the Green function G. U

We are ready to give an explicit formula of the kernel K.

Proposition 3.4.7 The kernel K¢ has the following expression

Ky 2) = S ey (- / ())& ey - / el )

21(z —y)3
fory < z, where (e(u),y < u < 2) is a Brownian excursion on [y, z].

Proof. Recall that K¢ is given by
K¢(y72) - 2/ / gzﬁ”(w)@(w,—x7z)<i>(—w,—x7—y)dxdw
Y 0

Remember that ® is the same as ® with the function ¢ replaced by ¢(—-). Hence

= z? e_Q(ZZ%EuJ)_Z(&fiiy)x
2/~ P - )

ow (-3 [ @ [ @02

E(w,m)—>(z,0) |:6Xp (_ /Z Qg”(u)BbT(u)du)} x

E(fw,x)a(fy,O) [exp (_ /—y ¢”(—u)BbT(u)du>}

Consider now a Brownian excursion e on [y, 2], conditionally on its value at w € [y, 2], the
two paths (e(u), y <u <w) and (e(u), w < wu < z) are independent, and each path has
the distribution of a three-dimensional Bessel bridge. Furthermore, because of the Brownian
scaling we have that

d(w, —x, z)é(—w, -z, —Yy)

(e(u),y <u<z) < (Vy — ze™d <u) vy <u<z) (3.23)

<Y
where (e*(u),0 < u < 1) is a standard Brownian excursion. Thus, using the fact that

222 __a?
P [e*(t) € dz] = ° e 2-0dx
2rt3(1 — t)3
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then it follows that for w € [y, 2]

2 _ 3 z2 2?
2x (Z y) e 2w 2w—w dx
V27 (2 — w)3(w —y)?

Thus by the time-reversal property of the three-dimensional Bessel bridges we have that

B(w, —,2)B(—w, —, ~) = \/ﬁﬁ#[em (- / S welu)du ) few) =l

Ple(w) € dz| =

Ple(w) € dx]
dx
By integrating with respect to x and w we get the desired result. 0

The next theorem gives a closed formula for the function j.

Theorem 3.4.8 Let s € R, define the function I° on (0,00) by

ﬁm):am(—%Lﬁu¢@f¢> {mp( /' ¢ (2 )y u >0

where e is a Brownian excursion on [s,s + u|. Then
P (u) —1

———du
0 vV 27Tu3

j(s) = —d'(s) +
Proof. The function J is defined as

J(s,2) = P[S(w) < 0 for all w > s|S(s) = ]
= hm IP[S( ) <0 for all s <w < t]S(s) = x]

:hm/ f(s,x,t,y)d
t—o0

0
= ()7 lim e 3 L@t )Qdu/ 6_¢/(t)y9(37$7tay)dy

t—o00

t—o00

_ SO i o3 6 w)2du / e O (s, 2.1, y)dy
0
where the function m is defined as
m(87 x, t7 y) = g(S, x, tv _y)
It verifies the following PDE

om = —82 m — ¢"(t)ym (3.24)

23/1/

Because of the asymptotic behavior of ¢ in space at infinity, we can define for every A € R
the Laplace transform

m(s, x,t, )\):/ em(s, z,t,y)dy
0
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From the representation formula of the function % (and thus that of g) in the statement
of Theorem 3.4.3 and the fast decay of the Green functions G and G in space, we can
interchange the order of differentiation and integration for the Laplace transform m, hence

atm:/ eMoym(s, x,t,y)dy
0

o 1 Ui
== / eAy <§ﬁjym(s,x,t,y) - ¢ (t)ym(‘S?x?t?y)) dy
0

oo
0

1
[eAyaym(& z,t, y)} + 5)‘2m(87 z,t, /\) - ¢”(t>a)\m(8a z,t, )‘)

N =N =

1
Nin(s,x,t, \) — ¢ (t)oxi(s, x,t, \) — §8ym(s, z,t,0)

by integration by parts and using the fact that m(s,z,t,0) = 0. From the expression of ¢
we deduce that

-2z «?

3ms,x,t,0 = - s,x,t,O = — ¢ 2(t—s) X
Y ( ) yg( ) 27T(t—s)3

E [exp (_ / t ¢”(u)B(u)du) B(s) = —, B(t) = o}
= 2®(s,x,t)exp (—¢’(s)x + %/:(d)’(u)fdu) =: —27(t)

Since = and s are fixed for now, we will often omit them when writing out expressions where
they do not vary. Thus, the PDE verified by m takes the form

1
O + ¢ (t) O — §A2m —~Y(t) =0

This is a first order non-linear PDE that can be solved by the method of characteristics. If
we denote the variables by z; := ¢ and x5 := A and the value of the function z = m(zy, xs),
the characteristic ODEs take the form

x’Q(u) — /!

(21 (u))
(u)z(u) + T (21 (u))

We choose the initial conditions such that z;(u) = v and z3(u) = ¢'(u) + (A — ¢'(¢)) for
u > s. Hence

: 1 / /
du) =S('(u) + A= ¢ ())%2(u) + T (u)
Introduce the function v* defined by

) =esp (5 [ 66 +2- o))

Then it is clear that ‘
(v*2) (1) = ™ ()T (u)
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In order to avoid the singularity at {t = s}, we integrate thus between s + € and ¢ for ¢ > 0

to get that
t

VMt)z(t) — v (s +€)z(s +€) = / M u) Y (u)du
which is equivalent to -
m(s,z,t, v (t) — (s, 2,5 + 6,8 (s +€) + A — ¢ (t)v (s +¢) = /t 0™ (u) Y (u)du
ste
By taking A = ¢/(t), we get

t
m(s,x,t, gﬁ/(t))e_%fst & (w)2du m(S’%S + €, ¢/(S + 6))6_% ss+6 @' (u)?du — / 6_% Su¢'(w)2dwT(u)du

- (3.25)

As J(s,x) = e ()= z‘/lim e_%f;(‘f’,(“))gdum(s,x,t, ¢'(t)). By sending t to oo in the expression
—00
(3.25), we have

J(s,2) = e lii(s, 2,5+ €, ¢/ (5 + €))e 2 o0 /

e I Wdey (g g u)du}
s+e

It follows that

B ste 0
3(s) :=lim =—J(s,2) = e 2 ST ) gy —m(s,x,s+¢€ ¢ (s+e€)+
=10 Ox 10 O
o 9 (3.26)
u 2
/ e~z ) WPy — Y (s, x,u)du
s+e z10 OT
since m(s,0,s+¢€,-) = 0, and we can interchange differentiation and the integral sign in the

second term because we are away from the singularity line {t = s}. Now, we have that
m(s,z,s+¢e¢ (s+€))= / e? W (s, x, s+ €,y)dy
0

It is clear that m is smooth in the parameters (s,x) as well. Our analysis of regularity
of the function f(s,z,t,y) consisted of using the Kolmogorov forward equation where the
parameters were t and y, but similarly the Kolmogorov backward equation that holds for the
parameters s and xz, we see that the solution enjoys the same smoothness and integrability
properties away from the line {s = ¢} (it is formally just the adjoint problem). Hence we
can differentiate inside the integral sign to get

9, * 4 0
lgrol %m(s, r,5+6¢ (s+¢€)= /0 ¥ sy 19%1 %m(s, T,s+€,y)dy

since we have that

2y y?

e 2 X

lim —m(s,z,s +€,y) = —
=10 Ox ( y> Amed

8 few (- ) Bu)du ) |B(5) =0, B(s-+ ) =y
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Thus
8 > ’ y2 2y
lim —m(s,z,s +€,¢'(s+ € — / e? (stey—5 X
i (s s+ e+ ) = - N

E {exp (— / o (b”(u)B(u)du) B(s) = 0, B(s +¢) = y| dy

However, the density of a three-dimensional Bessel process is given by

e 5 dy (3.27)

2y2

P[B(s+¢€) € dy|B(s) =0] = N

Hence

0 /
1;%%m(87m78+6’¢ (S+€)) -

& |t (s + 0Bt o - [ 6B (B6) =)
:—E{Bt)exp(d)s—i—e /¢"u+s w)d )\B(O):O}
However by Brownian scaling, we know that
(B(u),u > 0) £ (VeB (%) u>0)
Hence
i (5,54 €65+ 0) = | - soxp (6o + OVEB(1)-

Ve /0 1 " (eu + 3)B(u)du> |B(0) = o}

- —%E [ﬁ} +¢/(s) + O(Vo)

It follows then that

(s) + O(Ve) (3.28)

hmagm(smsjte P(s+e€) = \/%

10

for € small. The expectation of the inverse of B(1) is computed using the density given in
(3.27). Now, on the other hand for the second term in (3.26), we have

lim%’f(s z,u) = —0,P(s,0,u exp( / ¢ (w dw)

e[ men)
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Hence - 9 - ls( )
i Pde Oy J :/ W 4 3.99
/ i ST = [ S (3.29)

and thus, from combining (3.26), (3.28) and (3.29) we get

A ) du 2
e V2mud v/ 2Te

j(s) = ¢'(s) + O(Ve)

Finally, see that

* du 2
e V2mu?  /27e
and then send € to zero to finish the proof. 0

Remark 3.4.9 When ¢ is parabolic (p(y) = y?), the term ¢" in the PDE (3.24) of m
becomes a constant and thus it takes the simple form

@m = 182

5 Ly — 2ym

By taking the Fourier transform in time we get

S0l )" = (i7 + 2y)(r,y)
This is a Sturm-Liouville equation. Its solution can be expressed in terms of Airy functions,
from which follows all the analytical descriptions that Groeneboom found in [25]. It is clear
that when ¢" is not constant, this method fails which makes the study more delicate as one
doesn’t have any asymptotic or reqularity properties of the function m, which was a crucial
part in the analysis of Groeneboom. For those reasons, we had to take advantage of the space
Laplace transform.

As a consequence of the explicit formula of 7 and ®, we are able to provide the joint distri-
bution of the maximum of the process (W (w) — ¢(w)),>s and its location. This is given by
the expression of ® and j and using Lemma 3.3.5. However, the formula is involving many
terms, in particular the Bessel bridge area. On the other hand, the density of the location
of the maximum takes a simpler formula. This is a generalization of Chernoff distribution,
where the parabolic drift is replaced by any strictly convex drift ¢.

Theorem 3.4.10 Let wyy be the location of the unique mazimum of the process (S(w) =
W(w) — ¢(w))wer, its density is equal to

P €4 _ i

where j is the analogue of j for the process S(w) := W (w) — ¢(—w).
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Proof. We will prove the equality for ¢ > 0, the case t < 0 is completely identical. From
Lemma 3.3.5 with s =0 and any = > 2

Plargmax,-(S(w) € dt, max S(w) € dz|S(0) = z]
dtdz

1.
= 5] (t)ayf(07 xr—z, t7 0)
Hence

+oo
Plwy € dt|S(0) = z] = / Plargmax,-,S(w) € dt,m%( S(w) € dz,
mgécS(w) < z|S(0) = z]

+o0o
= / %j(t)ayf(o,m —2,t,0)P[S(w) < z for all w < 0]|S(0) = x]dzdt

by independence of the paths (S(w),w < 0) and (S(w),w > 0). However by time reversal of
the Brownian motion we have

P[S(w) < z for all w < 0[S(0) = z] = P[S(w) < z for all w > 0/5(0) = z]

[S(w) < 0 for all w > 0[S(0) = = — 2]

P
J(0,z — 2)

Thus

§j(t)8yf(0, 2,t,0)J(0, 2)dz

Ploy € dt|S(0) =z] (% 1
|

—0o0

Notice that the right hand-side is independent of z, so we can drop the conditional probability
in the left hand-side. Moreover by (3.18), we have

9, £(0,2,t,0) = 0, f(—1,0,0, 2) (3.30)
Using the expression of the entrance law of the process S* in (3.14), we have

P[S4(0) € dz|S*(—t) = 0] = J:(O’ Z>azf(—t, 0,0, z)dz (3.31)

<
S
|
~
~—

Hence combining (3.30) and (3.31) we get
00 0
/ 0,£(0,2,1,0)J (0, 2)dz = 3(—0/ P[S*(0) € dz|S*(—t) = 0] = j(~1)
0 —00

which completes the proof. O

Remark 3.4.11 This last theorem is exactly Theorem 3.1.10 by noticing that fe(t) = —j(t)
and fO)(—t) = —j(—t).
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Remark 3.4.12 From [25] results in the parabolic drift case, the Chernoff distribution can
be expressed as

Plargmaz,cq,(W(z) — 2°) e dt] 1
7 = §k(t)k(—t)

where k(t) = e%tsg(t) and g has the Fourier transform given by

oo

g(7) = /_ e"Tg(t)dt = ﬁ

W=

This expression is not clear from the formula we provided in Theorem 5.1.10. We will prove
thus in the following proposition that those two indeed coincide.

Proposition 3.4.13 For any t € R we have

243

2t + / N (1 — ¢ 3w’ =) [exp (—2/ e(z)dz)D du = 62; / e~ g(v)dv
0 0 —00

Proof. From equation (1.6) in [27] ® | we have that

1= M/OO ptuv—3 () ~t%) g0 10
21 J e oo Al(ZS) u

=0
o €30 [ AQ(€)B(i€ — 45x) — Ai(i€ — 452)Bi(i€) ] (3.32)
S AT :

where £ = 2’%1), and Bi is the second Airy function. By differentiating both sides with
respect to  and sending x to zero, we get

243 0 —itv 00 c/. 1 o
es e .01 Ai(i€ — 451) o 5 s
- dv = 2t + lim — — il S S iuv—3 (utt)*~t%) g d .
43w /v—oo A" T rn /U_oo Ai(ig) /uo o udv (3.33)

as the Wronskian of the Airy functions Ai and Bi is constant and equal to % In the right-hand
side of (3.32), we cannot differentiate inside the integral sign because it becomes divergent.
However for fixed x < 0, the integrand is absolutely integrable and thus we can use Fubini
theorem. Now from [28][Equation 384, Page 141] we have that

< ° _s? Ai(273\ — 432)
— e ME [ex (—2/ B(u du) B(s) = —x} L e 5ds = -
/0 P 0 (®) [B(s) V2ns? Ai(273))

where B is as usual a three-dimensional Bessel process. Thus, by inverse Laplace transform
we have

—E {exp (—2/0 B(Z)d2> |B(u) = _4 \/%62” - o | ewv%dv

3There is a typo in the published paper, the term 4% in the denominator should be there instead of 45.
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Hence the integral in the RHS of (3.33) is equal to

. —2((u+t)3—t3) 2 B /u ) - }
e 3 e2EeX 2 B(z)dz | |B(u) = —z| du 3.34
/o \/27ru3 { p( 0 ( ) l ( ) ( )

By splitting this integral on (0, €) and (€, 00), we can interchange the integral and the differ-
entiation for the integral on (€, 00), and so we get after sending = to zero

oo 5 1 u
_/ e 3wt =t) - @ [exp (—2/ e(z)dz)] du (3.35)
. 2mus 0

where e is as usual a Brownian excursion on the corresponding interval. As for the first term
(the integral on (0, €)), by the change of variable y = = (dy = —3 rdu) it is equal to

B B I - { <_ /“ ) __}

e 3 ———¢ [ |ex 2 B(z)dz | |B(u) = —z| du

/o T b2 ), B ) 1B0
S e o (o [ ) |

= e 3V e 2E |exp | —2— B(z)dz | |B(1) = —y| d
| = p(-25 [ Bz ) 1B0) =) dy

by Brownian scaling on the Bessel process B. Differentiating with respect to x, we get by
Leibniz rule

e [exp( 2\/_/ ) 1B(1) = —\%} + F(z)  (3.36)

2me

where F€ is equal to

2 Ve 5 3 x> 2 a2
2 J- yo y! y? y

E [exp (_25;—2 /01 B(z)dz) B(1) = —y} dy

However we have that for = small enough (such that | \[|— -7 < 1)

‘/ e~ Te %(z +t)3_t3)E {exp( 2— ) |B(1) —y] dy| <

o0

SO

lim sup
10

< Ve

f V2 222 - ’ 1
/ * e Te Al {exp (—2%/ B(Z)d2> B(1) = —y} W
o Y2 Yy~ Jo

Similarly with the other terms we find that there is a constant C' > 0 (that depends on t)
such that

lim sup| F“(z)|< Cv/e
10
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Hence, by combining (3.35) and (3.36), the limit of the derivative of the expression in (3.34)
when z goes to zero is equal to

o0 5 1 u
_/ €_§((U+t)3—t3) —E [exp (_2/ e(Z)dZ>:| du
. 2mu? 0

2 2
—2((e+t)3 -2t ) . €
+ 3 ex 2Ve / )] + lim sup F(x

2V 27T€ [ P ( 10 pF ()

Now it suffices to see that

\/%meimt)“%@ {eXp (—2\/23 /0 1e(z)dz)] = \/j_m + O(Ve)

du + O(v/e)

> 1
B /5 vV 2mu3

We are now ready to prove the Theorem 3.1.8.

Proof of Theorem 3.1.8. Recall that our solution is expressed as
1) — Wil () —
iy = (A0 (¥ )

Hence, p is stationary by Theorem 3.2.2, and so it is a time-homogenous Markov process,
its generator is determined by

Alo(y) = lim Elp(p(h,t)) — ¢(p-)|p(0,1) = p-]

h—0 h
, tL(1) _ ,
o Ble@ () — p(p ) [0HD(0) = ' (p- )]
= 11m
h—0 h
1

= = L"(H'(p-))# (p-) + A sO(L’(;))(tH’(pf))

D A1) (e (o)

CtH"(p-)
itk [ elon) = ol Dt i
where
'tL(é) ! )
1o pint) = tH (po) L U)o ) 411, )

JHO(H (p-))

By a change of variables we have

K O(tH (p),tH (p)) = N Hff(p )p‘ o

exp (—g / " <p*>2H“<p*>dp*> E {exp (— / " e<tH’<p*>>dp*)]
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Similarly

_StL(3) / _ > B p(pfa P t) 1"
g (tH (p-)) p—+/p_ \/QM(H,([))_H,([)_))?,H (p)dp

where

p(p-, p;t) = exp (—% /:(p*)QH”(p*)dp*) E [exp (— /: e(lfH’(p*))dp*)]

The theorem then follows by appropriately defining the kernel K. U

Remark 3.4.14 While our main study focused on the case where the initial potential is a
two-sitded Brownian motion. It is not hard to see that we can extend the result about the
profile of the entropy solution when the potential is a spectrally positive Lévy process with
non-zero Brownian exponent. The main ingredients that were used were respectively the path
decomposition of Markov processes at their ultimate mazimum and the reqularity properties
of the transition function f. Both these facts hold true in the Lévy case when the initial
potential Uy has a non-zero Brownian exponent, as the only difference in the Kolmogorov
forward equation is an added integral operator accounting for the jumps of the Lévy process.
A similar approach will lead to the same smoothness property away from the singularity line
{t = s} (the presence of the heat operator O — %8; is key to have parabolic smoothing),
which will allow all the operations in the second section to be valid. Moreover, one should
be able to extract similar expression for the jump kernel n by using the Girsanov theorem
verston for Lévy processes. We chose in this chapter to only discuss the Brownian motion
case because it gives a general idea on how things work and also because it simplifies greatly
the computations. One would expect to have similar formulas where the equivalent of the
Brownian excursion will be the Lévy bridge informally defined as a Lévy process conditioned
to stay positive and to start and end at zero. Those bridges are discussed in [02].

3.5 Structure of shocks of the entropy solution

A priori, from the involved expression of the generator in Theorem 3.1.8, one cannot easily
claim whether if the structure of shocks of the solution p is discrete or not. Indeed, this
amounts to checking if the following integrability condition on the jump kernel n holds

AMp-) = / n(p_, ps,t)dpy < oo for all p_ € R

However, using the recent theory of Lipschitz minorants of Lévy processes developed in [2]
and [21], and following some of the arguments from the study of the structure of shocks in
Burgers equation of [1], it turns out that when the initial potential is an abrupt spectrally
positive Lévy process, one can prove that the set of jump times of the solution p is discrete.
As we did with Theorem 3.1.8, we will prove a general statement for the process ¥¢ from
which Theorem 3.1.14 will follow. We state thus the following theorem
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Theorem 3.5.1 Assume that Uy is an abrupt spectrally positive Lévy process and ¢ is a

Ui
strictly convex function such that limyy_.o|¢'(y)|= +oo and lim Uoly)

= 0 almost surely,
lyl—=+o0 O(y) !/

then the range of W® is a.s discrete.

