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Chapter 1
Introduction

We develop here a theory for free boundary problems which applies to a large class
of systems arising from problems in various, even distant, areas of research and
which share a common mathematical structure. As we shall see in some detail,
these are models for heat conduction, queuing theory, propagation of fire, interface
dynamics, population dynamics and evolution of biological systems with selection
mechanisms. We shall consider models in continuum and interacting particle systems.
Their common mathematical features are the following:

(1) Microscopic particle dynamics stem from interactions of
topological nature.

(2) Macroscopic evolution is ruled by a free boundary problem.

Infactin the models we consider the particles moveind = 1 dimension so that there is
arightmost and a leftmost particle, called boundary particles. The rules of dynamics
are the usual ones, particles are either free (independent random walks or Brownian
motions) or they have some local interaction (for instance simple exclusion) and on
top of that there may be creations of new particles or particles may duplicate via a
branching process. In addition, in order to keep (approximatively) constant the total
number of particles, boundary particles are subject to a death process.

The topological nature of the interaction refers to the fact that the boundary par-
ticles are special as they may disappear at some given rate, being then replaced by
new boundary particles, the rightmost and leftmost particles among those which have
survived. Thus the “inside particles”, i.e. those in between the boundary particles,
evolve in the “usual” way, but the inside particles are not fixed a priori and may
eventually become boundary particles depending on the evolution itself.

As a consequence of particle evolution, the spatial domain occupied by the parti-
cles varies in time. In particular the location of the boundary particles changes in the
course of time due to the death process at the boundary. Correspondingly, as we shall

© The Author(s) 2016 1
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2 1 Introduction

discuss extensively in this volume, the macroscopic version of the models is provided
by a free boundary problem for a PDE with Dirichlet condition supplemented by pre-
scribing the boundary flux. As often occurs, one can relate a macroscopic evolution
to microscopic dynamics via a scaling limit procedure (hydrodynamic limit).

The basic example that we will study in detail here is given by the linear heat
equation

ot 2 0r?

ap _10%

in the time varying domain [0, X,] with some initial condition p(r, 0) = po(r) > 0
and boundary conditions

19
—_0,n=j>0 pX.1)=0.
2 or

The free boundary X, (also called the edge in this book) is not given a priori but
it should be determined in such a way that

1dp
——— (X, t) = .
28}"( ts ) J

Interpreting p as a mass density, the last condition states that the mass flux leaving
the system at X, must be equal to j, and since j is also the mass flux entering at 0
(as fixed by the boundary condition at 0), the total mass in the system is preserved.
From this perspective the free boundary problem becomes a control problem: find
an edge evolution X, in such a way that the total mass is constant in time.

Well known theorems on the Stefan problem yield a local existence theorem
for our basic example when we have “classical initial data”. We will define here a
weak version of the problem and prove global existence and uniqueness of a relaxed
solution for general initial data. The other models that we will consider in this work
have similar structure and the strategies of proof are very close to that in the basic
example. The key point in all of them is:

Construct upper and lower barriers that squeeze the solution we are
looking for.

The correct notion of order for these problems is defined by mass transport. Referring
to the basic model described above for the sake of definiteness, the barriers are defined
in terms of a simplified evolution where we introduce a time grid of length § and the
evolution is ruled by the heat equation in R in the open intervals (né, (n + 1)§)

with boundary condition
10p
——0,n)=7j.
75, 00D =J



1 Introduction 3

At the times n§ we remove an amount of mass equal to j§ so that at these times
the mass conservation is restored. The key point is that we get an upper barrier if
we start by removing mass already at time 0 while we get a lower barrier when
we remove mass from time & on: the order here is in the sense of moving mass to
the right. A key step is to prove that the barriers have a unique separating element.
Once we have this we conclude by showing that the solution we are considering
is trapped in between the barriers which then identifies the solution as the element
separating the barriers. As we will see this part of the proof exploits extensively
probabilistic ideas and techniques based on the well known relation between heat
equation and Brownian motion and between the hitting distribution at the boundaries
and the Dirichlet condition in the heat equation.

We think it can be useful for the reader to have one case worked out in all details,
so that in Part I we prove the above in the context of our basic example by proving
global existence and uniqueness of the relaxed solution of the problem; we also show
that this is the limit of the empirical mass density of the associated particle system
(in the hydrodynamic limit). In Part IT we discuss, in a very sketchy way, several
other models, the conjecture being that the results proved for the basic model extend
to these other cases. So far the conjecture has been proved for a few cases that we
review, referring to the original papers for a full account.



Part 1
The Basic Model



Chapter 2
Introduction to Part I

In Part I of this work we study a model for mass transport where Fick’s law is
satisfied. Fick’s law is the analogue for mass of Fourier’s law for heat conduction.
Fourier’s law, see [1], specifies the amount of heat flux in a metal bar when we heat
it from one side and cool it from the other. Its analogue for mass fluxes is Fick’s law,
formally described by the same equation. Since the transversal direction to the flow
is not relevant we model our system as one dimensional. The ideal experiment of
mass transport that we have in mind is the following: for r > 0 the system occupies
a time varying space interval [0, X,], where X, is a given positive, continuous and
piecewise C'! function; for instance we move the edge X, with constant velocity for
some time, then we change velocity and so on. We act on the system by injecting
mass from its left boundary O at rate j > 0 while we remove mass from the right
boundary X, in such a way as to keep the mass density at X, equal to O forall # > 0.
The evolution of the mass density p(r, t) in the interior of the spatial domain is ruled
by combining the continuity equation and Fick’s law, so that, supposing a constant
conductivity (set equal to 1/2), we have

dp aJ 10p
—_ = =——— 2.0.1
ot or’ / 2 0r (2.0.1)

where J (7, t) is the local mass-flux and p(r, ¢) the mass density. Thus p(r, ) solves
the heat equation
Op 10%
— = - 2.0.2
ot 2 0r? ( )
in the time varying domain [0, X,] with some initial condition p(r, 0) = po(r) and
boundary conditions
J(O,1)=j, p(X;,1)=0. (2.0.3)

Physically these boundary conditions mean that the system is in contact with a
current reservoir which sends in mass at rate j and thus imposes a current j at the
origin; instead at the other endpoint X, there is a density reservoir which removes

© The Author(s) 2016 7
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mass as fast as needed to fix the mass density to be constantly equal to zero. As a
consequence, in this setting, the total mass of the system is not a conserved quantity.

The main question we want to study here arises when we require mass conservation
at all times. To achieve this, one needs to regard X, as a control parameter and one
is lead to study the following control problem:

Is it possible to choose X, in such a way that the total mass in the
system is constant ?