Proof. From Theorem 3.2.2, we know that for every n € Z

(U9 (z + 1) = n)aer = (U9(2))acr

hence it suffices to prove that the set range(¥?) N [0, 1] is a.s discrete. Moreover, we can
restrict the process ¥ on [—M, M]. Indeed, we claim that the probability of the event

Ay = {there exists a such that |a|> M and U?(a) € [0, 1]}

goes to zero as M goes to infinity. To show this claim, assume that there exists a sequence
(an)nen such that A, := ¥%(a,) € [0,1] and |a,|— oco. By definition we have that

Uo(An) — d(An — an) > Up(y) — o(y — ay,) for all y (3.37)

Up to taking subsequences, we have either that a, — oo or a, — —oo. If a,, — o0, take
y = a, — 1 in (3.37), then

UO()‘n> - ¢(>\n - an) > UO(an - 1) - ¢<_1) (338)
As ¢/ is strictly increasing, we must have lim, , ., ¢'(y) = —oo, and thus ¢ is decreasing for
y — —oo. Hence from (4.37) and the fact that A\, <1, we get
UO<>‘n) - Uﬂ(an - 1) > qb()\n - an) - ¢(_1) > ¢(1 - an) - gb(_l) (339)
for n large enough. However, because (Uy(y))yer has the same distribution as (—Up((—y)—))yer,
then almost surely lim,, Zf((la_";})) = 0, which is a contradiction with (4.42). The case

a, — —oo is similar by taking y = a, in (3.37), proving thus our claim.
Define now the event B, as

By = {Card (range(@ﬁ_M7M1|) N o, 1]) = oo}

It suffices to prove that hm P[By] = 0.

Suppose initially that E[|Ug( )|] < oo and let Cpy :==  sup |¢'(t)]. Because of our as-
te[—2M,2M]

sumption on ¢, then for M large enough we have that E[|Uy(1)|] < Cy. For any a € [—M, M]

such that A\, := ¥?(a) € [0,1], we have for all ¢ € [—M, M|

Uo(t) — Up(Na) < 6t — a) — p(a — a) < Caglt — Aol (3.40)

For a > 0 such that E[|Uy(1)|] < «, let us consider now the process L§ that is the a-Lipschitz
majorant of Uy, defined formally as

Lg(y) = sup {Uo(2) — alz =y}

z€R
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We refer the reader to the two papers [2] and [21] for a detailed study of the Lipschitz
minorant of a Lévy process. Consider G¢ (resp. D{) to be the last contact point before ¢
(resp. the first contact point after ¢) of L§ with Uy, i.e.

Gy =sup{y <t:Lg(y) = Uo(y)} and Dif =inf{y >1: L5(y) = Us(y)}
for any t € R. Moreover, let Z, be the contact set of L§ and U, defined as
Zo ={y e R: Li(y) = Uo(y)}
Then on the event {G§™, D™ € [-M, M]}, from the inequality (3.40), we have
Uo(Gg™) = Up(ha) < Crr(Aa — G5™) and Up(Dy™) — Up(Aa) < Car(DY™ — Ao)
Hence for t > M, we have

Uo(t) = Us(Aa) < Ug(DF™) + Ca(t = D) = Up(a)
< Cp (DS — X)) + Cpy(t — DEMY = Ciyglt — A

Similarly for ¢ < —M we get the same result. Together with (3.40), we deduce that for any
a € [—M, M] such that \, := ¥?(a) € [0,1], A\, is in the contact set Z¢,,. However when Uy
is abrupt, we know from [2][See proof of Proposition 6.1] that this set is discrete, and hence
Z¢,, N[0, 1] is finite. Thus

P[B)] < P[GS™ < —M] 4 P[DSM > M| (3.41)

Now it is not hard to see that for o < o/, we have that Z, C Z,. Hence, for M large enough
we have
D < Dl aSv > GP (3.42)

where § = E[|Uy(1)|] + 1 is independent of M. However, from [2][Theorem 2.6] we know
that the set Zj is stationary and regenerative (see [22] for the precise definition of stationary
regenerative sets), thus the random variables DY — 1 and —G% have the same distribution
as D, Moreover from [2][Equation (4.7)], we have that

AP (dz)
PD — Gf € da] = T~
[ 0 0 ] fR+$Aﬁ(d$)

where A? is the Lévy measure of the subordinator associated with the contact set Z5 (the
stationarity of Zs ensuring that [, xA’(dz) < o). It follows thus from (3.42) that the
right-hand side of (3.41) goes to zero when M — oo, from which we get the desired result
that the range of W? is discrete when E[|Uy(1)|] < oo.

Now, if E[|Uy(1)|] = oo, consider for any N € N the truncated process UL, that is the
process Uy started at zero and with its jumps of size greater than N removed. It is formally
defined as :

U (y) = { Uo(y) = D o<2<y(Uo(2) = Uo(2=)) Lt (2) -t =)=y i 4 >0 (3.43)
0 Uo(y) + 2 y<.<0(Uo(2) = Uo(2=)) L (2) -t (z—yzny i 4 <0 '
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We have that E[|UL(1)|] < oo as any Lévy process with uniformly bounded jumps has finite
moments of any order (see [57][Lemma 8.2]). Hence, if we denote by ¥4 the process W?
where we replace Uy by Ud'. By what we proved previously, we have that almost surely, the
set range(W%) N [0,1] is finite for every N € N (as the finiteness of the moment of order 1
of UM (1) ensures by the law of large numbers that U (y) = o(¢(y))). By the arguments
provided before, it suffices to prove that range(\Ifﬁf M, M]) N [0, 1] is finite for every M > 0.
Now, for N > 1 and y > 0 we have that

U )] < [Us()l+ > (Un(2) = Us(2=)) Lvip()-tio (=123}

0<z<y

< |Uo()|+|Uo(y) = Us (v)|< 2[Un(y)|+]Us (y)]
and similarly for y < 0. Thus almost surely

: Ug ()]
lim sup ——— =0
lsoo N5 G(y =+ M)

as by the law of large numbers U} (y) = O(|y|). Let K; > 0 such that for all |y|< K, we
have almost surely

U3 (y)]
N 6y £ M)

Let K3 > 0 such that y — ¢(y) is increasing on [Ks,+00) and decreasing on (—oo, —Ks),
then for |y|> max(K;, K3) + M and a € [—M, M|, we have

Ui (y) — oy —a) < U (y) — oy = M)
< —gOyEM) = —oo

Yy—r+00

1
< =
-2

Hence there exists K > 1 large enough such that

sup sup sup (Uy (y) — d(y —a)) < B:= inf (Uo(A) —d(A—a))  (3.44)

ly|>K ac[-M,M] N>1 A€[0,1],a€[—M,M]

Now, the largest jump size of the process Uy on any compact interval [— R, R] is almost surely
finite, because

P[3y € [-R, R], Up(y) — Up(y—) > N] = 1 — ¢ 2BILIN+) 4

N—o0

where IT is the Lévy measure of Uy. Hence there exists a random N such that U (y) = Up(y)
on [—K, K], and thus if range(\lfﬁ_ aar) N10,1] is infinite, then there exists infinitely many
Aq € [0, 1] such that

Up(Aa) — ¢(Aa —a) > Up(y) — ¢(y — a) for all y
which in light of (3.44) implies that

UN (M) — 6(ha —a) = U (y) — é(y — a) for all
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and this is a contradiction with the fact that range(\IJ;%) N[0, 1] is finite, thus completing the
proof. O
Finally, we are left to prove Theorem 3.1.14

Proof of Theorem 3.1.14 In light of Theorem 3.5.1, it suffices to check that for any ¢t > 0 we
have

lim ‘L’ (%)‘ — oo

|| =00
However, due to the convexity of L, the function L’ is increasing and thus the limits,

[*:=1lim L'(z) and I” := lim L'(z)

exist. However, due to the superlinear growth of H (and thus of L), it must be that T = co
and [~ = —o0, which gives the desired result. 0

Remark 3.5.2 The class of abrupt Lévy processes mentioned in Theorem 5.1.14 is quite
large. Indeed, it contains any linear combination of Brownian motion with linear drift and
stable Lévy processes with index € (1,2) with its negative jumps removed.
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Chapter 4

Random tessellations and Gibbsian
solutions to Hamilton-Jacobi
equations

This chapter is based on the article [43] written in collaboration with Fraydoun Rezakhanlou
that is published in Communications in Mathematical Physics.

4.1 Introduction

In numerous models of nonequilibrium statistical mechanics we encounter an interface that
separates different phases and is evolving with time. It is often the case that the evolution of
such an interface depends on the location x, the time ¢, and the inclination p of the interface
at x. If the interface is represented by a graph of a height function u : R? x [0,00) — R,
then a natural model for its evolution is a Hamilton-Jacobi PDE:

w = H(x,t,uy). (4.1)

Since in practice the exact form of the Hamiltonian function H is not known to us, it is a
common practice to assume that H is random. A natural question is whether or not we can
describe the stochastic law v, of the height function u(-,t) as t varies. Ideally we would like
to derive a tractable/explicit evolution equation for v;. Alternatively, we may keep track
of the inclination p = u,, and wonder whether or not the law of p(-,t) follows an explicitly
describable evolution equation. This is indeed the case for a small number of exactly solvable
one dimensional discrete models. In this article however, we pursue a very different strategy:
we search for a natural class of stochastic laws that is invariant with respect to the evolution
of the Hamilton-Jacobi PDE (4.1). This strategy has already been tested in dimension one: If
initially the process z — p(z,0) evolves as an ODE that is interrupted by Markovian jumps,
then the same is true at later times, and the evolution of the jump rates can be described by
a kinetic equation. In the present article we examine this strategy in higher dimensions. It
turns out that the evolution of the height function is significantly more complex when d > 1.
Fortunately, when H is independent of (z,t), and convex in the momentum variable p, the
dynamics simplify and the classical formulas of Hopf, Lax and Oleinik lead to variational
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representations of solutions. A particularly tractable case is when the height function is
piecewise linear and convex. As our first step, we offer a recipe for a Gibbsian measure on
the set of piecewise linear and convex functions. For our second step, we study the evolution
of this measure with respect to the Hamilton-Jacobi dynamics.

4.1.1 Hamilton-Jacobi semigroup

As a preparation for the statement of our main results, we first recall two classical variational
formulas for solutions of (4.1) when H is convex and independent of (z,t):

(1) (Hopf Formula) If g is convex, then
u(z,t) = (9" — tH)"(x), (4.2)

where g(z) = u(x,0) is the initial condition, and ¢* denotes the Legendre transform of g.
More explicitly,

u(z,t) =sup (z - p—g*(p) +tH(p)). (4.3)
p
(2) (Hopf-Lax-Oleinik Formula) If H is convex, then

atet) =swp (at0) — 12 (157)). (4.4)

Y

where L = H* is the Legendre transform of H (see for example [20]).

In this article we assume that both the Hamiltonian function and the initial data are convex.
An immediate consequence of the convexity of H is that the flow of (4.1) is strongly monotone.
More precisely, if we write &, for the flow of our PDE:

®i(9)(x) =u(x,t) < w=H(u,), and u(z,0) = g(z),

Then ®;(sup, h?) = sup, ®;(h*), which would follow from (4.4). In particular, if we choose
h* to be a linear function of the form h?(z) =z - p — g*(p), then

(W) (x) =z - p—g"(p) +tH(p),

which in turn implies (4.2)-(4.3). For our purposes, it is more convenient to keep track of the
slope p(x,t) = u,(z,t). Its evolution with respect to time can be represented by a semigroup
Dy;

~

©,(Vg)(x) = p(z,1).

Definition 1.1(i) Given a convex set A, we write C(A) for the set of convex functions
g : A — R. The set of piecewise linear functions g € C(A) is denoted by Co(A). (ii) We write

(/,’\O(A) for the set of functions p : A — R? such that p = Vg, for some g € Co(A). O

Observe that ®,(C(RY)) C C(R?) by (4.2). Moreover, the set of piecewise linear convex
functions Cy(R?) is also invariant with respect to ®;. As one of our main contribution, we

construct a family Mg of Gibbsian measures on Cp that is expected to be invariant under
the ﬂOW (I)t-
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4.1.2 Tessellations

It turns out that there is a one-to-one correspondence between the members of CAO(]Rd), and
the Laguerre tessellations of R?. Henceforth our aforementioned set M offers a natural
family of Gibbsian measures on the set of tessellations. To explain this further, let us
remark that g € Cy means that there exists a discrete set S C R? such that

g(x) =sup(z-p—g*(p))-
peS

If we set
X(p)={zeR?: gla)=z-p—g"(p)},
then the cell X (p) is a convex polytope and the collection

{(p,X(p)): peS},

is a Laguerre tessellation of R%. Moreover, the function Vg is piecewise constant, and has a
representation of the form

pla) = Vg(z) =Y pl(z € X(p)). (4.5)

pES

It is this geometric interpretation that is at the heart of our strategy for constructing our
Gibbsian measures.

Before embarking on our construction, we first need to come up with criteria that would
guarantee that a polytope tessellation does come from a function g € Cy. Since we will be
mostly studying planar tessellations in this article, let us assume that d = 2. Indeed if

X(p~p") =X )N X(p") #0,

for a planar tessellation, then generically the set X (p~, p*) is a line segment, and if 7(p~, p*)
is a vector that is parallel to this line segment, then we must have

T(p™p") - (p" —p7) =0, (4.6)

We can readily verify this using the fact that the linear functions h*(z) = x - p* — g*(p*)
must agree on the set X (p~, p*). It is worth mentioning that if a function p is given by
(4.5), then its weak derivative Dp is a matrix measure that is concentrated on the union of
edges X (p~, pT), pt € S. Indeed,

Dp(dz) = Y 1(z € X(p~,p")) [(p" = p7) @nlp™, p*)] m(dx),

ptes

where dm denotes the one-dimensional Lebesgue measure (on the union of the edges), and
n(p~,pT) is a unit normal that is orthogonal to 7(p~, p*), and is pointing from the X (p~)
side to the X (p™) side of X (p~,p™). For p to be a gradient Vg, the matrix Dp must be
symmetric. The matrix Dp is symmetric if and only if (4.6) holds. For the convexity of ¢,
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we need Dp > 0, which is equivalent to saying that p™ — p~ is pointing from the X (p~) side
to the X (p™) side of X (p~, pT). In other words,

+ —_
_ pr—p
n(p=p") = T
lpt —p|
We summarize our discussion in the next definition.

Definition 1.2(i) Let A be a convex polytope in R?. By a (generic Laguerre) tessellation
of A we mean a countable collection X = {(p, X(p)) : p € S} such that

e Each X(p) is a convex polytope, and

U X(p) = A

peES
We refer to each X (p) as a cell of X.

o If p* € S are distinct, and X (p~, p) # 0, then X(p~, p*) is a line segment orthogonal
to p™ — p~. We refer to such X(p~, p*) as an edge of X.

o If p*, p* € S are distinct, and
X(p~ 0", p") =X (p) N X (p") N X (p") # 0,

then X (p~, p*, p7) consists of a single point. We refer to this point as a vertez of the
tessellation X.

e For each edge X (p, p™), the vector p™ — p~ is pointing from the X (p~) side to the
X(p*) side of X(p~, pT).

We write X'(A) for the set of all generic tessellations of A. (ii) We set

P={(p",p") eRZxR*: p~ #p*}.

By an orientation T, we mean a continuous function 7 : I' — R?, such that (4.6) holds.

4.1.3 Gibbsian measures on X or C

Our definition of generic tessellations can be readily extended to any dimension. Observe
that when d = 1, each cell X(p) is an interval on which the nondecreasing function p(-)
is constant. As a natural candidate for a measure on CAo, we may pick a continuous kernel
f(x,p~,dp") (a measure in p* for every (z,p”) € R?) with

(2, p7) :=/ fl@,p~,dp") < o0,
.
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and set v/ to be the law of an inhomogeneous Markov process x — p(x) with a jump rate
given by f. In other words, as x increases, the Markov process p(x) has an infinitesimal
generator

LF(p) = / (F(p*) = F(o)) f(x.pmrdp*).

Given an initial law £°(dp), and a~ € R, we may construct a measure on piecewise constant
functions p : [a7,00) — R, so that p(a™) is selected according to ¢, and evolves in a
Markovian fashion with the generator £,. Note that if the law of p(z) is given by ¢(x,dp),
then ¢ satisfies the forward equation ¢, = L*¢, subject to the initial condition ¢(a~,dp) =
°(dp). Given a™ > a~, we may also interpret (p(z) : z € [a~,a™]), as a Markov process
that starts at time a® with law ¢(a™, dp), and evolves backward in a Markovian fashion as
we decrease x. In order to have the same law on (p(z) : = € [a™,a™]), the jump kernel of
this (backward) Markov process must be selected appropriately (see (4.98) below).

In the same manner, we wish to construct a Gibbsian measure v/ on CAO for a bounded
continuous kernel f(z, p~, dp*), which is a measure in p* for any given (z, p~), and depends
continuously on z. We carry out this construction when d = 2 in the present article.
Though, as our method of construction suggests, it seems plausible that one can carry out
similar constructions in higher dimensions in an inductive manner. Indeed our method
of construction takes advantage of the fact that we already have a natural candidate for
such measures in dimension one, namely Markov jump processes. Once our measures are
constructed for d = 2, we may use them to construct Gibbsian measures in dimension 3
in a similar manner. We should mention that if Vg € Cy(R?), and p(x,t) = (us, us)(z, ),
then p € (/Z\O(R2 x [0,00)). A Gibbsian choice of Vg leads to a probability measure on
(?O(Rd x [0,00)), which has a similar flavor as our construction when d = 2. We expand on
this in Section 1.6. N

Given a kernel f(x,p~,dp") in R?* we wish to construct a measure on Cy so that
f(x,p~,dp™) represents the rate at which p~ changes to p* as we cross an edge of X (p~) at
a point x. To achieve this we adopt the following strategy:

(i) We take a convex planar set A (for example a box), and construct a measure v/** on
the set of tessellations of A. This is carried out by first constructing the one dimensional
tessellation

{(p, X(p)NON): pe S},

in a Markovian fashion with a jump rate that is expressed in terms of f. We then use the
information coming from the boundary to build the tessellation inside. More edges will be
added inside A in a Markovian fashion.

(ii) We then show that when f satisfies a suitable kinetic PDE, the measures v/* are
consistent as we enlarge A. As we attempt to carry out the above strategy, we encounter

two problems. Our treatment of these problems are responsible for our final recipe of our
Gibbsian measures.

Problem 1. According to our strategy, we would like to construct p(z) on the boundary as
a Markov process. Imagine that we start from a point a € A and select a slope p~ for p(a).
We then move counterclockwise on the boundary and change p(x) as a jump process. If a
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jump from p~ to p* occurs at a point b € OA to the right of a, then there will be an edge of
our tessellation separating X (p~) from X (p™). If no other jump occurs as we traverse the
whole boundary, the restriction of the desired tessellation to the set A consists of exactly
two cells. However the edge X (p—, p") intersects the boundary at a second point " that
was not a jump point of our Markov process. In other words, the restriction of the desired
tessellation to JA cannot be realized as a Markov process.

Our Remedy: We resolve this problem by giving an orientation to the edges. This orien-
tation will be used to decide what points of the boundary tessellation will be created as a
Markov jump process. In other words, given an orientation 7, we consider a Markov process
on the boundary with the jump rate

(r(p~,p") - n(x)™ flz,p~,p"),

where n(z) denotes the inward unit normal to JA at x. This Markov process would allow
us to determine the entering edges only, not the exiting edges.

Problem 2. After determining all the entering edges, we need to use them to build our
tessellation inside A. These edges may intersect to produce vertices. How can this be done
in an orderly manner?

Our Remedy: Given a fixed direction v, we expect/insist
preER, pt#p =  (pT—p)-v#0,

in the support of our measure. This is equivalent to saying that 7(p~, p*) is not parallel to
v. Without loss of generality, we may choose v = e; = (1,0), so that 7 is never horizontal.
A continuous choice of 7 forces a fixed sign for 7(p~, pT) - e5. Without loss of generality, we
require that 7(p~, p*) - e5 > 0. For the sake of definiteness, we choose

n _
(o, o) = (—[p7,p"] 1),  where [pm,p"] =202 (4.7)
P1 — P
We may treat 7 as a velocity for a point/particle that is created at a point b on the boundary,
and its trajectory determines the edge emanating from b. Here, we are treating x5 as a time
parameter. We will use this time parameter to order the creation of particles, and the
occurrence of particle collisions as we increase xs. 0
We now have all the ingredients to describe our Gibbsian measure in a convex set A. For
this construction, we use the orientation (4.7). Note that because of our choice of 7, we may
talk about a cell X (p~) (respectively X (p*)) that lies on the left (respectively right) of the
edge 7(p~, p7). With this convention, the fourth condition in Definition 1.2(i) is equivalent
to saying that for each (x, p~), the support of the measure f(x,p~,dp™) is contained in the
set

R(p™):={p" = (pi,p3): o >pi} (4.8)

To simplify our presentation, we give a precise recipe for our measure when A is a box:

A= A<a_7a+7t07t1) = [CL_,CLJ'_] X [t()?tl]'
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Because of our choice of 7, there will be no entering edge from the top side of the box. To ease
the notation, we simply write ¢ for the second coordinate. Pictorially, we may decorate each
edge with an arrow that always points upward (see Figure 1 below). Our Gibbsian measure
will be supported on generic tessellations of which each vertex is of degree 3. With an
orientation at our disposal, we may interpret each vertex as either a coagulation point (when
two intersecting edges are replaced with one edge as time increases), or a fragmentation point
(when an edge splits into two edges as time increases). With these interpretations, we may
fully determine the tessellation inside A in terms a collection of particles that travel according
to their velocities, and may experience coagulation and fragmentation. More precisely, the
function x; — p(x1,t) can be expressed as

plar,t) = Y (1) Lar € (=(t), zena (1)),

1€J(t)

with the interpretation that z;(¢) represents the position of the i-th particle. Writing ¢; =
(2i,p"), and q(t) = (q;(t) : i € J(t)), the dynamics of q can be conveniently described as a
Markov process.

Definition 1.3(i) Given a pair p= € R?, we write p~ < pt if pt € R(p™), where R(p~) was
defined in (4.8). Similarly, we define the set L(p') as

Lp*) :={p" €R*:p” < p"},
and the set D(p~, pt) for p~ < p* to be
D(p=,p"):={p":p” <p" <p"}.
(ii) We write A = (J,~, A,, where A, denotes the set of q = (qo, ..., ¢,) such that ¢; =

(Zi7 pZ> S RSJ and

n

zoza*<zl<~--<zn<zn+1::a+, p0<p1<...<p.

(iii) We write M for the set of measures on R?, and equip M with the topology of weak
convergence. The set of probability measures is denoted by M;. We write F(A) for the set
of kernels

f:AxR? > M,
with the following properties:

e The map (z,p”) — f(x,p~,dp") is measurable, and

i / i7(p p)| Flasp,dp*) < oo

(z,p~

e For every (z,p™),
Fw,p R\ R(p)) = 0.
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(iv) Given g € M, we write F(8,A) for the set of f € F(A) such that f(z,p™,dp") <
B(dp™). With a slight abuse of notation, we write f(x,p,p") for the Radon-Nikodym
derivative of f(z,p~,dp™) with respect to 5.

(v) Given constants P*, with P~ < PT, and positive constants V., and &y, we put
IV ={(p~,p") € [PT,PTPx [P, P p~ <p", |[p7,p"]| < Vio},
and write F (5, A, Vo, dp) for the set of f € F(5,A) such that

v eR (p-,ph)el"™ = flz,p,p") > b,
zeR (p7,p") ¢TI = f(z,p,p")=0.

We now introduce some definitions that will allow us to construct a Markov process taking

values in A.

Definition 1.4 (i) Given ¢ € My, f € F(B,A), and t, € R, we write vy(dq;to, £°, f)
for a probability measure on A that represents a Markov jump process with the jump
rate f((x1,t0),p,dp"), and the initial law ¢°. More precisely, if q is selected according
to v(dq; to, £°, f) , and the function p(-;q) is defined by

plea) =D p' Iz < a1 < zip),
=0

then p(a™;q) = p° is distributed according to ¢°, and the Markov jump process x; — p(z1; q)
makes its i-th jump from p~! to p’ at time z;, with the rate f((z;,to), p"" ", dp").

(ii) Given ° € M; and f € F(A, 3, V4, d0) as in the Definition 1.3(v), we define a Markov
process (q(t) : t > to) that takes value in the set A. This Markov process induces a function

p:A—=R,  p(zy,22) = p(x1,1) = p(z1;9(2)),

that belongs to CAO(A). The (initial) law of q(t) at t = o is given by ~v(dq; to, £°, f). This
process induces a probability measure on Cy(A), that is denoted by v/* = VI The
Markovian dynamics of q(t) is as follows:

1. The particle z; travels with velocity —[p"~!, p’]. When 2; reaches a~, or z, reaches
respectively a™, the number of particles reduces by one. In the former case, we relabel

(2i, ") as (zi_1,p 1) for i > 1.

2. If at some time ¢, we have z;(t) = z;11(t), then we remove the i-th particle from the
system, and relabel (z;, p7) as (z;_1,p’ 1) for j > i.

3. At the boundary point a~, the function ¢ — p(a~,t) can change from p° to p* with the

rate 0
0 *]_g(ﬁﬁdp*)f((a_,t),P*jdp )
’ o)
When this happens, we relabel (z;, p%), as (z;11, p'™), for i > 0, and declare p* to be our new

2

[P
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4. At the boundary point a™, the function ¢ — p(a™,t) can change from p™ to p* with the
rate

", p* T f((a™, 1), 0", dp¥),

When this happens, a new particle has been born at a*. That is, we now have n + 1 many

particles with z,.; = at, and p"*! = p*.
5. The i-th particle can fragment into two particles. This occurs at time ¢ with the rate
density 4 .
i—1 % 1\— f((zi7t)7plilvp*)f((ziat%p*upl)
U(lO 7p 710 ) i—1 7 ’ (49>
f((zut)vp 710)
where
alp=. 0" ") =1p" 0" = lp7, p]: (4.10)

By fragmentation we mean that the particle (z;, p’) is relabeled as (zj41, ') for j > i, and
the i-th particle at the location z; is associated with a new label p’ = p*.

(iii) We write Mg (A) for the set of measures of the form VIR as we vary (0 € My and
f € f(ﬁ7 A7 V<>07 60)

Because of our choice (4.9), the fragmentation mechanism in 5 is the time reversal of the
coagulation mechanism in 2. The choice (4.9) plays an essential role in the validity of our
first main result, namely, the consistency of our measures v/** as we vary A. We remark
that the fragmentation occurs only when o < 0, so that the resulting particles move away
from each other, with the ¢ + 1-th particle to the right of the newly born particle.

4.1.4 Consistency

We now turn our attention to the question of the consistency of our measures v**, as we
vary the sides of the box A = A(a™,a™, g, t1). We first vary the horizontal sides. If

A=Ala",a%,to,t1), N =Aa",a" tt),

with ¢ € (to,t1), the consistency of v/* and v/, requires that the process z + p(z,t) under
vf2 to be a Markov process with the jump rate

f(z1,t),p™, dp™). (4.11)

This turns out to be equivalent to the requirement that the kernel f satisfies a kinetic type
PDE of the form

(™, p") - fula,p™dp™) = Q(f)(z, p~, dp"), (4.12)
for a suitable quadratic function (). To ease the notation, we suppress the dependence on x
in our notations, and write

Tf=(=af, f) = (=11, (4.13)

where a(p~, p*) = [p~, pT]. With these conventions, the operator () equals
Q) = QU ) =Q (f1 ) —Q (f1, ),
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(@ t) (a*,t2)

(a™,tg) = Z z3  (at,l)

Figure 4.1: The blue dot represents the coagulation of the particles with labels (p2, p3) and
(p3, ps) into the particle with label (p2, p4). The red dot represents the fragmentation of the
particle with label (po, p2) into two particles of respective labels (po, po2) and (po2, p2)-
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with
QF(f1 )™, dp*) =(f1 * f*)(p~ dp) (fZ*fl)(p ,dp™),
Q™ (f, )™, dp™) = (A(f*)(p") p7)) fHp™,dp*) (4.14)
— (A(Y)(p +) ( )(,0_)) 2(p™,dp™).
Here,

(h# k) (™, dp*) : = / W dp) k(oo dp),  A(h)(p) = / hp, o).

Remark 4.1.1 Given a pair of kernels (f', f2), define the quadratic operator
QU ) == AlfH @ f— o A(f?),
where
(h@k)(p~.dp™) = h(p )k(p™.dp™), (k@ h)(p~,dp") = h(p")k(p™,dp").
Then (4.12) can be written as
div (rf) = f1 — 12 = Q(fu. f2) — QUfa, f1).

As our first main result, we verify the consistency of the measures v/* as we vary the
horizontal sides of A.

Theorem 4.1.2 Assume that the kernel f € F(B,A, A, o) is a C* function, and satisfies
(4.12), for A = A(a=,a",to,t1). Assume that (° > &y. Then for every x5 € [to, 1], the law of
the function x1 w— p(x1,xs) with respect to VI coincides with the law of a Markov jump
process with the jump rate f((x1,22),p",dp™).

Example 1.1 Given a continuous function K : R — R, we may consider

B(dp) = B(dp1,dp2) = O () (dp2) dp1,

which is a measure that is supported on the graph of the function K. In this case, the
corresponding convex function g, with Vg = p satisfies the PDE

Gy = K(g$1)7 (415)

inside the cells of the corresponding tessellation. We put
f~i<x17 T2, p;; p;r) = fi(xh L2, pfv K(ﬂ;)u p1+7 K(,O;r)),

write f for f!, and write uZO’A’f K for the corresponding measure v/, We write M\G for
the set of such measures as we vary f and K.
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(i) When K is a convex function, then g is a viscosity solution of (4.15). Moreover, there
would be no fragmentation because o > 0. If we also assume that f is independent of xy
and that K is increasing, then Theorem 1.1 was established in [32], confirming affirmatively
a conjecture of Menon and Srinivasan [36]. We may rephrase Theorem 1.1 as follows: If ¢
solves the Hamilton-Jacobi PDE (4.15) in d = 1, and initially g, (z1,%0) is a Markov jump
process with the rate density f* (x1,t0, py, pi), then for every t > to, the process g,, (71,1) is
also a Markov jump process with the rate density f Yy, t, pr, pf).

(ii) If we assume that K is concave, then there would be no collision as we increase t = xo
because o < 0. In fact g is a viscosity solution for a final value problem i.e., as we reverse
(decrease) time xo. We may rephrase Theorem 1.1 in this case as a statement for the
reversed dynamics: If we reverse xo in part (i), then the dynamics can be described as a
particle system with stochastic fragmentation; the fragmentation rate is given by (4.9).

(iii) If K is neither convex, nor concave, then g is not a viscosity solution of the PDE (4.15)
no matter what direction for the coordinate x5 is adopted.

Remark 4.1.3 Observe that a choice of an orientation for edges allowed us to have a nat-
ural time direction for the Markov processes on the boundary sides of the boxr A, and the
dynamics inside the box. For the undirected tessellation, this choice is irrelevant, and there
should be a formulation of the consistency criteria that is independent of the orientation. As
an illustration, we will demonstrate in Proposition 4.2 below how reversing a direction, or
interchanging coordinates can be performed on the solutions of (4.12).

As we mentioned before, the Markov process q(t) = ((z;(t), p:(t)) : @ € J(t)), yields a
random tessellation

Xa={(p, X(p)): peSa},
of the box A. The set Sy is simply defined by
Sy={p'(t): t€to,ts], i€ J(t)},
and the cells of X, are the connected components of the set
AN\ {(zi(t),t) : t € [to,ta], i€ J(t)}.
The law of X, is denoted by /.

Proposition 4.1.4 Under the assumptions of Theorem 1.1, we have that neo’f’A (xa) = L
In words, the tessellation Xy is generic in the sense of Definition 1.2(i), with probability
one with respect to nfO’ﬁA.

The proof of this Proposition is rather straightforward and follows from our Proposition 3.1
in Section 3.4.

We next examine the question of the consistency as we vary the vertical sides of A. Note
however that although the boundary dynamics on the lower side is Markovian, the dynamics
on the lateral sides may depend on the configuration inside A. This can be avoided if we
assume that 7 always points to the left.
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Theorem 4.1.5 Let f and A be as in Theorem 4.1.2. Assume that the measure f(x, p~, dp™)
18 supported in the set

Ro(p~) ={p" = (p{.p3): p3 >p3, I > p1}- (4.16)

for every (z, p~). Then the law of the function x5 — p(x1, x2) with respect to v* I coincides
with the law of a Markov jump process with the jump rate given by [p~, p*]f((x1, z2), p~, dp™).

Our assumptions on f allow us to reduce Theorem 4.1.5 from Theorem 4.1.2. The details
can be found in Section 5.

Remark 4.1.6 More generally, define

R(p™)=A{p" = (pf,03): p3 —p3 +clpi —p1) >0, p{ >p1}, (4.17)

and assume that there exists ¢ > 0 such that the measure f(x,p~,dp™) is supported in the
set Re(p™), for every (x,p~). Define S.(x1,x2) = (21 + cxa, x2), and

ch($1, 902) = 9(961 + cxo, 952), Tc(,OhPQ) = (PhPQ + 001)7

so that if p = Vg, then
V(Seg)(x) = (Tep) (21 + cx2, 22) =: p'().

We also define f' :=Ttf, i.e., for every bounded continuous function ¢ : R — R, we have

/@(pﬂ [, p~,dp™) = /(so o T.)(p) f(x1 + cxo, w9, Top~, dp™).

Then the kernel f'(x, p~,dp™) is supported in the set Ro(p~), and Theorem 1.2 is applicable
to f'. As a result, under v* 1A, the law of p, restricted to a line of slope ¢ is a Markov jump
process. This in turn implies the consistency for the measures vI™' | provided that N’ = S,\,
for a box A.

Example 1.1(iv) (continued) When K is increasing and convex, we claim that for each x,
the process xo — p(x1,x2) is a Markov jump process with the rate f2(x1,t,p1_, pi). To see
this observe that we may write g,, = K '(gs,), which suggests that we should regard x;
as the time variable now. With this choice of time, we now have a scenario that resembles
Example 1.1(i), except for few non-essential differences: We are initially at z = o™, and go
backward by decreasing z;. The function K ! is now concave, which implies that the convex
function ¢ is a viscosity solution for the final-value Hamilton-Jacobi PDE g,, = K (g,,).
The initial jump process with the jump rate density fQ(cﬁ,t, p1,p1), evolves to a jump
process with the jump rate density f2(a,t, p, pi) as we decrease 21 from a' to a.
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4.1.5 The invariance of M and /T/l\g

We now examine the question of the invariance of the set Mg under the flow ® of the
Hamilton-Jacobi PDE

with H : R? — R convex, and g € Cy(A).

From Example 1.1(i), we already know that Mg(A) is invariant under EI\), when d = 1.
In details, we choose 3 to be the one-dimensional Lebesgue measure, and pick f° € F(A, ),
with A = [a~,a*] or [a~,00). The measure v /" is the law of a Markov jump process
r — p’(z) = ¢'(z), x € A, with the rate density f°, and the initial p(a®,0) distributed
according to °. Then @t(po) is a Markov jump process associated with a rate ©;(f), where
f(x,t,p=,p7) = Ou(f)(z,p~, p) solves the kinetic equation

ft_Ufo:QH(f)a f<x707p77p+) :fo(xapi7p+)a (419>

where v# = 0" (p~,p%) = (H(p™) — H(p"))/(p~ — pT), and QF is as Q of (4.14), except
that « is replaced with vf. We write 87 for the flow of the kinetic equation (4.19):

fla,t o, %) = 07 () (x, p~, p*).

Before giving precise statements for our results in dimension 2, we need to address a
technical issue concerning the domain of the definition of the function u. We remark that
because of the quadratic nature of the right-hand of our kinetic equation (4.12), generically
non-negative solutions are defined only locally in spatial variables (in the Appendix, we
provide a local well-posedness for (4.12) under some natural assumptions). Because of this,
we will consider the PDE (4.12) in a convex domain A on which our Markovian kernels can
be defined. In order to solve (4.18) in A, we need to assign suitable boundary conditions.
These boundary conditions are selected so that the law of the corresponding solutions are
consistent as we vary A.

As we mentioned earlier, since the function u : A x [0, 7] — R is a piecewise linear convex
function, it induces a tessellations of A = A x [0,T]. The vector p = (ug,u) = (p, H(p))
lies on the graph of H, and if a 2-dimensional face F' separates p™ = (p™, H(p")) from
p~ = (p~,H(p7)), then any vector © = (v,v3) = (vy,v9,v3) € R? X R parallel to F' must
satisfy

v-(pt —=p7) +us (H(p*) = H(p7)) = 0. (4.20)

We address the question of invariance of Mg in two settings.

Setting 1.1(i) (Hamiltonian Function) We assume that the convex function H(ps, p2) =
H(p1), depends on p; only. To simplify our presentation, we also assume that H is an
increasing function (see Remark 4.1.6 for general H).

(ii) (Initial Condition) Assume that A = [a™, a™] X [to, t1], and Vg = p(x,0) is distributed
according to ™A for a function f that satisfies the kinetic equation (4.12) in the set A.
We additionally assume that the measure f(z,p~,dp™") is supported in the set Ro(p~), so
that Theorem 1.2 is applicable.
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(iii) (Kernel) We define a kernel f(z,t,p~, p*) by

f(xlax%t? p77p+) = @L{—I<f)(l.l7$27pi7p+) = 975H<hx2)(x17p77p+>7

where h*2(x1, p~, pT) := f(z1,29,p7, p*). We put
(7.7 07) = (.afet),

where
alp=,pt)=1lp",pt], 0o, p") = (H(py) — H(p?)) /(o — pT).

(iii) (Boundary Condition) We assign a boundary condition at = a™. The law of (zo,t) —
ug(a*,va,t) = p(a™,y,t) is denoted by p. We assume that under u, the process t +—
plat,xy,t) is a Markov jump process with the jump rate density f3(a™,zo,t) for every

Ty € [to, tl] .

Note that for fixed x, we may regard the equation (4.18) as a HJ equation in dimension
one in x; variable. The process

(xlat) S [CL_,CLJ'_] X [OvT] — m(xlyt) = m(xlyt;l?) = p(l’l,l‘g,t),

is piecewise constant and induces a tessellation in [a~, a*] x [0, T]. The process x1 — m(x1,0)
is a Markov jump process. Its discontinuity points z; < --- < z, travel with time ¢ with
velocity —v (py, pi7). We are tempted to use either Theorem 1.1 or Theorem 1.2 (or [32]) to
determine the Markovian law of the process (xi,t) — p(z1,x9,t). However these theorems
cannot be applied directly because the relation between the particle velocities —v’ and the
slopes p* is not exactly what we had in these theorems (namely —[p~, p*]). We note that
what we have is slightly different from the setting of [32], as the jump rate depends on a
vector p, not just its first coordinate p; = wu,,. Nonetheless a verbatim proof would allow us
to have a similar result. In other words, given a velocity function v(p~, p*) satisfying some
natural conditions, we may consider a particle system as in the Definition 1.3(vii) such that
[p~, pT] is replaced with v(p~, pT), and the analogs of Theorems 1.1 and 1.2 are still true.
In summary we have the following result:

Theorem 4.1.7 Under the Setting 1.1, the following statements are true:

(i) For every (w2,t) € [to, t1] X [0,T], the process x1 = p(z1,72,t) is a Markov jump process
with the jump rate density f(x1,xa,t,p~, pT).