We clearly succeed if we can solve the free boundary problem (FBP) given by (2.0.2)
with initial datum p(r, 0) = po(r), r € [0, Xo], and

1dp . 1dp . _
35, 00=j  —55Xun=j  pXi.0)=0. (2.0.4)

In fact the rate at which mass is taken out of the system from X, is
Jxon =19 o
I - 2 ar I

which, by (2.0.4), is exactly equal to the rate at which we inject mass at O so that the
total mass is constant.

As discussed in the next chapter (see Sect.3.3) we can find in the existing liter-
ature on FBP an affirmative answer for special initial data and for finite times. In
fact one can readily check (see Sect.3.3 for details) that the current J(r, ) solves
the classical Stefan problem for which the theory (in particular in one dimension) is
very rich with many detailed results available [2-6]. As a consequence local exis-
tence and uniqueness of classical solutions can be proved for the FBP defined by
(2.0.2) and (2.0.4) for smooth initial data which satisfy the boundary conditions. In
some cases the classical solution is global extending to all times, but this is not true
in general as it is known that singularities may develop.

Thus our control problem when stated for an arbitrarily long time interval [0, T']
and for general initial data cannot always be solved via the above FBP. Take for
instance py € L'(R, ), bounded, continuous and everywhere strictly positive: in such
a case the whole problem has to be redefined. As usual the idea is to study a relaxed
version: we thus introduce an accuracy parameter € > 0 and replace py by a nice
function p((f), smooth, non-negative and with compact support, requiring however
that [ |po(r) — pg) (r)| dr < e. We may also ask that p((f) satisfies (2.0.4) so that, for
what said above, we have a classical solution of FBP for some time [0, S]. However
this could be shorter than the interval [0, T] we have fixed initially, in which case
the problem still remains. Moreover even if S > T we have a poor control of the
solution and it is hard to see how this behaves when we remove the relaxation taking
€ — 0. The idea then is to further simplify the problem by relaxing also the boundary
condition at the edge. We refer to the next chapter for a precise definition of suitably
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relaxed solutions. Here we just say that in Part I we will prove that any e-relaxed
solution converges to a unique limit when e — 0. This will allow us to define a notion
of relaxed solution of the problem which is global in time and applies to a large class
of initial data.

In the last chapter of Part I we study a particles version of the above basic model.
The system has N particles so that the mass distribution is no longer continuous
but instead concentrated on points (the positions of the N particles). To simulate an
initial condition po(r) (we assume f po(r)dr = 1 for simplicity), we distribute the
N particles independently of each other and with law py(r)dr. We then define the
“empirical mass density measure”

1 &
7r(()1v) dr) = ~ Z 0, (r)dr (2.0.5)
i=1

where B; (0) are the random positions of the N particles and J, () is the Dirac delta
at a. The value 0 refers to time, so far we have been describing the situation at time
0. Thus W(()N)(dr) is a probability measure on R which is random as the terms B; (0)
are the random positions of the particles. If we denote by E the expectation with
respect to the law of the B;(0) and by f(r) a test function, we have

E [ / my (dr) f (r)] = / po(r) f (r)dr. (2.0.6)

By the law of large number if N is large we do not need to take the expectation
because, with large probability, | w(()N) (dr) f(r)isclose to [ po(r) f(r)dr.

Let us now make the particles move. We first consider the free case where the
particles are independent Brownian motions B;(¢) on R with reflection at 0. Call
7r,(N)(dr) the random mass distribution at time ¢ and denote now by E the joint law
of the initial distribution of the particles and of their Brownian evolution. We then
have

E[ / V) ()] = / p(r, 1) f (r)dr (2.0.7)

where p(r, t) is the solution of (2.0.2) on R with Neumann boundary condition at
0 given by 5§(O t) = 0. All that is the well known relation between heat equation
and Brownian motions.

We next go to the injection-removal of mass mechanism. This is simply done as
follows: at exponential times of intensity jN the rightmost particle moves to the
origin (which is the same as saying that we add a new Brownian particle at 0 and
simultaneously we take out the particle which at that time is the rightmost one).
In between such actions the particles move as independent Brownian motions (with
reflection at the origin). We denote again by E the expectation with respect to the law
of this process (which includes the initial distribution of the particles, their motion
and the injection-removal of particles). Thus the total mass (i.e. the total number of
particles) is conserved but as in the continuum we are injecting mass at 0 and removing
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mass on the right. Such a simple action however creates strong correlations among
the particles: the choice of the rightmost particle requires knowledge of the positions
of all the others. We thus lose the independency property and the analysis of the left-
hand side of (2.0.7) in this case becomes highly non-trivial. Existence of the process
is easy but the relation with the continuum version is harder. The question becomes
simpler if we study the asymptotic behavior of the system as N — oo, namely its
“hydrodynamic limit”. We would like that:

Jim E[ / 7™ (dr) f(r)] - / o(r, 1) f(r)dr (2.0.8)

where p(r, t) is the solution of the control problem described previously and in
particular of the FBP when this has a classical solution. In Chap. 11 we prove (2.0.8).
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Chapter 3
The Basic Model, Definitions and Results

In this chapter we expand the analysis presented in the Introduction by giving a
detailed definition of the control problem and its relaxed version. We then show that
for special initial conditions the control problem is related to a free boundary prob-
lem (FBP) which is solved locally in time using the existing literature on the Stefan
problem. We then present the main result of Part I (Theorem 3.2) which states that
the relaxed control problem has a unique global solution. The proof uses inequal-
ities based on mass transport. We introduce lower and upper barriers obtained by
a time discretization of (2.0.2)—(2.0.3) and state the other main theorem of Part I
(Theorem 3.14), which says that there is a unique element which separates the lower
and upper barriers. The proof of Theorem3.14 starts in Chap.4 and is completed
in Chap. 7. The proof of Theorem 3.2 is carried out in Chap.9 and 10, using proba-
bilistic ideas that are introduced in Chap. 8. The essential point is to show that the
elements of an optimal sequence are eventually squeezed between the barriers and
therefore their limit points coincide with the unique element which separates the
barriers.

3.1 The Basic Problem

As discussed in the Introduction we consider the heat equation (2.0.2) in the time
varying domain [0, X,], X, a positive, continuous and piecewise C' function, with
boundary conditions (2.0.3) and initial datum p.

Definition 3.1 (Assumptions on py) We suppose throughout the sequel that py(r) is

a non-negative function belonging to the set

U= [ueL"O(R+,R+)mL1(R+,R+) : /u>0]. (3.1.1)
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Definition 3.2 (The basic problem) The function p(r, t) is a solution of the basic
problem in the time interval [0, T'] with initial datum py if there exists X, positive so
that p(r, t) solves (2.0.2)—(2.0.3) with initial condition py and

X, Xo
/ p(r,t)dr = / po(r)dr forallt > 0. 3.1.2)
0 0

Definition 3.3 (The e-relaxed problem) For e > 0, the function p©(r,t) is a
e-relaxed solution of the basic problem with initial datum pg in the time interval
[0, T]if

o [1po(r) — p©(r,0)ldr <,

e there exists Xt(‘), t € [0, T], positive, continuous and piecewise C! so that for each
t € [0, T1, p©(r, t) has support in [0, X\“],

e p(r, 1) solves (2.0.2)~(2.0.3) in [0, T] with X, replaced by X and with initial
condition p(f) (r,0),

e approximate mass conservation is satisfied, i.e.

Xl(() X((;)
‘/ 2O, t)dr—/ PO, 0 dr| <e forallre[0,T].  (3.13)
0 0

Definition 3.4 (Optimal sequences) The sequence p“ (r, t) is an optimal sequence
relative to py and T > 0 if for each n € N the function p‘’(r, t) is an e,-relaxed
solution in [0, 7] of the basic problem with initial datum pg and if ¢, — O asn — oo.

Definition 3.5 (Relaxed solution) p(r,t) is a relaxed solution in [0, 7'] of the basic
problem with initial datum py if it is a weak limit of the elements p(r, ¢) of an
optimal sequence in [0, 7] with initial datum py.

3.2 Stationary Solutions

The basic problem (see Definition3.2) has special global solutions given by the
stationary profiles:

pt (r|M) = (a(M) - 2jr) Loy —2jr=0, / PO rIMydr =M (3.2.0)

where 1 denotes the indicator function. Since mass is conserved we have a one
parameter family of stationary solutions indexed by the mass (denoted above by M).
We conjecture that these are the only stationary solutions but we do not have a proof.

In many problems stationary profiles are helpful because they can be used to “trap”
trajectories and thus give a-priori estimates. We will prove that the relaxed solutions
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of the basic problem (see Definition 3.5) preserve order and this together with the
knowledge of the stationary solutions will play an important role in the sequel.

3.3 The FBP for the Basic Model

po 1s a classical initial datum if it is a smooth, strictly positive function in [0, X)),
Xo > 0, and it is such that

d d

fig ) = 0. i B0 = 2, iy 7
Theorem 3.1 (Local classical solutions) If pg is a classical initial datum then the
basic problem (of Definition 3.2) has a local solution: namely there exists T > 0 and
{X;, t € [0, T1}, so that (2.0.2) with initial datum po has a solution p(r, t) which sat-
isfies (2.0.4) forallt € [0, T]. Ifv(r,0) := —%‘Z—’r"(r) — J = Othen the local solution
extends to all times.

The proof of Theorem3.1 given below follows from the theory of the Stefan
problem as we are going to see. The Eqgs.(2.0.2) and (2.0.4) complemented by the
initial datum pg in the unknowns X; and p(-, t) define a free boundary problem,
FBP, where the datum at the free boundary involves both the value of p and its space
derivative. In the Stefan problem, the prototype of FBP’s, instead the datum is the
speed of the edge:

ov . 1 0% 1) —0

ot - 2 8r2 virs r=0,X, -

dax; 1 0v(r, 1)

—=—-2 —_— . 3.3.2

dt &) or  lr=x, ( )
Local existence for (3.3.2) is proved in [1-5].
Proof of Theorem 3.1. Given X; and v(r, t) satisfying (3.3.2) we set

Xi
o(r, 1) :z/ (v(r/,t) +j)dr/. (3.3.3)

One can then check that (2.0.2) and (2.0.4) are all satisfied. The non-negativity of
p(-, t) follows from the maximum principle. Following Fasano and Primicerio, see
e.g. [1], we say thatif v(r, 0) > 0 then (3.3.2) has a “sign specification”. With a sign
specification the solution is global hence the last statement in Theorem 3.1. (]

Uniqueness of the local classical solution for the Stefan problem (3.3.2) is also
known. As mentioned if there is a sign specification the solution of (3.3.2) is global
while if there is no sign specification in general we only have local existence with
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examples where singularities do appear. The analysis of their structure is a very
interesting and much studied problem, see for instance [6-9].

3.4 Main Theorem: Existence and Uniqueness

By default throughout this chapter the initial datum py € U, see Definition3.1.

Theorem 3.2 (Existence and uniqueness)
Let po € U, then for any T > 0 there exists a unique relaxed solution of the basic
problem in [0, T with initial datum p (see Definition3.5). Moreover:

(a) As implicit in the above statement there exist optimal sequences in [0, T] with
initial datum py.

(b) The elements p'’ (r, t) of an optimal sequence relative to pyand T > 0, converge
weakly to a limit pr(r, t).

(c) The limit pr(r, t) is independent of the optimal sequence and if S > T, ps(r, t) =
pr(r,t), t € [0, T]. We denote by p(r, t) the function which agrees with pr(r, t)
forall T > 0.

(d) Forallt> 0 p(r,t)isin L' and [ p(r,t)dr = [ po(r)dr.

(e) If po(r) < py(r) then p(r,t) < p*(r,t) YreR,andVt>0.

(f) p(-, t) converges weakly to py(-) ast — O.

Moreover, if po(r) is continuous and with support in [0, Xy], then

(g) p(r,t) is a continuous function in (r,t) which converges pointwise to py as
t— 0.
(h) If po is a classical initial datum p(r, t) solves the FBP of Sect. 3.3 locally in time.

Since any classical solution {(X;, p(:,1)),t € [0, T]}, of the FBP defined by
(2.0.2)and (2.0.4) is also an optimal sequence, (choosing Xt(ﬁ”) =X, and p(r, 1) =
p(r, t) for any n), then p(-, t) coincides with the function defined in Theorem 3.2 and
item (h) follows.

The weak point in the above theorem is the lack of control of the edge. We have
only what is stated in the following Corollary which is an immediate consequence of
item (e) of Theorem 3.2 and of the existence of a stationary solution of the classical
FBP as discussed in Sect.3.2. Recall (3.2.1) for notation.

Corollary 3.6 If p“?(r|M") < po(r) < pD(r|M”) then
PO (rIM'y < p(r, 1) < p(rIM") forallt > 0. (3.4.1)

In particular if py(r) has compact support then there exists X > 0 so that p(r,t) =0
forallr > X.