(ii) For every (z1,72) € A, the process t — p(x1,9,t) is a Markov jump process with the
Jump rate density f3(xy, e, t, p~, pT).

Naturally, we may wonder whether or not the law of the process (z1, z2) — p(x1, 29, t) is
given by 0T DA where £ represents the law of p(a™,ty,t). To examine this possibility,
let us switch to a more symmetric notation and write z3 for t, & for (z1,x9,x3), and p3 for
H(p1). In this way,

fia,p=pt) =lp . ptif (2,07, p"),
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where

pi —pi

pr—pi

Now if the law of the process (1, 22) — p(x1, T2, t) is given by v (A then we know that
x; — p(z) is a Markov jump process with the jump rate density f’ Let us write £ for the
infinitesimal generator of this jump process. If ¢(z, p) is the law of p(Z), then it must satisfy
the forward equations

™, pt)i =

G = (£ ¢, i€ {1,2,3},

where (£°)" denotes the adjoint of the operator £°. From the compatibility of these equations,
namely (... = {;,+,, we derive the kinetic equation

2 — 1= QUL ). (4.21)

In summary, the function f must satisfy the kinetic equation (4.21) for all 7,5 € {1,2,3}.
When these equations hold, we may choose a Gibbsian measure for the boundary condition
at x1 = a™, and we expect that the law of the marginals (z1, z9) — p(x1,x2,t), and (xq,t) —
p(x1,z2,t) to be Gibbsian of the type we have constructed. We leave further investigation
of the system (4.21) for future.

Remark 4.1.8 Assume that H(p1,p2) = Hi(p1) + Ha(ps) with Hy and Hy convex and in-
creasing. To display the dependence on the Hamiltonian function, we write <I>fli for the
Hamilton-Jacobi flow ®, (as was defined in Section 1.1) associated with H;. Writing g™ (x;) =
glx1,23), and §(x1, x5) = GV (z9) = O (g%2) (), then using (4.4), it is not hard to show
that solution u of (4.18) can be expressed as

ulwy, @2, t) = B2 (9") (w2).

Now if g is distributed according to VAN then we may apply Theorem 1.3 to assert the
marginal x1 — V§(x1,x2) is a jump process with the jump rate that are expressed in terms
of O f. If the law of § is also a Gibbsian measure associated with O f, then another
application of Theorem 1.3 would allow us to assert that the marginals of p = u, are jump
processes with the jump rates that are expressed in terms of ©2QH1 f.

So far we have described some of the challenges we encounter as we try to examine the
invariance of the set Mg under the Setting 1.1. Fortunately these challenges can be avoided
when we examine the invariance of M.

Setting 1.2(i) (Hamiltonian Function) We assume that the convex function H(py, ps) is
increasing with respect to both p; and ps.

(ii) (Initial Condition) Let A = [a™,a™] X [to,t1], and let K : R — R be an increasing

continuous function. We assume that Vg = p(z,0) is distributed according to VO TAK agin
Example 1.1. Recall

f<x17x27pfap;r> = f(:l:l,:lj'g,pf,K(pf),pf,K(,Of)),
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with f a kernel that satisfies the kinetic equation (4.12) in the set A.

(iii) (Kernel) We define a kernel fla.,t,p~, pt) as in the Setting 1.1(iii). We also continue to
use our notations f* and & = (w1, 72, x3) as in Setting 1.1. With a slight abuse of notation,

we define 6,(f) as

@t(f)(xl,x%pf,pf) = f(.%’l,xg,t,pf,K(,Of),pf,K(,Of))

(iv) (Boundary Condition) We assign a boundary condition at = at so that the law of
(2,t) > ug(at, 29, t) = pla™, xq,t) is again a Gibbsian measure u of the type we defined in
Example 1.1, but now (pa, p3) = (ug,, u) lies on the graph of K(m) = H(K~*(m),m). In
particular, u; = K (ug,) in the support of pu.

Conjecture 1.1 Under the Setting 1.2, the law of (z1,x2) — p(x1,22,t) is given by the

A
measure vt Ot ()AK

We have been able to partially verify this conjecture:

Theorem 4.1.9 Under the Setting 1.2, the process x; — p(Z), i € {1,2,3}, is a Markov
Jump process with the jump rate density f*.

In fact we can readily establish Theorem 1.4 with the aid of Theorem 1.3. We explain
this in three short steps:

(Step 1) We first argue that the relationship u,, = K(u,,) that is assumed at t = 0, also
holds at later times. To see this, observe that if initially

g(w1,w2) = sup (219 + 22K (p1) — alp1)),
p1ER
for a (discrete) set R and a function a(m) = g¢*(m, K(m)), then on account of (4.3), a
similar formula is true at a later time ¢, where a(p;) is replaced with a(p;) — tH(py), for
H (p1) = H(p1, K(p1)). We can take advantage of this property to reduce the question of
invariance to Case 1. After all if u,, = K(u,,) holds for a solution u of (4.18), then such a

solution also solves the equation u; = H (uy, ).
(Step 2) We note that H is convex if H is convex. Let us present a short proof of this when
H is C? and K is differentiable:

H"(m)=H

P1P1

(1, K (1)) + 2H o (1, K (m)) K" (m) + Hoppy (m, K () K’ (m)?
1 1
K'(mﬂ | {K%m)] =0

Furthermore, if K is increasing, and H is increasing in both arguments, then H is also
increasing. This allows us to apply Theorem 1.3 to assert that the process z; — p(2) is a
Markov jump process with the jump rate density f*, for i = 1 and i = 3.

—(D*H)(m, K (m)) [

(Step 3) Since K is increasing we can interchange the role of z; with xs. That is, from
Uy, = K (ug,), we learn that u; = H(u,,), where H(py) = H(K (ps),ps). Since H is
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convex and increasing, and the boundary dynamics at z = t; is Markovian with the jump
rate density f3, we are at a position to apply Theorem 1.3 once more to assert that the
process Zo — p(Z), is Markov jump process with the jump rate density f2.

Remark 4.1.10 When K 1is also concave or convez, then Conjecture 1.1 would follow from
Theorem 1.4. For example, if K is concave, then we can fully determine the function
(x1,22) = p(x1,x2,t) from its boundary values on ON. Simply because as we decrease s,
there would be no (stochastic) fragmentation and the corresponding particle system involves
free motion and collisions.

4.1.6 Generalization to higher dimensions d > 2.

As we mentioned earlier, a Gibbsian measure v/** for the distribution of Vg in (4.18) would
lead to a Gibbsian measure 2/ for the distribution of p(z,t) = (us, u)(z,t), where A =
A x [0,T], and A
flat,ppt) =g (a.t,p” H(p™),p* H(p")),

represents a density rate at which p= = (p=, H(p™)) changes to pt = (p™, H(p™)) at the
point (z,t) € R3. Indeed the function u(#) = u(xy, T2, v3) = u(xy, T2, t) is a piecewise linear
convex function such that its gradient p lies on the graph of H. The piecewise constant
function p yields a Laguerre tessellation

X={(px(): peS},

of R®. We may wonder whether or not we can apply our approach to build more general
Gibbsian measure on the set of Laguerre tessellations of R®. More specifically we wish to
relax the restriction p € {(a, H(a)) : a € R?}. To describe a strategy for achieving this, let
us first discuss some of the features of Laguerre tessellations in R3?. Generically the following
statements are true:

o If pt £ 5, and X(p~, p7) = X(p)NX(p+) # 0, then X (p~, p*) is a (2-dimensional)
convex polygon. The vector o™ —p~ points from the p~ side to the p~ side of X (p~, p7).

o If )=, p*, and p* are distinct, and X (5=, p*, p*) := X (p~) N X (p+) N X (p*) # 0, then
X(p~,p ”f ,p*) is an edge (a line segment). We can uniquely determine a vector direction

T:T(ﬁ_7ﬁ+7ﬁ*>:(U(ﬁ_7ﬁ+’ﬁ*)7]‘>7 UERQ?
of this edge by solving the system of linear equations 7 - (p* — p*) = 0.

o If ji, i = 1,....4 are distinct, and X(p!,...,p%) == X(p") N ...N X (p*) # 0, then
X(pt, .. ,64) consists of a single point which is a vertex of our tessellatlon
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We wish to build a random tessellation X so that its intersection with the plane {z:
x3 = t} is a random planar tessellation of the type we have constructed in the Section 1.3.
Let us ignore the lateral boundary dynamics and focus on our strategy for building such
a tessellation inside the bOXAA. In other words, we start from a planar tessellation that
represents the restriction of X to the plan {z3 = 0}, and evolve it in a Markovian fashion as
we increase x3. The law of this planar tessellation is a suitable v/ oA except that the kernel
fO(z1, 29, p7, pT) is defined for p* € R3. In other words, the cells of the initial tessellations
labeled /decorated by vectors in R3. To build our random tessellation initially, we need
to assume that the kernel fO satisfies the kinetic equation (4.12), where only the first two
coordinates of p are used for determining the speed a. The evolution of our tessellation
consists of the deterministic and the stochastic parts. As for the deterministic part, a vertex
associated with vector densities p~, p7, and p* travels with the velocity v(p~, pt, p*). As 3
increases, it is possible that an edge of vertices a= and a™ collapses, or equivalently ¢~ and
a™ collide. There would be two possibilities for the type of a collision that can occur. To
explain this, let us write C~ and C* for the cells which are sharing the edge a~a™.

e One of the cells C* is a triangle (generically not both C~ and C* could be triangle).
When this is the case, the whole triangular cell collapses and becomes a vertex. The
tessellation has lost a cell at time of such a collision.

e Neither C~ nor Ct are triangle. If a~ is a vertex associated with cells of labels
(m~,p~,p"), and a™ is a vertex associated with cells of labels (7™, p~, p7), then after
the collision a new edge is created with vertices b~ and b*. The new vertices b~ and b
are now associated with cells of marks (p~,m~,m™"), and (p*,m~,m™), respectively
(the role of 7 and p are swapped).

Our dynamics also involves a stochastic fragmentation; at a random time t, a vertex a,
associated with (p', p%, p%), can give birth to a triangle with vertices by, by and b3, and a
random label p*. These vertices start their journey at the location a at time ¢, and move
away from each others with velocities that are determined in terms of (p', p?, p®), and p*.

In order to carry out our program in dimension 3, we need to work out the form of
the fragmentation rate. We emphasis that when p lies on a graph of a convex function H,
there would be no fragmentation. We conjecture that when the rate f satisfies a system of
kinetic equations analogous to (4.21), our outlined strategy would yield a consistent family
of Gibbsian measures on the set of tessellations of R3.

4.1.7 Bibliography and the outline of the chapter

Most of the earlier works on stochastic solutions of Hamilton-Jacobi PDEs have been carried
out in the Burgers context. For example, Groeneboom [25] determined the statistics of
solutions to Burgers equation (H(p) = p?/2, d = 1) with white noise initial data. Burgers
equation is not explicitly mentioned—the paper discusses convex minorants of Brownian
motion with parabolic drift—but these problems are connected by the Hopf-Lax-Oleinik
solution formula (4.4). Recently the author in [41] has extended this result to arbitrary
convex Hamiltonian function H. The special cases of H(p) = ooll(p ¢ [—1,1]), and H(p) =
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pT were already studied in references Abramson-Evans [2], Evans-Ouaki [21] and Pitman-
Tang [48].

Carraro and Duchon ([15],[14]) considered statistical solutions, which need not coincide
with genuine (entropy) solutions, but realized in this context that Lévy process initial data
should interact nicely with Burgers equation. Bertoin [12] showed this intuition was correct
on the level of entropy solutions, arguing in a Lagrangian style (by analyzing the inverse
Lagrangian process).

Developing an alternative treatment to that given by Bertoin, which relies less on partic-
ulars of Burgers equation and happens to be more Eulerian, was among the goals of Menon
and Srinivasan [36]. Most notably, [36] formulates an interesting conjecture for the evolu-
tion of the infinitesimal generator of the solution p(-,¢) which is equivalent to our kinetic
equation (4.14) when there is no fragmentation, f is independent of x, and p lies on a graph
of a convex function (see Example 1.1(i)). When the initial data p(z,0) is allowed to as-
sume values only in a fixed, finite set of states, the infinitesimal generators of the processes
x — p(x,t) and t — p(z,t) can be represented by triangular matrices. The integrability of
this matrix evolution has been investigated by Menon [34] and Li [33]. For generic matrices—
where the genericity assumptions unfortunately exclude the triangular case—this evolution
is completely integrable in the Liouville sense. The full treatment of Menon and Srinivasan’s
conjecture was achieved in papers [32] and [31] (we also refer to [52] for an overview). The
works of ([32],[31]) have been recently extended in [51] to allow inhomogeneous HJ equation
of the type (4.1) in dimension one.

The organization of the chapter is as follows: In Section 2 we give a precise construction of
the particle system q(¢) that we described in Definition 1.3(vii). In Section 3, we derive a
forward equation for the law of q(t) and establish Theorem 1.1. Section 4 is devoted to the
proof of Theorem 1.2. In the Appendix we address the question of well-posedness and the
regularity of solutions of the kinetic equation.

4.2 Construction of the Particle System

As discussed in the introduction section, we use z for the variable x; and time ¢ for the
variable x5. We wish to build a probability measure on the space of Laguerre tessellations
with orientation 7 : {(p7, p7) € (R*)?: p~ < pT} — R? that was given by (4.7). We have
already given a rough description for this probability measure in Section 1.3. In this section
we give more thorough details and make some rudimentary preparations for the proof of our
main results. Our strategy will be to build a consistent family of probability measures on
the space of labeled interacting particle systems on fixed boxes.

Fix tg,t1,a ,a™ € R, with a~ < a™ and tg < t;. We will build a probability measure on the
space of stochastic processes (q())sejs,¢,) that take values in the space of particle systems of

the form
a(t) == ((20, 0°(1)), (21 (1), p' (1)), -+ (zmgey (1), p" (1)) ,

with 2z = a~. To be more precise, let us introduce some notation.
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Notation 2.1(i) Let P~ < P* be two fixed constants and define the state space Q = Q,— 4+
of particle systems as the following disjoint union

Q= |
n=0
where Q" := A" x R", with A" := {(21, -, 2,) 10~ < 2, < --- < 2z, < a7}, A" is the

topological closure of A™ in R", and
R :={(p% p",--- p") e ([P, PP " < ph <o <"}

(ii) For any q € €, let n(q) be the unique integer n such that q € Q™.
(iii) For any three labels p, o/, p” € [P~, P*]?* such that p < p’ < p”, set
o, 0", 0" =10, p"] = [p, P]
(iv) For any real number r, let 7+ = max(r,0) and r~ = max(—r,0). For any two integers

m < n, we denote by m,n the set {m,m+1,--- ,n}.

(v) Let ' be the space of vector-valued right-continuous piecewise-constant functions on
[a™,a™], an define the map V :  — I' as follows. For any q € Q of the form

q= ((a_HOO)? (Zlvp1>7' T (Zmpn)) e

Define

V(q)(z) = Zpi 1(z; <2< z4q) forallze€la,a'], (4.22)
i=0
with the convention that zp = a~ and 2,41 = a™.
(vi) Let € to be the subset of Q such that for any q = ((a™, p°), (21, p'), -+, (2, p")) €
Q'NQ" and if z; = 2,1 for some i € 1,n, then we have
(Y o, p1] > 0,

To construct our measure v“/A we take a kernel f € F(3,A),

fQzt,p”,dp™) = f(z,t,p7,p") Bldp™),

that satisfies the kinetic equation (4.12) in A. We then use f to define a Markov process
(a(t) : t € [to,t1]) in Q. The law of this Markov process for a suitable initial distribution ¢
is the desired measure v“"*. For the reader’s convenience, we recall the kinetic equation,

T(p™ ") -V =Q(f)(zt,p7,p"), (4.23)
where Q(f) = Q*(f) — f Lf, with

QT (f)(zt,p™,p") =/ =0 p 1 f (2t 07, 0") f2,t, 0%, pF) B(dp?),

D(p=.,p™)
(Lf)<zat7 piaer) :A(Za 2 er) o A(’z?ta p7> B [piaer] ()\(Z,t,er) - )‘(27 t, pi)) :
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Here,

Az, t,p) = f(z,t,p,0%) B(dp*),

R(p)

A@tMILUMﬁU@tm)ﬁMH

Now, consider a nonnegative function (z,t, p) — £(z,t, p), verifying the following equations
l.(2,1, p) :/L( )f(w,p*,p)ﬁ(z,t,p*) Bldp*) = Mz, t, p)l(2, ¢, p), (4.24)

p
&@t@zLUWmV%tﬁm%mWﬂN@U—MaMM@%M- (4.25)

p

Moreover for any fixed z and ¢ we assume [ (z,t, p) 8(dp) = 1. As we will see in Proposition
4.1 below, the two equations (4.24) and (4.25) are compatible because of the kinetic equation
verified by f. Mainly, the two flows generated in both direction z and ¢ commute, as the
corresponding vector fields commute in the sense of having a zero Lie Bracket. This last fact
is exactly a reformulation of the equation (4.23).

Without loss of generality let us assume that tg = 0 to alleviate the notation. The purpose
of this section is to construct the law of a stochastic process (q(t)):>o that takes values in
(). Let us introduce first the following probability measure on 2. For any ¢ > 0, let

p(da,t) =) 1(n( p"(dq, t), (4.26)

where 1"(dq,t) = ¢"(z,p) dz f(dp) is a measure defined on Q" with

n

B(dp) =[] Bldp"), dz= Hdzl-,

i=0
o T i—1 — [
9" (z.p) == (a" t.p°) [] f(zi.t.0" ", p") exp [ — Z/ Az, t,pi) dz | .
i=1 i=0 vV %
Here q = ((20, 0°), (21,01), "+, (2n, p")), and by convention zg = a~ and z,,1 = a™.

4.2.1 The deterministic flow

We first start by defining a deterministic flow on 2. Let t > 0, and q € 2". We distinguish
two cases:

(1) If q € Int(Q"), i.e., g = ((a, p°), (21, 0"), -+, (20, p")) Where a= < 21 < --- < 2, < a™.
Let (2;(t))™, be defined as
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for t € [0, T*), where
T =inf {t > 0: z(t) = z;41(t) for some i € {0,1,---,n}},

the time of the first collision. By convention, we always take z(t) = a= and z,41(t) = a*
when we consider a particle system of n particles. This defines a flow 1'q:

dra = ((a=, %), (z1(), p1), -+, (za(t), p1)) € Q" for t € [0,T%).

At time ¢ = T*, for any i such that z;(T*—) = z1(T*—), we remove the (i + 1)-th par-
ticle (z;11(T*—), p"™') from the particle system and relabel the particle (z;(T*—),p’) as
(zj—1(T*=),p" 1), for j > i+ 1. We keep doing this procedure until we end up with an ele-
ment in Int(Q™) for some m < n —1 (it might be possible that multiple collisions happen at
the same time 7*), we then define ¢)7" q to be this element. Repeating the same process again
starting from this new configuration, we get a sequence of collision times 0 < 77 < Ty < -- -,
where ¢ — 1'q evolves with free motion in each interval [T}, T}, ;).

2) If q € 99", then for any ¢ such that z; = z;,1, there are two cases to consider:
y +

o If [p", pi] > [p, p'~ 1], then we delete the particle (z;11, p'™) and relabel the particle
(Zj,pj) as (Zj_l,pj_l), fOI'j >+ 1.

o If [ p'] < [p*, p'~t], we keep both (sticky) particles at z = z; = 2;41.