We will prove Theorem 3.2 using a variational method which is explained in the
next sections.
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3.5 The Upper and Lower Barriers

We do not have enough information on the elements p“ (r, £) in an optimal sequence
to directly prove that they converge as ¢, — 0. We will instead introduce a different
relaxation procedure where the removal of mass occurs only at discrete times nd,
n € N, § > 0. The evolution in the time intervals (nd, (n + 1)9) is free, namely given
by (2.0.2) with only the boundary condition at 0, i.e. the first one in (2.0.3), the other
one at X, is dropped. Therefore in these time intervals the total mass increases and
the mass density is strictly positive on the whole R,. At the times nd we restore
mass conservation and remove the right amount of mass, equal to jd, by cutting the
right part of the function which after the cut has compact support. Such evolutions
are much simpler than those in the optimal sequence but they have also the extra
advantage of monotone properties, this is why we call them upper and lower barriers.
Monotonicity will allow us to control the limit as § goes to 0 of the barriers and then
to relate this to the limit of the p')(r, ). We start here with the definition of the
barriers.

To this end we introduce a time mesh § > 0 and will define the barriers at the
times kd, k > 0. We use the following notation:

Ug:{ueu:/u > jé} 3.5.1)
where U has been defined in (3.1.1), and we introduce two operators, i.e. the cut

operator Cs on Us and the free evolution operator Ts on U.

Definition 3.7 (The cut operator) The cut operator Cs maps u € Us into U as fol-
lows:

o0
Csu(r) = 1,<g u(r), where R, : / u(r)dr = jé. 3.5.2)
RU

Observe that [ Csu = [u — jo.
To define the free evolution operator we use the Green functions:

Definition 3.8 (The Green function) Define for r, ¥’ and t > s > 0 the Green func-
tion

_ (r—r’)2

e

Gy (' r) = G (', 1) + G5 (r', =), G,(r', 1) = Nerm, (3.5.3)
and write for any u € U:
Gy wu(r) = /R Gy (', ryu(r’) dr'. (3.5.4)
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To simplify notation we shall sometimes write
G ) = GiEm (i, ). (3.5.5)
The following proposition explains why G}"™ is called the Green function.

Proposition 3.9 The function (r, t) — G*"™ (', r),t > 0, ¥, r > 0, solves the heat
equation (2.0.2) and for any t > 0,

0
}i_r)r(l) EG?e”m(r’, r)y=0.

Moreover ifu € U is a continuous function
t
Tiu(r) := GI*"™ x u(r) +j/ Gy (0, r)ds' (3.5.6)
0
solves (2.0.2), converges to u(r) ast — 0 and for any t > 0
.0 .
lim —Tu(r) = —2j. (3.5.7)
r—0 Or

Proof The above statements are direct consequence of the following properties of
the Gaussian kernel. For ¢ > O:

a 1 62 7r2/21
(_ _ __)_e — 0, (3.5.8)
ot 20r?) J2nt
€ ,—x2/2t
lim dx =1, forany ¢ > 0, 3.59
=0t ) _ /27t y ( )
tox e—x2/2(t—s)
lim ——ds = 3.5.10
=0t Jo t—527(f —9) ( )
O

We are now ready for the definition of the free evolution operator:

Definition 3.10 (The free evolution operator) The free evolution operator 75 maps
U into itself and Tsu is equal to the expression (3.5.6) with t = 4.

It follows directly from the definition that:

/T5u=j5+/u (3.5.11)
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and therefore that the products
CsTs and T5Cs preserve the mass (3.5.12)

(the latter defined on Ufs). The barriers are defined by iterating those two products.

Definition 3.11 (The barriers) The upper barrier S,‘ffu, k > 0, is defined as
SOt u = (TsCs)ru, uels (3.5.13)
while the lower barrier S,fg_u, k> 0,is
SOTu = (CsTs)'u, uel. (3.5.14)
Proposition 3.12 At all times the barriers have the same total mass as initially:
F(O0; S,f;;iu) =F(0,u) (3.5.15)

where o
F(r;u) = / u(@ydr', r>0. (3.5.16)

Proof It follows immediately from Definition3.11

In Chap.4 we will prove that the upper barriers are equi-bounded and equi-
continuous as a function of (r,f)onRy x [e, T], for any € > 0 and T > 0 which
yields convergence by subsequences. To gain full convergence we will use inequal-
ities based on the order by mass-transport, defined in the next section.

3.6 Mass Transport

We use a notion of order (in the sense of mass transport) under which we will prove
that the upper barriers are larger than the lower barriers and that the convergence as
0 — 0is monotone. Inequalities by the above order will be of paramount importance
in the proof of Theorem 3.2 as we will show that the elements p“ (r, £) in an optimal
sequence are eventually squeezed (as e, — 0) between the upper and the lower
barriers. Observe that the notion of barriers for the construction of solutions of
partial differential equations is well known [10, 11] (see also [12] in the context of
motion by mean curvature). The notion of order that we use to define upper and lower
barriers is:

Definition 3.13 (Partial order) For any u, v € U we set

u<v iff F(r;u) < F(r;v) forallr >0 3.6.1)
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where F(r; u) is defined in (3.5.16).

When u and v have the same total mass, then u < v if and only if v can be
obtained from u by moving mass to the right. This statement will be made precise in
Proposition (6.1), hence the above partial order is related to mass transport.

The next theorem justifies the name of upper and lower barriers. We first consider
a very special case namely the inequality

ST < S (3.6.2)

whose proof we hope will give a feeling of what is going on. Define u; by writing
u=Csu—+u, u =u—Csu.

Recalling the definition of Cs, u; has mass jé which is to the right of the mass of
Csu. By (3.5.6)

5
vi=Tsu = G5 % {Csu + uy ) +j/ SN0, 1) ds.
0

Then Sg’fu is obtained from v by cutting a mass jé to the right of v, while S§‘+u
is obtained from v by erasing the term Gi"™ x u;: thus S5 u is obtained from Sg’_u
by moving mass to the right, hence (3.6.2). More details can be found in the proof
of Lemma (6.6).

3.7 Barrier Theorems

The following theorem is the key step in the proof of Theorem3.2. Its content is
divided in three parts: inequalities among barriers, convergence theorems and prop-
erties of the limit. It is proved in Chaps. 4, 5, 6 and 7, a summary is given in Sect. 7.2.

Theorem 3.14 (Barriers and separating elements) Ifnot stated otherwise we assume
uelandt > 0.
Inequalities among barriers:

(1) Ifu € Us then
SO u< 8" u, t=ké=nd, k,neN. (3.7.1)

t

(2) Forany$ >0, u e Usandt =ké,k € N

/ 1S~ u(r) = ST u(r)ldr < 2j6. (3.7.2)
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(3) Fornsolarge thatu € Us—, and forallr > 0, F(r; S,T””_u) is a non-decreasing
unction of n and F (r; S? " u) is a non-increasing function of n. Moreover, as
t 8

proved in (3.5.15), F(0; S? ""*u) = F(0; u).
Convergence:

(4) There exists a bounded function S;u(r) continuous in (r,t) for t > 0 such
that S,2 ﬂxl‘*u(r) converges to S;u(r) uniformly in the compacts of (r,t) €
R, x (0, 00) and forallt > 0 Stzint’-ku(r) converges to S;u(r) in L.

(5) The convergence is monotone in the mass transport order of Definition 3.13:

F(r; Siu) = lim F(r; S ""*u), (3.7.3)

hence, by (3), F(0; S;u) = F(0; u).
Properties of S;u:

(6) S,u separates the barriers:

F(r;Su)= inf F(r; > uy=sup F(r; S*u). (3.7.4)
di=ko,keN 8:1=kd,keN

(7) Siu — u weakly as t — 0 and if u is continuous with compact support then
Siu — u point-wise as t — 0.

(8) Ifu < v then S;u < Spv.

(9) Ifu < v point-wise then S,u < S;v point-wise for all t > 0.

The first step in the proof of Theorem 3.2 after Theorem 3.14 is the following
identification theorem:

Theorem 3.15 (Identification theorem) Forany T > 0andu € U there exist relaxed
solutions of the basic problem in [0, T] with initial datum u and they are all equal to
S.u.

The proof of Theorem 3.15 is the most original part of this work. It uses extensively
probability ideas and techniques as it relies on the representation of the solution of the
heat equation with Dirichlet boundary conditions in terms of Brownian motion and its
hitting distribution at the boundary. After showing in Chap. 9 the existence of optimal
sequence, we prove in Chap. 10 that given any J > 0 the elements p“’ of an optimal
sequence in the limit as n — oo are squeezed in between Sf =+ po. By the arbitrariness
of § this implies that p converges weakly, its limit being from one side equal to S,u
while, from the other side, is by definition a relaxed solution, hence Theorem 3.15.
Thus the relaxed solution inherits all the properties of the separating element stated in
Theorem 3.14 which allows us to complete the proof of Theorem 3.2, see Sect. 10.4.
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Chapter 4
Regularity Properties of the Barriers

In this chapter we will prove some regularity properties of the barriers S,(S Fu,u € Uy.
By the smoothness of G'™(r,r’), t > 0, it is easy to prove that for any n > 0,
S,‘;;;Jru € C*(R,) while Sf{ u is C* in the interior of its support. Such a smoothness
however, being inherited from G§*'™, depends on J, while we want properties which
hold uniformly as § — 0. The main results in this chapter is that the family S,{S Fu(r)
is equi-bounded and equicontinuous in space-time for  away from 0, these statements
are proved in the following three sections.

4.1 Equi-Boundedness
We denote by ||u||« and |ju]|; = F(0; u) the L> and L' norm of u € U.

Theorem 4.1 There is a constant ¢ so that the following holds. Let § > 0 and
u € Uj, then
J+ lulleo forallt € 6N, t <1,

j+lully forallt € 6N, t > 1. 4.1.1)

I1S7%ull o0 < c[
Proof Lett = nd, n a positive integer, then
t
SO Fu(r) 5/dr’Ggfgm(r’,r)Sffgu(r/)+j/ ﬁdngi“m(O, r).
.

The inequality is because we are neglecting C;. Iterating we get for 0 < m < n,

t

S9Eu(r) < / dr'G™™ (' 1) SO Fu(r') + / 5dng?,“m(o, r). (4.1.2)
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Letr < 1,take m = 0in (4.1.2) then

S;S’iu(r) < /dr Gne”m(r’, )l +j/t ds—2
= by /2R =)

which proves (4.1.1) when ¢ < 1.
Let ny be the smallest integer such that 7 := dng > 1. Let ¢ € [k, (k + 1)7] and
md = (k — 1)7 in (4.1.2). Then

t
i 2
SPEu(r) < S“ Tu(r/)—i—j/ ds——o
! v =0 k=yr A2t —5)
<c(j+ ||S(1;_1)7—””1)-

By Proposition 3.12 ||Sf’iu||1 = ||lu||; hence (4.1.1). O

4.2 Space Equi-Continuity

In this section we will prove that the family {S,‘S “Fu(r)} is equi-continuous in r for
any fixed r > 0. We need a preliminary lemma where we use the following notation:

s,

Wi = [arGER ST, =Sl @2

Lemma 4.2 There is a constant c so that the following holds. For all 5 > 0, u € U,
0<s<ts,tedNt—s<l1,

d lulloo + lluells + Jj

—u) r , 422

I ()l < ¢ = 4.2.2)
o Hil <2 —s), vl < i/t —s. (4.2.3)

Proof By (4.1.1)

llulloo + Nuells 4+ j

JSi—s

r=r

—G"(,r) <
— s ]

0
|—w<m<w9mm/M/
—

which proves (4.2.2).
By (4.1.2) with s = mJ,

t
V< / ds'G™ (0, r). (4.2.4)
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4.2 Space Equi-Continuity

To get a lower bound we first define, for any 7 € 0N,

o0
VO ) == 1,28 u(r), R: / S>*u(rydr = jo.
R

By (4.1.1)
10l = € € = e + oo + ).

By neglecting the contribution of the mass injection we get:
SHtu > G % (S‘s su— vt(é)(s)
and, calling s = mé,

0,+ neum (5,+ neum
St uz ths * Sm(5 z G(n ko * vk5

This together with (4.2.4) gives
n—1

W) < DGR v () + / ds' G4 (0, r).
k=m

Recalling that | v,?? = jé,

V27(n — k)o

n—1 n—1

5 1 ) .
1D GE" R % v oo < D —m=—=—=—==j0 < cj/1 —s.
k=m

k=m

Then we have:

t
||]/ ds'GF™ (0, Ml < cjvt —s

so that

) .
g, lleo < cjNt s

23

(4.2.5)

(4.2.6)

4.2.7)

(4.2.8)

and the second inequality in (4.2.3) is proved. To prove the first one we use (4.2.7)

and (4.2.1) to write

n—1
i < i =+ / dr / dr' G (r v () = 2 (t — 5)
k=m

which concludes the proof of (4.2.3).
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Theorem 4.3 Givenu € U, forany § > 0, t € 0N and ( > O there is d > 0 which
depends on (, t, ||u|loo and ||ul; so that