Denote
(_l = ((a_>ﬁ0)7 (yl>ﬁ1)7 ) (nyHﬁm)) e Q"

to be the resulting configuration after doing this modification. Notice that q is not necessarily
in Int(2™), as we may still have an index j such that y; = y;41 and [p" 1, p7, '] < 0. The
flow ¢'q := 'q for any ¢ > 0 is now defined in the same fashion as before, by letting
each particle y;(t) have a free motion with the corresponding velocity v; := —[p'~ !, p’].
Instantaneously, for any small ¢ > 0, the configuration 1‘q belongs to Int(Q™). To see this,
observe that for any j such that y; = y;41 we have

d _ _
%(ijrl(t) - Zl/j(t)) = —[Pj—l,/)p/)jﬂ] > 0.

The motion of the particle system then encounters collisions and behaves similarly to the
first case when we start from a particle system in the interior of the state space.

More generally for any s < t, we define the deterministic flow between time s and time
t to be Ylq := Y'*q for any q € Q. By construction, this flow verifies the semi-group
property
viia = Ygvia forany t <ty <ty and q€ Q.

4.2.2 The stochastic low and Markov process

We will define a stochastic process (q(t)):>o, that takes values in €, and such that (¢, q(t)):>0
is strong Markov. Equivalently, this amounts to constructing a probability measure P} for
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any q € Q and ¢t > 0. This probability measure should be understood as the law of (q(0))s>¢
conditionally on q(t) = q. Naturally, the measure P! is concentrated on the set measurable
maps q : [t,+o0) — Q such that q(t) = q. Let us start with some notation.

Notation 2.2(i) For any (p—, p") € [P~, PT]? with p~ < p* and t > 0, we define the two
quantities

_Aa™,t,p7)f(a" t,p7, pY)
l(a=,t, pt) ’
i (t,p= p") =7, p T flat 8 p7, pT).
They correspond to the rates of creation of particles respectively at 2 = @~ and z = a™. For

p, 0, p" € [P, PT)? with p < p' < p”, 2 € [a~,a™] and t > 0, define the fragmentation rate
at position z and time t as

< (t,p~,p") =[p7, 0]

— f(’z?t?p?p/)f('z?t’p,?p”)

f(z,t, 0,0, 0") = [p, 0, "]
[zt p,p")

(ii) For any p € [P, PT]*> and t > 0, let
C(tp)= [ et p) Bldp) and €ultip)i= [ erltpp®) Bldo'),
L(p) R(p)
and for any p~, p* € [P~, P*]? such that p~ < p™, and ¢t > 0, let

St o) = [ et eet) B

D(p~.pt)
(See Definition 1.3(i) for the definition of R(p~), L(p™), and D(p~, pT).) For any particle
system q € Q" of the form q = ((a™, p°), (21, p'), -+, (2n, p")), We define its particle rate at
time t by

t(ta CI) = (ta IOD) + Z S(ZZ, t> pi_la pl) + €+ <t7 pn)

=1

(iii) We introduce now a notation that corresponds to the state of the particle system after
a creation or fragmentation. For any p* < p°, we define the new particle configuration E” q
as

Eﬁ q:= ((&_7 p*)a (a_ap0)7 (Z17p1)7 T (Znapn)) )
where a new particle is added at z = a~. Similarly for the barrier z = a™, for any p* such
that p" < p*, define the new particle configuration £ q by

Ef—*q = ((CL_, p0)7 (Zl7 P1)7 T (Zna pn>7 (a+7p*)) .
Finally for p* such that p"~! < p* < p' for some i € {1,---,n}, let

Ezp*q = ((a77 /)0)7 (217 p1)7 Ty (Zifla piil)a (Zi, 10*>7 (Zia pz)u (ZiJrl’ piJrl), T (Zn, pn)) )

denote the particle configuration we obtain after the fragmentation of the i-th particle.
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Construction of the Markov process

Consider now a probability space (£o, F,P) on which is already defined an infinite i.i.d
sequence (7;);>1 of standard exponential random variables. We will define a process t —
q(t) = q(t,w) € Q on this probability space with q(0) = q € Q and w € Qy. The reader
should keep in mind that our construction only works up to a time T™ before the solution of
the kinetic equation cease to be positive (see Appendix A), but to ease the notation we will
assume that this state to be infinite. Thus, any temporal quantity ¢ in the future should be
thought of implicitly as ¢ A T™. Define now the stopping time 7} as

t
T, = inf {t >0: / v(0,5q) do > 7'1} .
0
For any ¢ € [0,71), put q(¢t) = ¥{q. Conditionally on 7}, write

%qu = ((aivpo)’ (Zlapl)v T (vapn)) :

< (Tlv pO)
t(Th ¢gl q) 7 .
to the measure B(dp*)) and put q(T}) = E” 13'q.

S(ziaTlapi_lﬂpi>
t(Th glq)
and put q(Th) = B ¢'q.

c
e With probability we sample p* with density (with respect

e With probability

f(’zi7 T17 pi_17 10*7 pZ)
S(Tlv piila pz)

for i € {1,2,---,n}, sample p* with density

T 7
e With probability Ll’jl’)

. t(Tlu ¢0 q) ’
E? q'q.

We repeat this process again by defining

I T n *
sample p* with density (T, p)

—and ut T =
&1,y M putath

t
Ty := inf {t > T / v(0,%%,a(Th)) df > 72} :

T

putting q(t) = 5, q(T1) for t € [T, T3) and resampling again a p* with the analogous above
probabilities to define q(753). This constructs a sequence of random times 77,75, --. To
ensure that our process q(t) is defined for any time ¢ € [0,7] and that only finitely many
jumps happens, we would assume

M:= sup sup  sup max (€_(t,p7),§(z.t,p7,p"), € (L, p")) < 0. (4.27)

te[0,T] z€la™,at] p~=<pT

To this end, let us define N7 (q) to be the number of stochastic jumps up to time 7' > 0
when we starts from q, i.e.,

N'(q) =sup{n>0:T, < T}

The following lemma will be used in several occasions:
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Lemma 4.2.1 Assume that (4.27) holds. Then there exists a constant Cy = Co(T, M) > 0,
independent of q such that

IN"(q)] < Coln(a) + 2%, B(T, < T) < Coln(q) +2)n > (4.28)

In particular NT(q) is almost surely finite.

Proof. For any k > 0 we have that

/ 60, 08 a(Ty)) dB > T, (4.29)

T

with the convention that Ty = 0, and where (7;);>; is an i.i.d sequence of standard exponential
random variables. The number of particles of q(7}) is at most n(q) + &, therefore for
0 € [Tk, Trs1), we have that v(6, ¢ q(T})) < M(n(q) + k + 2). From this and (4.29), w

deduce that
Tk+1

T’““_T’“—M( (@) +k+2)

From this we learn,

P(NT(q) >n) =P(Tyy < T) <P T oy
(N{a) > n) =P(Tn < T) < (:ln(Q)+k+2_

=

Hence for any A > 0, by Markov inequality

- Tk41 Tk+1
P — " < MT | =P A > —\MT
(;n(q)+k+2— ) (eXp< 1n( )+k+2> exp! )>

AT
/\MT k+1
HE[GXP( n(q) +k+2)]
A
)\MT
(i)

3

Using the fact that log(1 +z) > x — % for any positive x, we have
n A \2 n(q)+n+2 1
1 1+ — > M Hu(q)+ns2 — Ha - — — 1,
0g (H ( + n(q) Tk 2)) = ( (a)+n+2 (q)+2) 9 Z L2
k=1 k=n(q)+3

where H, := >}, % is the harmonic series. It is well-known however that

log(n+1) < H, <logn + 1.

(1 s iea) 2o (25) -4

k=1

Hence,
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which in turn implies

n n 27‘r2
P(NT(q) > n) < MMT-Mes(*dais®) e 2

In particular for A = 2, we get the bound
=2 n(q)+2 \°
P(Ty1 <T)=P(N"(q) >n) <Mty [ —2———) .
( +1 ) ( (q) )— n(q)+n+3
This certainly implies the second inequality in (4.28). Finally

N"(@)] < 5T (n(g) + 2)° < o, (4.30)

which implies the first inequality in (4.28). O

By construction, the process (t,q(t)):>o is a piecewise-deterministic process in the sense
of Davis [19], and thus we have the following proposition

Proposition 4.2.2 The process (t,q(t))i>o has the strong Markov property.

It is not homogeneous because of the time dependence of the rates. Due to this Markovian
property, we can talk about the stochastic flow Wiq for any s < ¢ being defined as the
realization of the particle system q(¢) at time ¢ conditioned to start at time s at q(s) = q.
The Markov property, ensures that this stochastic flow enjoys the semigroup property in
distribution

WL Ui, (4.31)

for any ¢; < ty < t3, where on the right-hand side of (4.31) the stochastic flow \Ifﬁg is
independent of \Ilﬁf We can also replace the times t;’s by appropriate stopping times due
the strong Markov property. The Markovian nature of our construction comes essentially
from the memoryless property of exponential random variables.

4.3 Forward Equation

Recall the measure p that was defined by (4.26). The goal of this section is to prove the
following theorem.

Theorem 4.3.1 For any measurable function G and t > 0, we have

AH@W@MM%®=/G@MWM) (4.32)

Q

Theorem 4.3.1 proves that if q(0) is distributed according to the measure p(dq, 0), then q(?)
has the law p(dq,t). By a density argument, it suffices to prove the equality (4.32) for a
suitable class of functions G on €2, of the form

at

G(q) = exp ( / IEV@:) dz) | (4.33)
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where V was defined in (4.22), and J is a continuous function on [a~,a™]. For (4.32), it is
enough to show

d

7 E[G(V.q)] u(dq,s) =0, forall s e [0,t]. (4.34)
S Ja
From now on, we fix t > 0, and define the function

G(q,s) = E[G(V!q)] forall0<s <t

4.3.1 Lipschitzness of ¢

We will start by proving the following crucial theorem.

Theorem 4.3.2 There exists a constant C; = C1(P~, Pt V., J,a”,at,t) > 0 such that
|G(q,s) — G(q,5)|< Ci(n(q) +2)* |s — 5|,
for all s,s' € [0,t] and for any q € Q.

The proof of this Lipschitz property is carried out in two steps. These steps are formulated
as Lemmas 4.3.3 and 4.3.4.

Lemma 4.3.3 Let 0 < ' < s < t, and put 0 := s — s'. There exists a constant Cy =
Co(P~, P, Vy, J,a™,at,t) such that

Ga, ) — E [G(¥57q)] | < Coln(a) +2)20. (435)
Lemma 4.3.4 There exists a constant Cy = C)(P~, P*,V, J,a™,at,t) such that

G(a,s) — E[G(Y5q)]| < Ch(n(q) +2)*0. (4.36)
Proof of Lemma 4.3.3. (Step 1) In this step, we show that there exists a constant C3 =
C3(P~, P*, || J]|oo, @, a™) such that

G(a, ') — E[G(4;_4 ¥ q)| < Cs(n(q) +2)%0. (4.37)
We first use the Markov property to write
G(q,s') = E[G(T; ¥, q)].

Let £ be the event

&= {there exists a stochastic jump in (¢t — 6, t)}

Here by stochastic jump, we mean the creation of a new particle either at z = a~ or at
2z = a™, or the fragmentation of one of the particles. We claim that there exists a constant
Cy = Cy(t) such that

P(£) < Oy (n(q) +2)° 0. (4.38)
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To see this, observe
t
PE) =P (/ t(u, ¥, Ui lq) du > T> : (4.39)
t—0

where 7 is a standard exponential random variable that is independent of {U%q,s < v <
t—0}. Let N'7%(q) be the number of stochastic jumps of the particle system started at time
s" at q up to time t — . By Lemma 4.2.1 we have that

E[N!(q)] < Co(n(q) +2)%, (4.40)

where Cy = Cy(t) is a constant that depends only on ¢. As the number of particles of
YU U is at most n(q) + N5%(q) for all u € [t — 6, ], then from (4.39), it follows that

P(€) < IP(M@ (n(q) + NS %(q) +2) > r)

_E [1 _ e—M@(n(q>+N;r"<q>+2>]

< MOE [n(q) + N %(q) + 2]
< Cy(n(q) +2)°0,
where the constant M is the uniform bound on the rates defined in (4.27), and Cy = M (1 +

Co). This completes the proof of (4.38).
Evidently,

G(q,8") = E [Lec GU;_,V5"a)] +E[1e G(VLq)] . (4.41)

However, from the expression of G in (4.33), we can find a constant C5 = C(P~, P, |||/, a™, a™)
such that
|G(q)|< C5 forall q € Q.

From this and (4.41), we learn
|G(q, s') — E[G(¢¥_¥% °q)| < 2C5P(E) < Cs(n(q) + 2)°0,

for a constant C3 = 2C5Cy. This completes the proof of (4.37).
(Step 2) On account of (4.37), it remains to show

BG4V )] — EIG(V q)]| < Cs(n(a) +2)%, (4.42)

for some constant Cg = C4(P~, P*,Vy, J,t). As a preparation, we first show that there
exists a constant C7 = C7(P~, P, V., J,a”,a™,t) such that

|G(Ypq) — G(q)] < Cm(q)r, forall r €[0,¢] and q € (4.43)

where the set )’ is a set of full measure that was defined in Notation 2.1(vi). To prove (4.43),
we fix r > 0, and let p := V(q) and p’ := V(¢jq). As the exponential function is locally Lips-
chitz, for (4.43) it suffices to show that there exists a constant Cy = Cs(P~, PT,V,a",a™, 1),
such that

at

/ 10/ (2) — p(2)| dz < Cgn(q)r. (4.44)
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Note that p = V(q) where q is the particle configuration obtained from q after deleting the
redundant particles, so without loss of generality we can assume that q € Int(Q2™) for some
n <n(q). Let

a_<z1<z2<---<zn<a+,

be the discontinuity points of p. Let 0 := Vr. If I is the interval
I .= U[ZZ - 5, 2z + 6],

then for any z ¢ I, we have p'(z) = p(2), as the discontinuity points of the function (z,v) €
[a™,at] x [0,7] = V(¥¥q)(z) travel with speed at most V.. Therefore

/ 10'(2) = p(2)] dz < (lplloctlp'lloc) | < dmax(| P, |[PT]) Vienr,

which proves (4.44). This in turn implies (4.43).

We are now ready to establish (4.42). We have that almost surely W', %q € (', as this
is equivalent to not having a stochastic jump at time ¢ — #, an event that happens with
probability one. This allows us to apply (4.43) to assert

E [|G(¢i_gVy"q) — GV q)|] < GiE [(n(¥yq) +2)] 6.

This, the bound n(¥%’q) < n(q) + N5%(q), and (4.40) imply (4.42). From (4.37) and
(4.42), we get (4.3.3). O

To finish the proof of Theorem 4.3.2; it remains to establish Lemma 3.2. To achieve this,
we will define a coupling of (\If’;,’gq, \Iftq) for t > s. Or equivalently, we define a coupling of
(Uq, ¥4 fq) for t > s,

Construction of the coupling

We fix 0 < ¢’ < s and as before put § := s—s'. We wish to construct two processes (q(t))¢>s
and (q/(t));>s on the same probability space such that (q(t));>s has the law (¥%,q)¢>s and
(d'(t))¢>s has the law (\Ififfeq)tZS/.

We start from a sequence of i.i.d exponential random variables of the form (Tf i>1,1<
Jj < 3). We define first the coupling rates as follows.

Let t > s and for any p € [P~, PT]?, let
Q:couphng / t P p /\C (t+9,p7,,0) 5(dp*)’
L(p)

Q:Sroupling /R t , Py P /\ C+(t + 9 P, P ) ﬁ(dp—’—)?



and for p~, pT € [P~, P*]? such that p~ < pT, let

Fowe(z 8, p7, pt) :z/( . f(z,t, 07, p7) Nf(2,t + 6,07, p,p7) B(dp).
D(p~,p

The particle coupling rate is defined as
tCOUpling(t, q) Q:couphng “00> + Z gcoupling(zi7 t, )Oifl7 pz) + Q:j—oupling(t’ ,On);

for any
qa=((a",p),(z1,p"), -, (20, ")) € Q™.
Now, define

t
T! :=inf {t > / Couplmg( ,U4q) du > 7'11} ,
t
12wt fo 2 [ el va) - e, 0t duz ).

/

¢
T} :=inf {t > ¢ / (v(u+ 0, %q) — tPmE(y ot q)) du > 7'13} .
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Put 7y = min(7T}, 72, T7), and for t € [, T}), set q(t) = q'(t) = ¥tq = ¥5% q. Now, write
1 1 1 s s'+6

¢§1q = ((a_7p0)’ (Zlvp1>’ ) (Zmpn)) € Q"

Conditionally on 77, we consider the following cases:

o If T} = T?, we set ¢'(T}) = wgfeeq, and define q(7}) by making a stochastic jump

(either a creation of a particle at z = a*

or a fragmentation of a particle) using the

rate v(7Ty, ¥ q) — tWme(Ty pIiq). For ¢ > Ty, conditionally on (q(7%),q (T1)), we
let the two processes (q(t))>r, and (q'(t))i>1, evolve independently with respectively

the law of (W%, q(T1))i>7, and (\Ift++9q (T1)) >, -

o If Ty = T}, we do the same as previously by switching the roles of q and q" and using
the rates at T} + 6 instead of 71, in a way that only q’ makes a jump at time 77 and

not q.

e If Ty = T}, both q and ¢’ make a stochastic jump at 7} using the rate v*"1&(7} 1 q).
As q(T1) = d'(T1), we redo the same process again by using now random variables

(19,73, 75) and defining (T3, T%,T3), etc ...

We claim that this defines a coupling. Indeed, each one of the processes (q(t)):>s and
(d'(t))¢>s is a piecewise-deterministic Markov process by construction, and the law of the
first jump time and the value it takes at that time is easily verified to be the same as that of
the two processes (V%,q);>y and (U4 +9q)t>s/ Using this coupling, we can now prove Lemma

3.2, which in turn finishes the proof of Theorem 4.3.2.
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Proof of Lemma 4.3.4 Keeping the notation from the construction of the coupling, we will
exhibit an event £ on which q(u) = d'(u) for all v € [¢',t — #]. Writing T; for the time
at which the coupled process experiences a jump for the i-th time, we see that as long as
T! = T; for all 7 such that T; < t — 6, then we must have q(t — 0) = ¢/(t — 6), as we jump
using the same value p* at every step. Let

E={T} =T, for all i < N,},
where Ny = sup{n > 0:7, <t —0}. Evidently,
E [G(¥q)] - E[G(YS )] | = [E[G(d'(t - 0))] - E[G(a(t — 0))]] < 2/|G]|P(E°).

Hence for (4.3.4), it suffices to show that there is a constant Co = Co(P~, P, V., t) > 0,
such that
P(E°) < Cyf(n(q) + 2)°. (4.45)

To achieve this, first observe,
e c | {TilzTiforallign—l, T, <t—6, T >Tn}.
n=1

As a result,

PE) <Y P(T) —Toy > T, — Ty, Ty <t —0). (4.46)
n=1

Recall that we can write

Tp-1+v .
T! - T, , =inf {v >0: / e OUPg (4 ahlq) du > Té} ,

Th-1

and similarly for T2 — T;,_y and T2 — T,,_;, with appropriately replacing the rates t used
inside the integral. Note that the conditional probability

P, = P(Tl — T >T, =T, ) Tn—1>7

n

satisfies

i .
P, =E |1 —exp (— / |v(u, Yia) — v(u+ 6,9 q)| du) ‘ Tps

Tr-1

T,
<E| [ iluvta) - slut 6. uba)] du

Tn -1

Tps (4.47)

Now, for any fixed q € €2, we have that

n(q)

ox(t,q) =R (t,a) + Y Ri(t,a) + R*(t,q)

=1
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where

la=,t,p7)fla",t,p™, p")

e B e e e L]

i i1— f(zi>t7 pi_la p)f(zi7t7p> pz))
Rt o (Rt et
(t,q) D(piil’pi)[p PPl O Ftp 1) B(dp)

R*(t,q) ;:/( ())[p“(q’,f]* O (fla®,t,p™D, pT)) B(dp™).
R(pn(a

Hence by using the uniform upper and lower bound of the kernel f and ¢, and the uniform
upper bound of their first-order derivatives, there exists a uniform constant M’ > 0 such
that

Ipe(t, q) < M'A(q),

where A(q) is given by

/L(po)[p‘,po]‘ B(dp~) +Z/

i—1 Y D(pi=1,p%)

(0", 0. p']” Bldp) + / (™9, pt]* Bdp™).
R(pn(a))

From this and (4.47) we deduce,
Tl

D AWq) du ‘ T,

Th—1

P, <MOE (4.48)

Moreover, using the uniform upper and lower bound of the kernel f and ¢, we can find 6; > 0
such that _
ceowling(y q) > 6, A(q). (4.49)

On the other hand, since by definition,

T;

;:/ tcoupling(u’ ;L/q> du,
Tn—l
we use (4.49) to assert

T,

Th-1

This and (4.48) yield,
P, < 67'M'0 E[THT,_1] = 6; ' M0,

as 7, is independent of T,,_;. From this and (4.46) we learn

n

P(£9) <07 M0 P(T,-1 < t).
n=1

From this and (4.28) we deduce (4.45). This completes the proof of (4.3.4). O
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4.3.2 Differentiation of G

Recall that for Theorem 2.1, it suffices to verify (4.34). To carry out the differentiation
n (4.34), we first learn how to differentiate the integrand G with respect to s. Since
G(q, s) = [G(¥Lq)], we expect a Kolmogorov type equation of the form

Gi(q,s) = —E[(LG)(T.q)], (4.51)

where £ denotes the generator of the process q(:). Since the deterministic part of the
dynamics is discontinuous, the verification of (4.51) poses some challenges that are handled
in this subsection. The integrated version of (4.51) is our next result.

Theorem 4.3.5 For any s > 0 we have that the limit

. 1
lim
sts 8§ — &'

/ (Gla,s) - Gla,5)) ulda, s), (4.52)

equals to
—Z s) + 10 (s +ZFf ) + T (s) + Ti(s)),
where forn > 1, we have
= [ e G )~ Gla ) Bl ()
9= [ ] oG a0 - Gla.s) o (a5,

- Z/n/ e f(zi, 8,078 05, PN (G(E q, 8) — G(a, 5)) B(dp*)p"(dq, s),

=3 [ (G o) = s ) Gla ) )

ZZ,S pz 1 pz)

and we can write T4(s) = T4~ (s) + I'%H(s) + TdH(s), with
It(s / / Pt s, "t ) G(EY @) B(dp")p (da, 5),
Qn—1 R(pn 1)

la,s s, p*. p° .
:/ / [p*’po] , 7;( )f( 7 )7p = )G(Eﬁ q S) ﬁ(dp*>ﬂn71(dq? 5)7
Qn 1 L(pO

n—1 ; ;
i— *x 1 f(Z’H 3»/07’_17 p*)f<zz> S7p*a pz)
i = [ [ A
i Qr=t JD(p*~1,p")

f(xi7 S, pz 17 pl)
G(E!" q,s) B(dp")u"*(dq, s).

Forn =1, T%(s) = 0, and without ambiguity the other terms have the same expression as
form > 1.



126

Proof. (Step 1) In this step, we use the Markov property to derive a formula for G(q, s’) (see
(4.58) at the end of this step). To begin, observe that by the Markov property,

G(q,s') = E[G(Yyq)] = E[G(¥{V5q)] = E[G(¥q, s)] (4.53)

Using the notation that we used previously in our construction of the Markov process, let

t
leinf{tzs':/t(u, vq) du271}>

where 7 is an independent standard exponential random variable. Consider again £ to be
the event {1} € [¢', 5]}, then

E[G(¥}q,s)] = E[G(¥}q,s)Le] + P(E)G (Yo, s). (4.54)
For the first term, we can use the strong Markov property at the stopping time 77 to get
E[G(Viq,s)le] = E [G(U]lq,T1)1e] . (4.55)
Using Theorem 4.3.2, we have
E (Gl aT) - Gha,9)le]| < CE | (n (¥ha) +2)° [Ty - oL
< Ci(n(q) +3)* P(€) (s — &)

We certainly have

P(E) =P (71 < /S t(u,wzf,q)du) =1-—exp <— /s t(u, iq) du)

< [ stuva) du < Meat@) +2)(s - ), (4.56)

/

where M is a uniform bound on the rates. From this and the previous display we learn
| [(G (Viig,Th) — G (¥liqg,s)) 1e]| < CiM(n(q) + 3)%(s — ') (4.57)
From this, (4.53), (4.54), and (4.55) we deduce
G(q,s) = [G(V1'q, 8)1e] + P(EVG (Y3, s) + Ri(q)(s — &), (4.58)

where |R1(q)|< C1M(n(q) + 3)3.
(Step 2) The main goal of this step is to use (4.58) to establish the following decomposition:
n(q)

G(a,s) — G(q,s") =8'(q) + S~ (a) + ST (q) + ZS

+ Ry(q) <s—s)2+(s—s>n<qeﬂ)], (4.59)
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where

_ ( “q) du) (Gla,s) — G(¥7a,s)),

:/ / o (0,07, 9°)(G(a,5) = G(EZ v, 5)) Bdp*)do,
Ry

o (6, "V, p")(G(a, ) — G(BL ¢ha,5)) B(dp*)do,
R(pn(a

:/ /( . )f(ziu 67 piilu p*, ,O’L)(G(q, S) - G<Ezp*w§/q, 8)) /B(dp*>d6,
s/ D pz—lhoi

and the term R, satisfies the bound

| Ra(q)|< er(n(q) +3)°,

for a constant ¢; = ¢;(P~, P*,J,a”,a*,t) > 0 that does not depend on q, with the set Qs
defined as

Q= Qz, = {q € Q: uw ¥q experiences a collision in [s, 3]}
We can readily show that there exists a universal constant ¢y such that

(), 5) < ey(s — ). (4.60)

and so upon integrating with respect to 1(dq, s), the error terms are all of order O((s —s')?).
To achieve (4.59), we first examine the first term on the right-hand side of (4.58). From
the boundedness of G and (4.56) we deduce

E[G (V] s)Lle] =B [G(V]a,s) Le] 1(q ¢ Q) + Ry(@)l(a € Q)(s — '), (4.61)

with |Rs(q)|< cs(n(q) + 2), for a constant ¢5 = c5(t). Moreover for q ¢ €,

T o < (Tb po) 0* Ty }
E[G (¥%q,s) 1] =F [—t(Tl’ G (B via,s) 10

T, onl@ .
]E|:Q:+( 1,0 >G<Eiw§1q’8> 1€:|

(Ty,¢1'q)
n(q) / i—1 i
9 T — 7T7 ’ y ' *
D e G
n(q)
=T +T+) T
i=1

where each p* is distributed according to the density previously described in the construction
of the stochastic flow. Note that the distribution function of 7T} is given by

7
P(T} > 6) = exp (— [ stwvza) du) ,
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or equivalently,
0

P(T, € df) = t(6,%q) exp <— /

!

t(u,viq) du) do (4.62)

We can certainly write

o c—<T17/0*7p0> * T *

/ / (6,0, 0%) exp (— /S/9r<u,w;ﬂq> du)G(E”*qu,s) B(dp)db,

where we have used (4.62) for the second equality. On the other hand, from the boundedness
of GG, we learn that the expression

s 0 .
C—<97 9*790) (eXp <_/ t(“?%bg’q)du) - 1> G (Eﬁ @ng/q, S) /B(dp*>d9‘ >
L(p°) s’

is bounded above by c¢4(s — §')? for some constant ¢, = ¢4(P~, P, J,a”,a"). This in turn
implies

T 1q ¢ Q) // (0,0%,0°)G (B wha,s) Bdp")do T ¢ Q)+ Ry(a)(s — &)

//0) (0, 0%, ") (E" H/q,)

+ Rs(a) (s = )+ (s = ) (a € € )],

where R4(q), R5(q) < c¢s5, for a constant c¢5. We treat the terms 7, and 7; in the same
fashion. For example,

7?:/ / = [0 0 - 8,0, ", PGB v, s) dBdB(p") + Re(q)(s — )’

/ / Kz 0,0, 0% ) GEY 0, 5) dOB(dp") + Re(@)(s — ')

where R5(q), Re(q) < ¢, for a constant ¢g. Here for the last equality, we have used the
Lipschitzness of the rate f. This in turn implies

ag @)= [ [ jtp o GE Was) doplap)
+ Rrla) [(s = )2+ (s = ) a ¢ Q)]
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Where R7( ) < ¢z, for a constant ¢;. From these representations of 7. 1(q ¢ Q) and
I(q ¢ Q), (4.56), (4.58) and (4.61) we deduce

D= [ [ 06 (B vhas) o
s’ JL(p%)
S pl . N
D3 / / " §(n 0,0 0 p)GED i, ) dbdp (4.63)

/ / g O)G(EY W, s) dodp’
n((l)

e IO O G (g, s) + Ra(a)(s — ¢')

+ Rs() (s = )2+ (s = )L(a ¢ Q) .

where |Rg(q)|< ¢s, for a constant cs. On the other-hand,

1 =e JorvOxga) do / t(0,4%q) df + Ro(q)(s — 5')?

zﬁﬁm@@mw+nm¢ﬂx/t@¢&pw

5/

+ Rio(a) |(s = )2+ (s = )@ € Q)] .

with |Ro(q)l, |R10(q)|< co(n(q) + 2)?, for a constant cy that is independent of q. We now
use the Lipschitzness of our rate § to replace z; — [p"!, p'](t — §') with z;. As a result,

1 — o= Jot@vla) // (0, p", P)ﬂ(dp*)de
n(q) .
+Z// y f(zi,G,pi‘l,p*,pi) B(dp*)do (4.64)

// n(q)) +(21,0, 07", p%, p") Bldp*)df
+ Ri1(q )[(S—s) —i—(s—s)]l(qEQ)],

with again |R1(q)| bounded by a constant multiple of (n(q) + 2)?. Here again we have used
the Lipschitzness of our rate f to replace z; — [p"™1, p’|(t — §') with z;. We now multiply both
sides of (4.64) by G(q, s) and subtract the outcome from (4.63) to arrive at (4.59).

(Step 3) Fix now n > 1, and let us analyze each term of the sum in (4.59), integrated against
the probability measure u"(dq, s). We start from &', and focus on the spatial integration. To
prepare for this, we need some definitions. Let us write u;, ¢ € 0,n for the relative velocities
of the particles:

Ug = V1, Up ‘= —Up, U; = Vijg1 — Vs
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We also write U for the set of particle configurations z € A™ that do not experience any
collision in the interval [¢, s|, and define the sets A; and B;, i € 0,n by:

Ag :{z EA": 2z <a —ug(s— s’)}, By = {z €A™z <a” +uol(s — s’)},
A, :{z eA": at —u,(s—§) < zn}, B, = {z eA": at —u,|(s—5) < zn},
A; :{z €A™z — 2z < —u(s — s’)}, B; = {z €A™z — 2z < |uil(s — s’)}.

for + € 1,n — 1. Note that the action of the flow %)%, on the set U is simply a translation in
the z-space:

Uo(2,0) = (03(2),p),  9%(2) = (2 +vils — &)y,
where v; = —[p""!, p]. Then the set U can be expressed as U = A"\ J_, A;. Moreover,
writing |A| for the Lebesgue measure of the set A, it is not hard to show that there exists a
constant cjg such that

| Ai| < [Bi] < cio(s — ) : (4.65)

o (" —a?)"

|A2ﬂA]’§ |BZﬂB]|§ 010(8—8/> n'

(4.66)
In the present step, we fix p := (p°, p', -+, p"), satisfying p° < p' < --- < p", and focus

on the integration with respect to the space variable z := (2, - -, z,) € A™. More specifically
we will show

S'(a)g"(z,p) dz —Zl{upo}/ G(a,s)g"(z,p) dz — Zl{ui<o}/B G(Yeq,s)9"(z,p) dz
i=0 i
+ [ Gtas) (5t - g”(éi(Z%ﬂ)) da+ (s — )Rlp).  (467)

AT

where R satisfies the bound |R(p)|< c12¢f /n!, for positive constants cj; and ¢12 and +y is an
increasing non-negative function such that v(9)/0 — 0 as 6 — 0.
To prove (4.67), we use (4.66), and the boundedness of f and ¢, to assert

S'(q)g"(z,p) dz = S"(p) + ZS’ (s — s')*Ro(p), (4.68)

An

with the term Ry satisfying |Ry|< ¢3¢}, /n!, for constants ¢i; and c13, and the other terms
given by

/

o) = [ exo (- [ st au) (Glas) - Gvza ) p) iz
50 = [ o (= [ stuvta) au) (Gta.9) - Gwsas) o' a.p) da

Observe that the replacement of the exponential

o (- [ st ).
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with

either exp (—/ t(u, q) du) or exp <—/ t(u, i q) du>

results in an error of size O((n + 2)(s — s')?) by the Lipschitzness of the rates with respect
to the space variable. Because of this, we can write,

50 = [ exv (= [ stwa) du) a1 (ap) s
= [ow (- [ st v au) Gluza . p) dat (s - 5 PR)

!

with the term R; satisfying |Ri(p)|< cia(n + 2)c},/n!, for a constant ¢14. By a change of
variables,

50 = [ e (- [ stwa) du) a1 ap) s
e (- [ i) Gla g e o 5=t
where
6l(2) = (1) @) = (s —uls =N, @)= (e(@)p). UL =vloul,
are the reverse flows. This allows us to assert

S"(p) = S/(p) +S3(p) + (s — 5)*Ru(p), (4.69)

where

!

Si(p) = ( |-/ W)) exp (— / “t(u.q) du) G(a,)g" (2,p) da.

We now compare the set U with its translate ¢2 (U). Observe,

Stto)= [ e (= [ dtna i) Glas) (57020 - 05 0).0)

U :{z €A": z >max(a”,a —up(s —§)), 2, <min(a™,at + u,(s — 5)),
Ziy1 — 2; > max(0, —u;(s — &) for 1€ 1,n— 1},
*(U) :{z € A" 2z >max(a”,a” +up(s — &), z, <min(a®,at —u,(s — )

Ziv1 — 2z > max(0,u;(s — &) for i€ 1,n— 1}.

Hence the symmetric difference of the sets U and ¢% (U) can be represented as

UA ¢%(U) = Ul B;. (4.70)
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Note that we can replace the exponential with 1 at a cost of O((n + 1)(s — ¢)). From this
and (4.65) we deduce,

Si(p (/ /() §"(2,p) dz + (s — ) Ra(p),

with the term Ry satisfying |Rs(p)|< c15(n + 1)ct, /n!, for a constant ¢;5. This, (4.70) and
(4.66) allow us to ignore the overlaps of the sets B;, i € 1,n, so that we can write

n

Silp) = > sien(uw) [ Gla.s)g"(a.p) da-+ (s~ ) Falp). (471)

i=0 Bi

with the term Rj satisfying |R3(p)|< ci6(n + 1)c}y/n!, for a constant c.
We now turn our attention to S;. By the Taylor expansion we have that

9" (% (2),p) g nv'gz_(z,p) N
By R DL oy R CL R LR A )

where |Ry4|< ¢17(n + 2), for a constant ci9, and v is a function satisfying v(6)/0 — 0 as
0 — 0. In particular, there exists a constant c¢;g such that

19"(6% (2).0) — 9" (2,p)| .
(2. p) <cg(n+2)(s —5). (4.73)

This allows us to make two changes in S7 at a cost of a constant multiple of (s —s’), namely
replacing the exponential with 1, and replacing the set ¢%,(U) with U. As a result,

S'(p / Gla.s) (4"(z.p) — 9"(6] (2).0)) dat Rolphr(s — <), (474)

with again the term Rj satisfying |Rs(p)|< cao(n+1)ct, /nl, for a constant cy9. Coming back
to the second term S in (4.68), we see use (4.65) to replace the exponential term of the
integrand with 1:

Sito) = [ (Gla:s) = Guza s)g(@.p) dat Relpn(s =), (479

with the term Rg satisfying |Rg(p)|< co1(n + 1)c}y /n!, for a constant cy;. Now, notice that
for i € 0,n if u; > 0, then A; = (), otherwise if u; < 0, then A; = B;. From this, (4.68),
(4.69), (4.71), (4.74), and (4.75), we obtain (4.67)

(Step 4) In this step, we use (4.67) to show

S'(a) p"(da,s) = — (s — ') (T(s) + T}, (s)) + B"(s,8)7(s — &), (4.76)

Qn
with R" satisfying |R"|< caa(n + 1)2¢, /n!, for a constant cyy. Put

Bi=B; \ Ui Bj,
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~

so that the sets (B; : i € 0,n) are mutually disjoint. The bound (4.66) allows us to replace
B; with B; in (4.67) at a small cost:

| Sy (mp) da =3 (S7(p) =5 () + 8" () + Bslpin(s =), (477)

where Ry satisfies |R7(p)|< cos(n + 1)cy /n!, for a constant co3, and

5/ (p) =Lpuo) / G(a,5)" (2. p) dz.
B;

~

S 0) Ly | Glvia, 09" 2. p) i
S"(p) = / Gla.9) (g"(z.p) — (65 (2).p)) da

We establish (4.77) by proving
/ S (850) = 87 (0)) Bdp) = (s — )T(s) + Rl )5 — )% (4.78)
/ 5"(p) B(dp) = —(s — $)T%(s) + Rus, ) (s — )7, (4.79)

with |Ro|, |R1|< ca(n + 1)c?, /nl, for a constant, cy.

To prove (4.78), first observe that if 0 := o(q,s’) denotes the first collision time of
the deterministic flow starting at time s at q = (z,p), and ¢’ = o A T}, then for sure
o = o0’ < s provided that u; < 0, z € éi, and no stochastic jump occurs in the interval [, 5|
(equivalently, T} > s). From this, the strong Markov property, (4.56), and Lemma 4.3.2 we
deduce

Gyq,s) = E[G(Vivsq)] = E[G(PLYiq) 1ee] + O(s — )
E[G(TL 4% q) e + O(s — §') = E[G(PL49 q)] + O(s — )
E[G(W q,0')]+ O(s — §') = Gyl q,s) + O(s — §'),

provided that u; < 0, and z € B;. On B;, and when u; < 0, we have that
G(Woa,s) = G(E qs, ),

for i € 0,n, with q; = (z;, p;) the configuration q with the particle i removed, and where E{)’O
and E*" should be understood as £ and Eﬁn. After replacing G (% q, s) with G(E" q;, 5)
at a cost of O(s — '), we replace back the set B; with B;. This allows us to write

-~

S (p) = (s = )T (p) + Ro(p)(s — &%, (4.80)
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where Ry satisfies |Rg|< co5(n + 1)c}y /n!, for a constant ce5, and

e Y 9 07 ! 0 n—
Ty (p) =uqy (a” Séo( )f(s pj P0) /M_1 G(E” qo,5)g" " (20, po) d2o,

_ [y s 0 ) f (28, 0% ) i e
T (p) =u; F(zi, 8, p L, pith) s G(E! q;,8)g N2, p;) dz;,

T, (p) =uy, fla™,s,p" ", p") /A B G(E p, 8)9" W2, py,) dzn,

for i € 1,n — 1, where v~ = Ly <oy|ul.
2i+1 %
u; )

with the convention that zp = ¢~ and z,,; = a™. When z € éz and u; > 0, there would be
no collision in the interval [0”, 5], and the reverse flow 17 q is well-defined for q = (z,p). We
then define q to be q = zbg'q. By similar arguments we have

The terms §i+ can be treated likewise: Fix ¢ € 0,n, and define the time ¢’ := s —

G(a,8) = G(G,0') + O(s — ') = G(q, 8) + O(s — &),
Again, we see that G(q, s) = G(Efiqi, s), and hence we get the analog of (4.80), namely
5! (p) = (s = )T (p) + Ruo(p)(s = &) (4.81)

where Ry satisfies |Rig|< co5(n + 1)cf, /n!, and the expression for 7;* is the same as 7,
except that u; is replaced with u;. We integrate both sides of (4.80) and (4.81) against
B, and take the difference to arrive at (4.78). After integrating out (4.78) and (4.82) with
respect to p and by relabeling p' as p* and p/ for j > i+ 1 by p/~!, we arrive at (4.76).