1S%Fu(r)y — SOFur) < ¢, |r—r'| <d. (4.2.9)
Proof By (4.2.1) we can write
It ulr) = ST ulry = wi ) = wit ) + ) = vl o).
We then use (4.2.2) and (4.2.3) and get for any s € 6N, 0 < s <1,

=l

Vi—s

We choose s so that 2¢j+/t — s < (/2 and for such a value of s we take d so that

4 ¢
c(llulloo + llullt +])ﬁ < z

IS5 () = S5 U] < ellullao + ull + ) + 201 =5 (42.10)

4.3 Time Equi-Continuity

Theorem 4.4 Let u € U, then for any 6 > 0,t € 6N, t > 0, ( > O there is
T =1¢, > 050 that

IS0 u — SO ulla < ¢, 1 € NN (1,1 4 7). 4.3.1)
Proof By (4.2.8)
IS0 T u(r) — G™ % S Fu(r)| < cjv/t' — 1.
Let ¢’ < ¢ and d’ the corresponding constant in Theorem4.3, then
1Sy ur) = §7Fu )] < 157"l / Gim ' rydr’

r'ir—r'|>d’
+¢ + iV —t.
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If0 > 7thereisnot’ : t <t <t + 7 and (4.3.1) is automatically satisfied. Let
then 6 < 7. There is a constant c; so that

Y2
/ G (r,r)dr' < cre”@)/én
r':|lr—r'|>d’
Thus

e .
1507 u(r) = §7Fu)] < e8] ullooe™ Y 4 ¢ 4 ej/T

which concludes the proof of the theorem. ([



Chapter 5
Lipschitz and L! Estimates

In this chapter we first prove some elementary inequalities and then Lipschitz esti-
mates for the operators involved in the definition of barriers. We finally prove that
upper and lower barriers are L' close, proportionally to §.

5.1 Elementary Inequalities
Recall that U is defined in (3.5.1).

Proposition 5.1 Let u € Us, then
u > Csu point-wise. (5.1.1)
Moreover ifu, v € Us and u < v point-wise, then

Csu < Csv, Tsu < Tsv, Sj;;u < ijv, point-wise. (5.1.2)

Proof Equation(5.1.1) follows immediately from the definition of Cs, namely
Csu(r) =ul,<g,, Ry : [ u = jé.Ifu < vthenR, < R, hence Csu < Csv.Recall-
ing the definition of T we get

Tsv(r) — Tsu(r) = /00 dr'lv(r’) = u(rH1GF™ (', r)
0

which is non-negative. The last inequality in (5.1.2) with n = 1 follows from the
previous ones which we have already proved. By induction the inequality is then
proved for n > 1 as well. O
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5.2 Lipschitz Properties

Recall that U/, Us and F (r; u) are defined in (3.1.1), (3.5.1) and (3.5.16), respectively.
We also write | f|; = || f||; for the L' norm of f.

Proposition 5.2 Let § > 0 and let u € U, then
lu — Csuly = j&, F(O;u) = F(0; Csu) + jo = F(0; Tsu) — jé. (5.2.1)
Let also v € U, then
|Csu — Csvly < |lu—vly, |[Tsu—Tovl < |u—vli, (5.2.2)

|S5Fu — S5Fu)y < lu—vly,  forallk € N. (5.2.3)

Proof The second and third equalities in (5.2.1) follow directly from the definition
of the operators Cs and T;. The first one follows from (5.2.1) and the second one.
To prove the first inequality in (5.2.2) we recall (3.5.2) for the definition of R, and,
assuming that R, < R,,

R, Ry
|Csu — Csv|y :/ |lu — v| +/ v.
0 R

u

oo oo

v and subtract / u as they are both equal to j§:
Ry

‘We can then add /

Ry

R, 00 00
|C5M—Cav|1=/ |u—v|+/ v—/ u < lu—vlh.
0 Ry Ry

To prove the second inequality we use (3.5.6) so that
|Tsu — Tsv|; < /drl/dr'Gge“m(r’, Nu(r’) — GFE (', rv(r)|
< /dr/dr/GgC“m(r/,r)W(r/) —v()|

which is equal to |u — v|; because f G5 (r', r)dr = 1. Equation (5.2.3) is a direct
consequence of (5.2.2). O
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5.3 L' Estimates
In this section we prove that the upper and lower barriers are L' close for small §.

Theorem 5.3 Let u € Us, then forall k € N,

ISy u — Sp5 uly < 28 (5.3.1)

Proof We need to bound [ |¢ — v/|, where
¢ = CsTs---CsTsu, Y :=TsCs---TsCsu  k times.
Call
v = Csu, vy = T5Cs - - - Tsv, uy = TsCs---Tsu  k times
so that ¢ = Csuy and ¥ = v;. Hence using (5.2.1),

[V — @li = |Csup — vili < |Csug — uge|y + |ve — ugh

= Jjo+ vk —ukh < jé+|u—v| =2j3. O



Chapter 6
Mass Transport Inequalities

We present in this chapter some known facts about mass transport and use them to
prove properties which will then be extensively used in the sequel.

6.1 Partial Order and Mass Transport

In this section we relate the notion of partial order discussed so far to the notion of
mass transport. To define the latter, consider a non-decreasing map f : Ry — R,
and interpret f(r) as the position of r after the “displacement”. Moving mass to the
right then means that f(r) > r for all r. If there was initially a mass M in an interval
[a, b], then after the displacement there will be a mass M in the interval [ f (a), f(b)].
Thus if the initial mass density is u then the final mass density v is such that for any

a<b,
b fb)
/uz/ v.
a f@

o0 o0
F(a;u):/ u:/ v < F(a;v)
a fla)

(because f(a) > a). Thus if v is obtained from u# by moving mass to the right then
u < v. The converse is proved next:

As a consequence

Proposition 6.1 (The mass displacement lemma) Given u < v inU with F(0; u) =
F(0; v) we define forr € Ry.:

-

F(r) == sup {r/:/, v(z)dz=/ru(z)dz}. 6.1.1)
0 0
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Then
f@r)y=r (6.1.2)

and for any function ¢ € LR, R),

/0 U(V)¢(r)dr=/0 u(r)o(f(r))dr. (6.1.3)

Proof Since F(0; u) = F(0; v),
/ u(z)dz+ F(r;u) = / v(z)dz + F(r;v)
0 0
and since F(r;u) < F(r; v),