We now focus on (4.79). From (4.72) and the straightforward Computation

92(z,p)  fz,s,07" ")
9" (z.p)  f(zi,s, 070 p)

+ (Zz'?S?pi) - (Zi7 57101171)7

we deduce
n

8"(p) = (s =) Y S!"(p) + Ruo(p)y(s — 8), (4.82)

i=1

where Ry satisfies |Rio(p)|< co6(n + 1)cfy /n!, for a constant o6, and

L 5,01, pi) . .
Si'(p =/ G(a,s)[p' ™, o' (fZ(Z“S’p. Pt (m507) = (5,07 ) 9" (z,p) dz.
0) = [ Gla sl ™) (Tl Gasnl) — (s 0™ ) ()
Note that (4.65) provides us a bound on the Lebesgue measure of the set U¢. This bound
and (4.73) allow us to replace the domain of integration from U to the whole simplex A™ at
a cost of replacing Riq with R;;, that satisfies a similar bound. After such a replacement,
we integrate both sides with respect to 8 to deduce (4.79).

(Final Step) Note that our error terms are bounded by constant multiples of é,v(s — '),
with ¢, = (n 4 1)3¢},/nl. Since Y &, < oo, and v(0)/0 — 0 as § — 0, these error terms
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can be ignored as we calculate the limit in (4.52). On account of this, (4.59), and (4.76), it
remains to verify

[ 5@ nda, ) == (s = S0 + (5 = ) RES) (4.83)

> [ 8@ idaes) == (s = S0 (s) + (s = PRI,

=1

with RE, R/ satisfying |R*|, |RI|< cor(n + 1)}y /n!, for a constant cyy.
We only verify (4.83) in the case of S, as the other cases can be treated in the same
fashion. For this, first observe that because of (4.60), we may write

/ 5(a) p'(da,s) = S — S5 + Ry (s)(s )% (4.84)

where R, satisfies |Ry |< cog(n + 1)c}y/nl, for a constant cog, and
sc= [ [ [ et sean a5
si=| / / (0.0, ") GBS W s) T ¢ Q) B(dp")db " (da, ).

On the other-hand, for q ¢ Q), the the flow Y, experiences no collision, and is just a
translation that preserves the volume. Again focusing on the spatial integration first, we
certainly have

G(E§ voa, ) L(a ¢ g (z.p) dz= | G(E q,9)L(vla ¢ Q)g"(¢52.p) dz

A JANG

We can then use (4.73) (with s replaced with 6) to replace ¢"(¢3 z, p) with ¢g"(z, p) at a cost
that is bounded by a constant multiple of ¢, (s — s')*. As in (4.60), we can readily show that
at a cost of O((s — §')?), we can now drop 1(¢%q ¢ ). From all this we conclude

A

ss=[ [ ] 00 G 0,5) Mia ¢ 9) B )0 ) + R (5)s =

with |R;|< €298y, for a constant cyg. From this and (4.84) we deduce (4.83), completing the
proof of our theorem. 0

4.3.3 Proof of Theorem 4.3.1
(Step 1) We need to check that

hms_s </Gq, p(dq, s) /Gq, p(dq, s )) 0.
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We can certainly write

[ 6as) utda.s) - [ Glaulda,s) = 0(s,9) + Auls's) = (s0), (189
where
Xi(s'5) = [ (Gla.s) - Glas)) ulda.s),
Xu(s'5) = [ Glas) (uldas) — ulda. )
2(s'.5) = [ (Gla.s) ~ Glas) (ulda.s) - plda. o).
We work out X, by differentiating u with respect to the time s. Evidently

lim(s ) A(s'5) = [ Glas) flda.s) (1.56)

where [i represents the s-derivative of . We may write " = X" u"™, where

n g CL I 7p fS Z’HS?pi_l ‘ - s 7
X'(a,s) = B D) IPYCRVOTs
19 i=0 Zi

77p i=1

Now using the kinetic equations verified by both ¢ and f, let us find an explicit expression
of the Radon-Nidokym derivative X™. For the first term we have

E(CL_,S,,OO) o /( 0)[0*,[)0] £<a 78720( )f( 7)7:0 ) P )

l(a=,s,p0)

For the second term we get for i € 1,n,

Bldp") — Ala”, s, p°).

fs(zz’7 S, pi_lv pl)

i—1 z] fZ(Zi7S,pi_ 7/0i)
f(ziusapi_lvpi> B ’

f(zia‘g?pi_l?pi)
| — * 3 f(zivS7pi_17p*>f<ziasap*7pi)
+/ 0 0] — B(dp*)
D(pi—1,p%) f(ziv S, /)7’_17 101)

+ [pi_17 p”L ()\(Zlv S, pl) - A(Zla S, pi_l)) - (A(Zlv S, pl) - A(ZZJ S, pi_l))'

For the last term, let us first show A, = A,. To see this, observe

Mesp) = [ flzs o) Bldph) = /R()[ Hfu(zs,,0") Bldp?)

R(p)

+ // [0, 0", p*1f (28,0, p%) [ (2,5, p%, p) B(dp*) B(dp™)
{p=p*=<p}

+ /R( )[pv p+]()\(z, 87:0+) - )‘<Z7S7p)) + (A(Zv S7p> - A(Zv S,er))f(Z,S,p, ) 5(dp )
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By integrating out p*, we get that the double integral equals to
/( )(f(z, s, 0. p")A(z,5,0%) = [p, P f (2, 8,0, p") A (2, 8, 07)) B(dp").
R(p

However p* and p* are both just dummy variables in our integrals, so summing over the
terms, we get

Meso)= [ o D150 8" Az 5.0) / I 1S 00 Bl

+A Z S, p / f 2,8, 0, P )ﬁ(dp ) / [paer]fZ(ZaSvpvar) ﬁ<dp+)7

R(p)

confirming our claim A; = A,. As a result,
Zi41 . . Zi41 .
/ As(8,2,p") dz = /( )[pz,pﬂ 6(dp+)/ folz,8,0%p7) dz
Zi R(p Zi

- A(ziJrla S, Pl) - A(Zza S, pz)

Summing over everything, we get that

n 7 >k p
Xr(a) == At ) [ IR
Y 19

- i— i fz ZZWS?piilvpi i i—
—i—Z[p 1,p]< ( . .)—i-)\(zi,s,p)—)\(zi,s,p o)

f(Zia S, pZ_la pz)

=1
- i— x4 f(ziv87pi_17p*>f<zi7sap*api) *

+ / AN - B(dp"). (4.87
; Dwﬂ,m[ | f(zis, 070 p) ) )

(Step 2) From (4.87), we learn that there is a uniform constant C' > 0 such that | X"(q)|<
C(n +1). Hence using this observation and Theorem 4.3.2 we get

/ (Gla.8) — Gla, &) (u(da, s) — p(da, s'>>\ < Cs— s / (n(q) +2)° ulda, )
Q Q

As a result,
h,ITn(S — ) tA(s, s) = 0.

Because of this, (4.85), and (4.86) we are done if we can show

slllinm(s — )t (s, 8) Z q,s) ©"(dq, s). (4.88)
By (4.87),

. X"(@)G(q,s) p*(da,s) = A, (s) + Th(s) + AL(s) + A (s),
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where

— s) = * 0 f(a_?svp*7p0>€<a_vsvp*)G s d * n d S
) /H/L(po)[p 0] a5 ") (a,s) B(dp") p"(da,s),

_/n/R( 0" p"1f(a™, 5, 0", p")G(q, s) Bdp®) 1" (day, 5),

) . i—1 ok . * 4
/RZ/ . lap*;pl]f(ZHS?;(z' 7(5p)lf(lzz’2is)ap ’p)G(q,S) B(dp*>ﬂn(dq,8),
L i=1 1y 9 ’

where of course \,(s) = I';(s) = 0. On account of Theorem 3.3, we will be done if we show
that for any n > 0, the following equalities hold:

d,—
An(s) =T (s) + ypa(s), (4.89)

A (s) =T (s) + Tofa(s),

Al(s) = Tl (s) + Ty (s).
We will verify this only for the first equality, as the others are done in a similar fashion. By
the construction of our Markov process, we know that when [p*, p°] > 0, then G(E” q,s) =
G(q, s) (as in this case the particle at z = a~ corresponds to an exit of the interval [a™, a*]

and becomes irrelevant instantaneously), thus by splitting the two cases whether [p*, p°] is
negative or nonnegative we get

v = [ [t A R B, e

// (s,0", p°)G(EL q,5) B(dp*)u"(da, s).

This immediately implies the first identity in (4.89).

For the terms corresponding to the fragmentation i.e., A, and T}, we use now the ob-
servation that when [p"1, p*, pi] > 0, then G(E” q,s) = G(q, s) to get similarly the desired
equality. O

4.3.4 Proof of the genericity of the tessellation X,

We now state and prove a Proposition that guarantees the genericity of the tessellation Xj,
which is induced by the process q(t) = (¢;(t) : 1 <i < n(t)), where n(t) := n(q(t)).

Proposition 4.3.6 Under the assumptions of Theorem 1.1, the probability of the occurrence
of the event z;_1(t) = z;(t) = zi41(t) is zero. In words, no three particles arrive at the same
location almost surely.

Proof. (Step 1) The main idea is that since particles have uniformly bounded velocities, the
probability of the occurrence of two collisions in a time interval of size § is of order O(§?).
The reason for this is that if we trace back the colliding particles to the boundary of the box,
we will have a configuration in which two pairs of particles have distances of order O(9).
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Let us write o(t) for the smallest time o > ¢ such that z;_;(0) = z;(0) = 2;41(0) for some
index i € {2,...,n(t) — 1}. We first claim that there exists a constant ¢; such that

P(o(t) € (t,t+6)) < 167, (4.90)
for every 6 > 0. Once this is established, we can then choose 6 = T'/n, and argue

P (0(0) € [0,T]) < nsupP (o(t) € [tis tia]) < arT?n,
for t; = iT/n, i = 0,...,n — 1. We then send n — oo to deduce that there is no triple
collision almost surely.

It remains to prove (4.90). Let us write &,(t1,ty) for the event that at least r stochastic
jumps occur in the interval [t1,%5]. We claim that there exists a constant co = ¢o(7") such
that

P (E(t t +0)) < 267, (4.91)

for every t € [0,T], and ¢ € (0,1). This is an immediate consequence of the strong Markov
property of the process q(t), and the bound (4.38): Indeed if o; and oy denote the times of
the first and second stochastic jumps after time ¢, then

P (E(t, t +6)) < Elg0.rrs) PNV (E1(01,t +9))
< c30 E(n(q(o1)) + 2)2 Ley(t,6+96)
< c30E (n(q(t)) + 3)2 Te ti1s)
< e40%E (n(q(t)) + 3)* = ¢50%,
for some constants cs, ¢4, and ¢;. Because of (4.91), the bound (4.90) would follow if we can
show
P(o(t) € (t,t+6), o9 >t +6) < 66, (4.92)
for some constant cg.

(Step 2) It remains to establish (4.92). Let us write #; and 6, for the first and the second
times of particle collisions after . By convention, ; = #5 = 6 when at time 6 there is a
double collisions (which includes the case z;_1(t) = z;(t) = 2z;11(f)). We claim

]P(@l,eg € (t,t -+ (5), (92 S 0'1) S C7(52. (493)

To see this, observe that the particle z; travels with the velocity v; = —[p*™!, p] € [~ Vo, Vi)
Hence, if there is a collision between z; and z;41, and between z; and z;;; at time 6;, then
|2 (t) — zip1(t)|= O(6) and |z;(t) — zj41(t)|= O(9). Since i # j, the probability of such event
is of order O(6%) because the law of q(¢) has a bounded density with respect to the Lebesgue
measure. In summary,

P (601,02 € (t,t +0), 02 < 01) < cs0’E(n(q(1)))* < e,

for constants ¢; and cg, proving (4.93).
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(Final Step) On account of (4.93), the bound (4.92) would follow if we can show
P(o) <6 =0, =0(t) <t+6) < cyd?, (4.94)

for a constant cg. At oy a new particle is created either at boundary point, or as a result of
a fragmentation. We only treat the latter because the former can be treated likewise. Let us
assume that the particle (z;, p*) is replaced with two particles (2;1, p*) and (z; 2, p"). At the
time o(t) a double collision occurs. If none of z;; or z; 5 are involved in this collision, then can
be treated as in Step 2. If, for example the particle z; o is to the right of z;, and is involved
in the double collision at § := 0; = 0, = o(t), then z;2(0) = 2;41(0) = 2;42(0). In spite of
a change of velocity of the i-th particle, we still must have that |z;(t) — zi1(¢)], |zic1(t) —
Ziv2(t)|= O(0), which results in a bound of order O(¢?) for the probability of such event.
This completes the proof of (4.94). O

4.4 Proof of Theorem 4.1.5

As we stated in the Introduction, our assumption on the support of f allows us to deduce
Theorem 4.1.5 from Theorem 4.1.2. To explain our strategy, observe that by Theorem 4.1.2
we already know that the process x1 — p(x1,z5) is a Markov process for every xo € [to, t1].
Under the assumptions of Theorem 1.2, no new particle is created on the left side of A,
and the process xs — p(a™, xs) is an independent Markov jump process with the jump rate
density [p~, p*]f((at,z2), p~, pT). Though its initial state p(a™, ty) depends on the dynamics
of the lower side of A. We may deduce Theorem 1.2 from Theorem 1.1 by interchanging
x1 with x9, and reversing direction on both axes. We explain the consequences of such
operations on our variables in steps (1) and (2) below. In (1) we verify the compatibility of
the forward equations (4.24) and (4.25) that are satisfied by the marginal £. We use £ in (2)
to give a recipe for the jump rates of the reversed processes, and see how the time reversal
and variables swap operations are compatible with the kinetic equation (4.12).

(1) We first address the effect of a time reversal on our Markov jump processes on the lower
and the right sides of A. Given a kernel h(x, p~,dp™), define the linear operator L(x,h) by

(L P i= [ (Plo) = F(p) hlawpdp").

If {(x,dp) is the law of p(x) with respect to the measure v/}, then it satisfies the forward
equation associated with the operator L(z, f) = L(z, f1):

oy = L(z, f) €= 0% f — A(f) L. (4.95)

where L(z, f)* denotes the adjoint of the operator L(z, f), and

(€ h)(x,dpt) = /E(m,dp_) h(z,p~,dp").

The equation (4.95) is an immediate consequence of Theorem 4.1.2. This and the kinetic
equation (4.12) imply a similar equation for the second partial derivative, namely
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Proposition 4.4.1 Assume that f and ¢ are bounded functions, f is C' in x-variable and
that ¢ is C? in z-variable. Also assume that f satisfies (4.12), ¢ satisfies (4.95), and that
the equation

E:m :E(xvf2)* E:ﬁ*ﬁ—A(fQ) év (496)
holds when x1 = at. Then (4.96) holds for x1 € [a~,a™].

Proof. 1t is not hard to show that the right-hand side of (4.12), integrated with respect to
pTis 0. As a result,

A(fl)xz - A(f2)961 = 0.
Let us set

E=1ly —Ux [P+ A(f) L
From differentiating both sides of (4.95) with respect to x5 we learn

Corvwy =Lay ¥ f* A+ 0k fr, = A(fV)ay £ = A(f) Lo,
=Cx [l 0x [ f1 = (A(f)O) x [+ L f,
— A(fN)ey €= A(SNE = A(f)(C f2) + A(FHA(f2)L
=Cx [P+ =A@ f1 = PR A + f2)]
— L[A(f ey — AUNAS)] +Ex 1 = A(FHE,

where the operation h ® k was defined in Remark 4.1.1. Similarly,

Cogay =Ey + Loy % 24 0% 2, — A(fD)ar £ — A(f?) €y,
=Co + 0k f1x 2= (A(f)O) * f2 + 0 f2
— A(f)ay L= A(f2)(Cx 1)+ A(FA(fH)L
=Cx[frx 2= A(fH) © 2= L@ A(f?) + f2)]
— L[A(f*)ay — AUSHASD] + &ay -

From Cp,e; = loyen, A(f?)e, = A(fY)s,, and (4.12) we deduce
o = Ex f = A(f)E (4.97)

This means that £(-, xq, p) satisfies the forward equation for the Markov jump process x; +—
p(x1,22) associated with the kernel f. We wish to use the condition £(a™,xq,p) = 0, to
deduce that £(xy, s, p) = 0 for x; € [a™, a?]. This being true for every xy € [to, t1] yields the
desired result. Indeed if p : R — [0,00) is a C'! Lipschitz function such that ¢(0) = 0, and
o(r) > |r|—cy, for some constant ¢y, then

.
del

(€2, p)) Bldp) = / (€ p) (€% f — A(E) . p) B(dp)
<o / €z, p)| Bldp) < &r / o(€(x.p)) Bldp) + e,

for constants ¢; and ¢y. From this, Gronwall’s inequality, and the condition &(a™, 2, p) = 0,
we deduce that ¢(§) = 0. This completes the proof because we can approximate [£| by
functions of the form (), with ¢ as above. O



142

(2) As it is well-known, a time reversal of a Markov process can be realized as a Markov
process with a generator that can be described in terms of original process and its marginals.
Indeed if we decrease x; € [a~,a™], the process x1 — p(x1,x2) is a Markov process with the
jump rate

(z,dp”)

fla,pt dp™) ==n(z,p",p") f(z.p".dp"), where ”(w’pf’pﬂ:ﬁ(:c,dpﬂ'

Similarly, as we decrease w3 € [to, 1], the process zy + p(a™,z3) is a Markov process with
the jump rate f%(a™,z9, pT,dp~), where

Fa,pt dp™) =, o7, ph) 2z, p7, dp").

We also define ) R
fla,p® dp™) = f(=z,p",dp"), (4.98)
to represent the jump rate density of the process x +— p(—zx).

If g is a convex function such that p = (p1, p2) = Vg is distributed according to v/**, and
o(z1,x9) = (—x9, —11), then § = g o v is a convex function that is defined on

~

A= p(A) = [=t1, —to] X [-a™, —a7],

and p := Vg = (—p2, —p1) o ¢ is distributed according to a probability measure that is
denoted by 2. Note [p~,p"] = [p~, p™|7. According to 7, the process xy — p(z1, —a™) is a
jump process with the jump rate density

fz(_a+7 I, _pia _er)a
with respect to the measure B which is the push-forward of § under the map 6(p) := —p.
Similarly, the process xg — p(—tg, 2) is a jump process with the jump rate density

fl(‘r% _t()’ _p77 _er)

We are now in a position to apply Theorem 1.1 to assert that the process x; — p(x1,x2) is
a Markov jump process for every xo € [—a™, —a~|. This in turn implies that as we decrease
Ta, the process xa — p(x1,22) is a (reversed) Markov jump process for every z1 € [a™, at],
completing the proof of Theorem 1.2. To apply Theorem 1.1 though, we need to make sure
that our candidate the jump rate density of the jump process x1 — p(x1,x2), namely

f (21,2207, p5. 01, p3) = [ (22,20, —p3, —p1, —p3, =P ) » (4.99)
satisfies the kinetic equation. This will be carried out in Proposition 4.2.

Proposition 4.4.2 Let f = f* be a solution of (4.12). Then the following statements are
true:

(i) The reversed kernel f, given by (4.98) satisfies (4.12).
(ii) The kernel f given by (4.99) satisfies (4.12) where  is replaced with & == a™*.
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Proof. (i) Observe that (4.95) and (4.96) can be rewritten as

As a consequence,

v - o

(T ' l) (5,07, p") = & ) (w07, p") + 2 /) (z,p",p7), (4.100)
U f f
because
QT(JC)(% P ) = A(f) (@, p") = A (@, p7) = [, PP IA(f ) (2, p7) = A(f) (@, 7))
On the other hand, we can readily show
fl;fz (z, 07, p7) = fQ;fl (z, 07, p"), fz;fl (z,p",p7) = A ;fZ (z, 07, p"),
which is an immediate consequence of n(x,p~, p*) = n(x, p~, p*)n(z, p*, p*). From this,

(4.100) and our assumption on f we deduce

(T‘ fo> (z,p",p7) = (T-va> (z,p7p") + (T'%) (.07 p7)
Q*(f)

:T(iﬂ,p‘,pﬂ @ )T — (2,07, p")
= Q—;Ef) (x,p+,,0_) + Q_f(f) (l’,p+,p_) - _Q;f) (I’,p+,P_),

which is the reversed kinetic equation. This implies that f satisfies (4.12) because
Vi, p.p") = =V (=20, p").
(ii) Observe that if f2 = &f, then
fAav, oo pr.pz .0 p3) == flan,on, —py —pr, —p3, =)

By (i), we know that af,, — fo, = —Q(f). After swapping z; with z, we deduce

fl’z - OA‘f_‘m = _Q(f>
Finally observe that —Q(f) = Q(f) because when f! is swapped with f2, the sign of Q
changes. 0

Remark 4.4.3 An alternative strategy for completing the proof of Theorem 4.1.5 is to use
Proposition 1.1. We already know that € satisfies (4.96). On the other hand, since we also
know that the process xo — p(x1,x2) is a Markov jump process, the measure € also satisfies

lp, =Cxh — A(h)L,
where h is its jump rate. One should be able to deduce from this that h = f2.
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4.5 The Kinetic Equation

The purpose of this section is to prove the existence of a solution of the kinetic equation. To
have a more conventional notation, we write (z,t) for (x1,x2) throughout this section. We
start first with the following notation:

Notation A.1 (i) We fix P~ < PT two real numbers, such that the range of our piecewise
constant function p is in the box [P~, PT]%

(ii) For any measure space &, let F,(€) be the space of real-valued bounded measurable
functions defined on &.

(iii) We introduce the function space X to be the set kernels h € F(R x ([P~, P*]?*)?) such
that @ — h(z,p~, p7) is C' and Lipschitz for all p~ and p*.

(iv) We equip & with the following norm

1Al a:=sup sup [|A(z, p~, p*)|+|0:h(z, p~. p7)]] -
z€R p— pt

It is standard that (X, ||-||x) is a Banach space.
(v) For any v > 0, let I'” and I', be the sets

e {0, 0" € (P PP p- <%, [l 0t )< v}
{7 ) e (P PRt —pm e C\ {0},
0y ={(pm. ") € (P P72 " = p € CL\{0} .
where C* and C are the cones
Cv = {m = (m1,mz) €R2: my >0, |ma|< vml}, (4.101)
Cl = {m = (m1,mg) €R*: my,my >0, my < vml}.

(vi) Let Voo > 0, and &y > 0. We write X' (VL, d) for the set of h € X with the following
properties:

(1) The function h(-,p~, p") is zero for (p=, pT) & T'Vee.
(2) There exists a constant d > 0 such that inf,cp inf(,~ ,+)ervee A(x, p~, p) > do.
(3) For all p=, p*, the function = + h(x, p~, pT) is C? such that

sup sup |03h(z,p~, p*)|< oo
z€R p— pt

Likewise, we write Xy (V,dp) for the set of h € X, (V,do) with the similar properties,
except that the set IV in (i) and (iii) is replaced with I'}>.

The following theorem proves the existence of a local solution of the kinetic equation.
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Theorem 4.5.1 Given h € X(Vi, ), denote by My := sup,cgsup,- .+ h(z,p~,p"), and
define the time

« . 1 0o
T% := min , .
12V My 7 48V, M}
Then, there exists a unique solution
fRx [0, x ([P~ PT2)? - R,
of the kinetic equation
fe=1lp7p"fo = Q(f) = Q7 (f) — Q7 (f),

where
QT (f)(x,t,p~, p") =/([p+,p*] — ", 7)) flat, o7, p") f 2, t, p*, pT) Bldp),
@ (et = ([ 171~ 1o r Dot ) 007
_/([p_7p*] - [p_,p+])f($,t,p_,p*) B(dp*)) f(x,t,p_,p+),

with f(-,0,+,-) = h. The function f is C' in the variables (x,t) for all fized p—, p* and
fC,-,p=,pT) =0 forall (p=,p*) ¢ V. Furthermore, we have that

d
sup |[f(+¢, ) |lx< oo, inf inf inf  f(z,t,p,pT) > =
te[o’mll (ot )llx onf, i it f@ten ) 2

Moreover if h € X, (V,00), then there exists a unique solution f with similar properties
except that the set TV must be replaced with FK"O.

Proof. (Step 1) We assume here without loss of generality that the measure 8 has total mass
1 on the box [P~, P*]?. By the following standard change of variables, we transform the
previous PDE to an ODE. For instance, define the function g as

gla,t,p=,p") = fle—lp™, p" It t.p~, p"). (4.102)
Then by the chain rule, ¢ must verify the following ODE
9= Q% (9) = Q(9) = Q*(9) — L(9)g,

where

O (9) (.1, 9. p") = / oot g (@ — (o pt] = [y oDt )
glz—([p~,p ] = [p, PNt t,p", p7) Bldp*),

Lg)(z,t,p~,p") =/([ﬂ*,p*] —[p7 ")) gle = (o™, 0" = [p", "Dt t, 0T, p7) Bdp")

- /([p, Pl =17, 0"]) gle = ([p=, 0" = [p~, p"Dt,t, 07, p%) B(dp").
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We will prove the existence of a solution ¢ by an approximation scheme and then recover
the desired f via the equation (4.102). Define the functional H : X x R — X, H(g,t) :=

H*(g,t) — K(g,t)g, by

HE(h,t) (2, p7,p7) :=/[p+7p*,p‘] ha—(lp~,p T =[p 50" Dt p™,p%)
h(z = ([p=,p"] = [pT, p*Dt, 0", p7) B(dp*),
K (h,t)(x, p~, p") :=/([p+,p*] —[p—,p*]) bz = ([p~, p" ] = [T, p"Dt, 0", p") Bldp")

- /([ﬂ‘,p’"] —[p7 ")) hlx = ([p~, p" ] = [, p" Dt p~, 07) Bldp").

Our goal is to prove the existence of a local solution g : [0,7*] — X to the inhomogeneous
ODE

9(t) = H(g(t), 1) (4.103)

under the initial condition g(0) = h. As the function space (X, ||-||x) is clearly Banach, we
will construct a Cauchy sequence (g, )nen of elements in C'([0, 77], X') that will converge to
our desired solution g.

(Step 2) For any fixed n € N, we define the polygonal function g,, such that g,(0) = h and

inlt) = H (gn <1) ,1) for all £ € (wj)
n n n n

for all j > 0. Let us denote ¢/ = g, (%), then it is clear that all g/ are C? in the variable .
We have that

it~ g = (4 2). (4.104)

n
Let us prove first that g/ (-, p~, p") = 0 for all (p~, p7) ¢ TV by induction on j. Suppose
this is true for j and we wish to prove it for j+1. Take x € R, (p~, p") ¢ IV, and take any

p* such that p~ < p* < p* . Since CV of (4.101) is a cone, we have that either (p~, p*) ¢ I'Vee
or (p*,pt) ¢ I'V=. In either cases

(o= (=l L) (o= (o= D2 ) =

by the induction hypothesis. As a result, g/ (x, p~, p*) = 0, as desired.
Next, let us define

m;:=inf  inf I(x,p,ph), M, :=sup  sup I(x,p, 1),
ji=inf il 9 (07, p") j 1= Sup <p7,p+)€pvw|g (@, 07, p")

Mj:=sup sup |Ougl(x,p ,p"), Mj:=sup sup |8igi(z,p”,p")l,
2€R (p~,pt)erveo 2€R (p=,pt)€erVeo

It is clear from the expression of H that we have for all 7 > 0,

Tl(mj+1 — mj) > —6VOOM]2, n(MjJrl — MJ) < 6VOOM]2 (4105)
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Let us prove first by induction on j the following inequality,

rj<1l = M;<My(l—-rj)~" (4.106)
where r = %. The verification for 7 = 0 is trivial. Assume it is true for j, then from the
second inequality in (4.105), it suffices to prove that

A=r) (41 —r) ™) <@ =r(G+1)7"
This inequality is equivalent to

1= =D =0+Dr) < (1-jr)
which is clearly true. As an immediate consequence of (4.106) we have that

-1
) < 20,
n

sup ||gn(t)||z=< My sup | (1 —

t€[0,7%] te[0,1*
By differentiating the identity (4.104), we also have that

n(M,, — M) < 12V, MM,

So for all j such that % < T™*, we have that

24V M,
< (14 200,

from which it follows that

24V My

M < M1
J = 0(+ n

J
.
) < Méeﬁ < Mle?,

and hence

sup ||8aﬁgn(t)||L°°S M662‘
te[0,7%]

Likewise, by differentiating twice the identity (4.104), we get that

n(M!

V= M) <12V MM + 12V (M) < 24V Mo M + 12V (Mg)?e™.

From this, it follows by similar arguments as before that

(M(/))2€4 24Vioo Mg
[ n
2M, ’

M} < (M(;’ +

and hence

( 6)264 2
sup |02, ()| L=< (M”+ €.
s o0 (0454 S
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Now since we have for every j such that % <T.,

24V, M
Mjp1 2 My — ———,
n
it follows easily that

inf inf  inf W) (2, p, pt) >
tel[(r)l,T*];IelR (p*,legEFVOOg ( >($ PP ) -

We have hence proved that all the approximating functions (g,)nen € C([0,7%],X) are
supported on I'Y> in the (p~, p") variables, and are uniformly bounded from above and
below by positive constants in their supports.

(Step 3) To finish the proof, we shall show that the sequence {g,} is Cauchy. This is achieved
by obtaining Lipschitz estimates on g,. Observe that for any s < ¢, and kq, ko € X that are
C? in the z-variable and supported on I'V> such that

max(]| 0k ||z, [|07ks | L) < o0,
it is straightforward to show

|H(k1,t) — Hk2, 0)||x<6Vio (|1l x+allx) |1 — Kallx,
[H (K1, t) — H(kr, )| 2 <T2V2 ||k || 2 (|1 [| 4[| 02K | o< ) (£ — ).

M/ 2.4
M = max (QMO,MéeQ, (M(;’ + (Mo)“e ) e2>

Let us denote

2M,

The constant M is a uniform upper bound on the supremum norm of g, (t), 9,g,(t), 0>gn(t)
for all t € [0,77] and n € N. We have that

1906 = = 3¢ (a0 (222 22 ) (g, (121, 12

e (2) ) e () ),
o (0 (22 ) = 2@t )
+ M (ga(t),1) = H(gm(t), )] 2
| Hgm(t),t) — H <gm (an—”> ,t) )
o o (5 1) =2 (o (550) S50

n m

o (2 = 00t

11
<144V2 M* (— + —) + 12V oM (

9n <%) — gn(t)

) + 12V M| g (t) = gon () -

X

+

X
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On the other hand,

o (50) o0 =2 (o (57))

and similarly for the term concerning m. Hence there exist two positive constants C7, Co
that only depend on V,, and M, such that for all ¢ € [0, 7],

6V M?
<
e n

[60(6) = (O s (5 + ) + Calln(®) = am(Ole

m
which implies

1

lan6) = gm Ol < Co (242 )t+.Co [ lon(s) = gm (o) s

This, and the Gronwall’s inequality give

11 .
sup {|gn(t) — gm(t)llx< C (— + —) T* (1 + T e®"")
t€[0,7%] nom

which implies that (g, )nen is @ Cauchy sequence and therefore admits a limit g, € C([0,77], X).
The function g., (that we now regard as a function of the four variables (x,t, p~, p*)) is C* in
the variables x and ¢, and verify the inhomogeneous ODE (4.103) and is bounded uniformly
from below by %0 and is such that

SuUp sup sup geo(z,t,p,p") < M.
te[0, 7] zeR p—,pt

Moreover, for any fixed z and ¢ in its domain of definition, the function (p~, p™) — goo(z, ¢, p~, p7)
is supported on I'Y>. Now defining

flatp™,p") = gl +[p7, p It tp7, ") (4.107)

f is again C! in x and t, verify the same properties as g, and verifies the desired kinetic
equation.
Finally we remark that in the above proof, we may replace the set I'V> with FKC"’. 0

For the second part of this section, we will prove the existence of the solution to the
Kolmogorov forward equation both in space x and time t. More precisely, we wish to
address the existence of a unique uniformly positive solution ¢ of the equations (4.24) and
(4.25), provided that the kernel f is uniformly positive. We remark that these equations are
consistant by Proposition 4.1. Because of this, we only need to solve (4.24) in [a~,a™] for
an initial condition ¢(a~,t,-) that solves (4.25). The existence of a solution to (4.24) can be
carried out by standard arguments. However, we need to ensure the constructed solution is
uniformly positive in A, if the initial °(p) = £(a™, to, p) is uniformly positive. Observe that
if ¢ solves (4.24), then

= [ttt ptan) =0,
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because the S-integral of the right-hand side of (4.24) is 0. This means

/ U, t) Bldp) = 1, (4.108)

if this is the case for x = a~. On the other hand, if the total integral of § is one, f > ¢; for
some positive constant ¢y, and ¢ is a solution of (4.24) satisfying (4.108), then

gl’(xatap) > 51 - )\(x,t,p)é(x,t,p),

which leads to the lower bound

Ua,t,p) > la b, ple Jm A0 40 45, / el MO0 W gy,

a

From this we learn that ¢ is uniformly positive in A if this is the case on the left boundary
side of A. By assumption, ¢ is uniformly positive at (a™, %), and as t varies, the function
t + (a",t, p) satisfies (4.25). If the kernel f is supported in '}, then [p~, p*]f > 0, and
a repetition of the above reasoning guarantees

a1, p) > la™,to, p)e w200 L

In summary, when the kernel f is supported in FK"", and is uniformly positive on its support,
we can construct a unique uniformly positive solution ¢ to forward equations (4.24) and
(4.25) by standard arguments. However some care is needed if [p~, pT] can change sign in
the support of our kernel f. In this case, we can guarantee the existence of a uniformly
positive solution to (4.24) and (4.25) if we either replace the time interval [0,7*] with a
shorter interval, or assume that the initial £(a™, to, p) is sufficiently positive. As an example,
we demonstrate how a lower bound of 1/6 on the initial ¢ can guarantee the positivity of the
solution.

Theorem 4.5.2 Fiza~ < a'. Let (°: [P~, PT]? = [0,+00) be a measurable function such
that there exists two constants ¢, C' > 0 with

c < %p) < C forall p
and [(°(p) B(dp) = 1. Moreover, assume that ¢ > &. Then there exists a C' solution

(:la",a™] x [0,T*] x [P™,PT]? — [0,+00) to the equations (4.24) and (4.25) such that
l(a=,0,-) =(°, and such that { is uniformly bounded below by a positive constant and

[ ta.to) 5(ap) =1,
for all (x,t) € [a™,a™t] x [0, T7].

Proof. Without loss of generality let us assume that a=— = 0 and denote a™ = a. We will
construct a two-parameter function ¢ : [-V,,T* a] x [0,T*] — Fu([P~, PT]*). The reason
why we extend the space domain to [V, T, a| instead of [0,a| will be made clear later.
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Let us define first ¢(-,0) on [—V,T™, a] using the first ODE in the z-direction. The utility
of the condition ¢ > % is to ensure the non-negativity of ¢ as we run the ODE backwards
from 0 — =V, T*. Our strategy for proving the existence of the solution of the ODE at
t = 0 is done in a similar fashion as the kinetic equation via an approximation scheme.
In other words, we construct a polygonal approximating ¢, : [—V,,T*, a] — F([P~, PT]?)
by putting /£,(0) = (°, and for any k € Z by the inductive relation. More precisely, we
put f*(p, p.) :== f(k/n,0,p, p.), and require that functions (% := ¢, (£) € F([P~, P*]?) to
satisfy

n (6 (p) — (5(p)) Z/f’“ (", p) Lh(p*) Bldp*) — </ £ (o p") 6(dp+)) 0 (p),

for k£ > 0, and

Cn (65 (p) — () = / 15 (6%, p) £5(57) Bldp") - ( / 7 (o) ﬁ(d/ﬁ)) (p),

for k < 0. The intermediate values ¢, () for z € (£, ) are obtained by linear interpolation.
As an initial observation, remark that

[ 40 56an) = [ 5100) o),
and hence
/ff;(p) B(dp) =1, forall k€ Z.

Now, if we take n > My where My = || f(+,0,, )|z, then by induction it follows that /£ >0
for all £ > 0, as we have that

(1 (p) = (o) ( [0y st - ([ 1460) 5000 ) 50)
> tt(p) - Mogs )

which in turn implies the following lower bound

k
% (p) > °(p) (1 — %) > O(p)e” = for all k > 0.
n

On the other hand, for £ < 0 we have

60 = 460~ [ 1000 )+ ([ £ 00) 51a) )

which leads to Mo
() > (p) — ——,

because

[ £ i) 8l < [ E5(67) 5(dp.) = Mo
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In particular, if £ > —V,,T*, then % > —1 and

1 1
inff(p) >c— — > —
p 12 12°
We have therefore constructed the polygonal approximating function ¢, : [-Vo,T*,a] —

Fp([P~, PT]?) such that it is uniformly bounded from below by min(1/12,ce ™). The
sequence (£,)nen is a Cauchy sequence in the space C([—VoT*, al, Fp([P~, PT]?) where
Fu([P~, PT]?) is viewed as a Banach space equipped with the uniform norm. We obtain
that the limit / := lim,,_,o ¢,, is a solution to the ODE

(eteep) = [ .0, (o) 800) = ( [ $10:0,0.5) 8097 ) bt
1

We define ¢(-,0) = We will move on now to prove the existence of the solution ¢
as an ODE in the time variable ¢. In order to preserve the non-negativity of ¢, we have
taken advantage in the ODE in the z-direction of the positivity of the kernel f(x,t,p~, p™),
however in the ¢-direction the kernel is equal to [p~, p*]f(x,t,p~, pT). To circumvent this
difficulty, we take advantage of the finite speed propagation (this also explains why we have
constructed £(0,-) on [—V,T*, a] instead of just [0,a]). For any z € R and ¢ € [0,7*] we
define
fxt,p=,pt) = flz+ Vet t,p~, p7) for all p=, p™.

We define a function ¢ : [V, T*,a] x [0,T%] — Fp([P~, P*]?) that satisfies the initial
condition £(z,0) = o () = £(z,0). Now, for z = —V,.T* we define {(—V,T*,-) : [0,T%] —
Fu([P~, PT]?) by solving the ODE

gt(_vvoojwvt?p) = / ([p*a P] + VOO) f(_VOOT*ata p*v p)g(—VmT*,t,p*) B(dp*)
([ 001+ V) FVaT st p0) 80050 ) BV 1),

with initial condition U(=VooT*,0) = loo(—VooT*). Now, for any fixed ¢t € (0,7*] we define
0(-,t) : [V T*, a] = Fo([P~, PT]?) by solving the ODE on [V, /T*, d]

la(x,t, p) I/f(x,t,p*,p)f(fc,t,p </f x,t,p,p%) Bldp* )) ((w,t, p)

with initial condition determined by Z(—VMT*, t). The existence of these solutions is done
by exactly the same approximation scheme than before, and the function { is bounded
uniformly from below on the box [—V,T*, a] x [0, T*] due to the non-negativity of the kernels
([p~, pT ]+ Vo) f(x,t, p=, pT) and f(x,t, p~, p7). Moreover, if we assume that initially f(0,-)
is C? then we get that f is C? in the variables (z,t), it follows that ¢ is also C? and thus
from Proposition 5.1, the ODE in ¢ is verified for all x € [V, /T, qal, i.e

U(a.t,p) = / (0%, 6] + Vio) (s t, 57, )z, 1, p7) Bldp")
- ( [ (0014 V) Fo %) B >) (e, t.p)
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Now, it suffices to define
Uz, t,p) = (x — Vil t, p) for all (x,t) € [0,a] x [0,7*] and p € [P, P*]?

then ¢ is C' in (z,¢) and verify the desired ODEs. Moreover, the total of mass of ¢ is
conserved through space and time. U
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