/u(z)dzz/ v(z)dz
0 0

which yields (6.1.2). By a density argument (6.1.3) follows from (6.1.2). O

Corollary 6.2 Let u < v inU and F(0; u) = F(0; v), then for all bounded, non-
decreasing functions h on R.:

/ T uh( dr < / R dr. 6.1.4)
0 0

Proof Observe that (6.1.4) is verified by definition for all functions / of the form
1R, o), R = 0. Its validity for functions 4 as in the text follows from (6.1.3) because

/00 v(r)h(r)dr = /00 u(ryh(f(r))dr
0 0

and h(f(r)) > h(r) by (6.1.2). 0

6.2 A Relaxed Notion of Partial Order

Definition 6.3 (Partial order modulo m) For any u and v in¥/ and m > 0, we define

u <v modulom iff F(r;u) < F(r;v)+m forallr > 0. (6.2.1)
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Lemma 6.4 Let u < v modulo m and v < w modulo m/’, then
u<w modulom+m'. (6.2.2)

Proof F(r;u) < F(r;v) +m < (F(r; w) +m’) +m. O
6.3 Inequalities for the Cut and the Free Evolution
Operators

In this section by default § > 0, u and v are in U/ and if needed in U; (as when
applying the cut operator Cs). We first state and prove the following lemma:

Lemmq 6.5 Letu < v and assume that m := F(0; v) — F(0; u) > 0. Define R so

R
that/ v = m, then
0

w0z 0 =0, F(O0;u)=F(0; ). (6.3.1)

Proof From F(0; u) = F(0; v) —m = F(0, v) we get
/ u()dz + F(r;u) = / v(z)dz + F(r; v) — m.
0 0

Since F(r;u) < F(r;v), forall r > R,

/ u(z)dzz/ v(z)dz—m=/~ v(z)dz=/ v(z)dz.
0 0 R 0

Also for r < R we have u>0= / v, so that u > / v for all r. Since
0 0 0 0
F(0; u) = F(0; v) the previous inequality implies that F (r; u) < F(r; v). U

Lemma 6.6 Leru, v and 6 as above and let u < v. Then
Gy xu x G5 xv, Tsu < Tyv, (6.3.2)

Csu < u, Csu < Cyv. (6.3.3)
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Proof By (3.5.6) the second inequality in (6.3.2) follows from the first one. To prove
the first one we first observe that since F(0; u) < F(0; v) there exists R, (which

may be equal to 0) so that
oo oo
/ v(r)dr = / u(r)dr.
R, 0

1

Callo(r) = v(r)1,. ¢ ,thenby Lemma6.5 u < vand F(0; u) = F(0; v). Forany
R >0,

oo oo
F(R; G % 9) = / B er()dr . Gr(7) = / G, 1 dr
0 R
and analogously
o0
F(R; G5™™ % u) :/ u(ror(rHdr'.
0
- .o d ,
By an explicit computation: Fc{)R (r") > 0, so that by Corollary 6.2
r
F(R; G5*"™ % u) < F(R; G5*"™ % D)

hence the first inequality in (6.3.2) because v < v.
The inequality Csu < u holds trivially because Csu < u. Furthermore we have

Csu — Csv = (u —v) lor,) — v (g, &,

where R, is such that f ;o u = jd and R, is defined similarly. Hence

Ry
PO oy = F (s Cov) = (Fria = FOio)) oy = Ly | 000’

which is therefore < 0. [l

Lemma 6.7 Let u < v modulo m, then

Tsu < Tsv modulo m, G xu < G xv modulo m. (6.3.4)

Proof By (3.5.6) we just need to prove the second inequality which obviously holds
if F(0; u) < m. We thus suppose F(0; u) > m and define

o0
u*:=ulpg, with R,: / u=nm. (6.3.5)
R

m
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We are going to show that
u* <. (6.3.6)

In fact F(r;u*) = F(r;u) —m when r < R,, so that F(r;u*) < F(r; v). Since
F(r;u*) =0 for r > R,, then F(r;u*) < F(r;v) so that (6.3.6) is proved. By
(6.3.2)

F(r; G5 s u) = F(r; G «u™) + F(r; G5 % (u — u™))
< F(r; G5 % v) + F(0; G5 x (u — u™))
= F(r; G % v) + m.

]
Lemma 6.8 Let u < v modulo m, then
u < Csv modulo m+ jo. (6.3.7)
Proof We have F(r;u) < F(r;v) +m and F(r; v) < F(r; Csv) + jo hence
F@r;u) < F(r; Csv) +m + jo
which proves (6.3.7). O
Lemma 6.9 Let u < v modulo m, m > jé, then
Csu v modulo m — j9. (6.3.8)
Proof By the definition of C; for r < R, we have
F(r;Csu) = F(r;u) — jo < F(r;v) +m— jo.
If instead r > R,,
Fr;Csu)y)=0<m—ji<F(r;v)+m—ji
hence (6.3.8). ([l

Lemma 6.10 Let u, v in Us, u < v modulo m, then

Csu < Csv modulo m. (6.3.9)
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Proof By Lemma6.8
u < w:=Csv modulo m+ jo.

By Lemma6.9
Csu < w modulo m

hence (6.3.9). O

6.4 Inequalities for the Barriers

The following theorems are consequence of the inequalities established in the pre-
vious section.

Theorem 6.11 Letd > 0, u,v € Us, u < v modulom > 0. Let k € N, then

S,ffu < S,f(’;iv modulo m. 6.4.1)

Proof Tt follows from Lemmas 6.7 and 6.10. (I

Theorem 6.12 Let 0 > 0, u € Us and k € N, then

SSTu < St 6.4.2)

Proof We proceed as in the proof of Theorem 5.3 and write
SSTu=CsTs---CsTsu,  Shytu=TsCs---TsCsu  k times.
Call
v = Csu, vy = T5Cs - - - Tyv, uy = TsCs---Tsu  k times
so that S05"u = vy and 05 u = Cyuy. By (6.3.7) with u = v,
u < Csu modulo jo.

By Lemmas 6.7-6.8
ur < vy modulo ji
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and by Lemma 6.9

9, — d,+
Ses = Csup v =S85 u.

|
Theorem 6.13 Letd' > 0,0 =nd’,n €N, u € Us and t = ko, then
S*u < 80 u. (6.4.3)
Proof We postpone the proof that
SPTu < ST ifu (6.4.4)
By (6.4.4) with v’ = u we get Sg’fu < Sg/’fu so that using again (6.4.4)
STT(STTu) < ST TS Ty, ShTu < Sh T
which by iteration proves (6.4.3).
Proof of (6.4.4). We have
Sgl’_u/ = Sj;s’,_u/ =CsTy---CsyTsyu'  n times,
Sg’_u = CsTsu = C5Tgu.
We will prove by induction on k that
CATEu < CsTy -~ CyTyu  k times. (6.4.5)

Equation (6.4.4) will then follow by setting k = n and using Lemma 6.6. We thus
suppose that (6.4.5) holds with k and want to prove that it holds for k + 1. We
preliminarily show that for any integer 4 > 0,

ChTyv < Ty Chu. (6.4.6)
In fact by (6.3.7) v < Cv modulo jhd'. Then by (6.3.2),

Tsv < Ty Clhv modulo jhd'

and by (6.3.8) CTyv < Ty Chv. Equation (6.4.6) is proved.
Callv = Télfu then using (6.3.3) and (6.4.6),

CEPITE = Co CE Tyv < Cy Ty Chw.
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By assumption (6.4.5) holds with k so that calling w its right-hand side, C §,v < w.
By Lemma6.6,

C()'/TJfC(];,v <X CsTsw

which is (6.4.5) with k + 1. (]

Theorem 6.14 Letu € U, § = hd', h a positive integer and t = k9, then

SO tu < SOt u. (6.4.7)

Proof We postpone the proof that
SO <SP ifu . (6.4.8)
By (6.4.8) with 1’ = u we get Sg/'+u < S§‘+u so that, using again (6.4.8),
SET(SY T uy < SIS Tuy, S0 Tu < ShTu
which by iteration yields (6.4.7). Proof of (6.4.8). We have
Sg,’+u = Sfli;fu =T5Cs---TyCsyu  h times,
SOTu = TsCsu = T Csud.

By (6.3.7) u’ < Csu’ modulo ji so that, by Lemma6.4, u < Csu’ modulo ji. By
(6.3.8) Csyu < Csu’ modulo j§ — jé'. By (6.3.4),

Ty Csu < Tng5u/ modulo j§ — jé/.

Call w := Ty Cyu and v’ := Ty Csu’, then w < v’ modulo jo — j§'. By (6.3.8)
Csw < v modulo jo — 2§ and by (6.3.4)

Ty Csw < Tg/v/ modulo ](5 — 2j(5/.
Equation (6.4.8) then follows by iteration. (I
For general ¢ and 0" we will use the following bound:

Lemma 6.15 There is ¢ so that forany 0 < § < 8, u € Us andn > 1,

!’

5.+ 5+
1S5 u — Sps uly < clulin

53%' (6.4.9)
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Proof By (5.2.2) for any u, v € U, |Csu — Csv|; < |u — v|;. We also have

c(d' —0)

|Csw — Cywl|y < j(0 —6), |GF"™xw— Gy xw| < 373

[wli.
) , (6.4.10)
Recalling that S§‘+u = G§5™" % Csu, we get that |S§’+w — Sg/’+v|1 is bounded

by
< |G™™ % Cyw + GI™ % (C5 — Ca)w — G2 % Cyw — G2"™ % Cy (v — w)|,

hence

/

. -5 .

1S3 T w — S0l < jw — o], + = lwh + (@ =), (6.4.11)
We use (6.4.11) to prove (6.4.9) by induction on n. We prove (6.4.9) whenn = 1
by setting w = v = u in (6.4.11). We suppose by induction that (6.4.9) hods till

n— 1. We then set w = S0;*, suand v = S0, juin (6.4.11) getting (6.4.9). [
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Chapter 7
The Limit Theorems on Barriers

In this chapter we will prove Theorem 3.14. An analogous theorem is proved in [1]
when G7*'™ is replaced by the Green function with Neumann condition both at 0
and at 1.

7.1 The Limit Function )

In this section we define a function ¢/(r, t) which in the next section will be proved
to be the function S;u(r) of Theorem3.14. We fix T > 0, u e U, 7 > O and 7y > O,
cal A, :=27"r,n e N}, 7., ={t =k27"r,k e N}and 7, = {t = k27"7,n €
N, k € N}.

7.1.1 Convergence of the Upper Barriers

In Chap.4 we proved that the family of upper barriers is equi-bounded and equi-
continuous so that it converges by subsequences. In this subsection we will prove
convergence, see (7.1.5) below. More precisely we restrict to § € A, and define a
function 1™ (r, t) on Ry x [y, T] by first setting

YOt =S T ur), reRy, telt, TINT,,

and then extending 1" (r, t) to t € [ty, T] by linear interpolation. As mentioned
above we have proved in Chap.4 that the family {1/} is equi-bounded and equi-
continuous so that, by the Ascoli-Arzela theorem, it converges by subsequences in
sup norm (on the compacts) to a continuous function ¢ (r, t) on Ry x [ty, T]. To
prove full convergence we will show that {F(r; ™), r > 0} converges, the proof
will follow from the monotonicity properties of the barriers and the following a priori
bound:
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Lemma 7.1 There is ¢ > 0 so that
S*Fu(r) < /dr’u(r’)GSf}'m(r’, )+ cjte A0, (7.1.1)
Proof 1t follows from (4.1.2) with m = 0 and bounding for s < ¢,
Go,(0.1) = &7/ (@m) 71267 W),

a
Equation (7.1.1) guarantees convergence of F(r; 1) (-, t)).
Lemma 7.2 Let1) be any limit point of {v)™}, thenforanyr € Randt € [ty, T1NT;,

lim F(r; S " Fu) = F(r; (., 1)). (7.1.2)

n—oo

As a consequence there is a unique limit point 1 of {1y} and for any n and
1 €T,

F(ri ST u) = F(ri (-, ). (7.1.3)

Moreover
P(, 1) < / dr'u(r)GE™ (' r) 4 cj/te™ 14, (7.1.4)

Proof By Theorem6.14 F(r; S> ™ "u), t € 7., is a non-increasing function of n
hence the existence of the limit n — oo. To identify the limit we observe that the
right-hand side of (7.1.1) is foreach# < T an L' function of r. Equation (7.1.2) then
follows using the Lebesgue dominated convergence theorem. Thus all limit functions
W(r, t) agree on t € [ty, T] N 7, and since they are continuous they agree on the
whole [to, T], thus the sequence ™ (r, t) converges in sup-norm as n — 00 to a
continuous function ¢ (r, t) (and not only by subsequences).

Equation (7.1.3) follows from (7.1.2) because F (r; S,z_’lT’+u) is a non-increasing
and (7.1.4) follows from (7.1.1) because we have already proved that S,T"T’J”u con-

verges to ¢ (r, t). U

By the arbitrariness of 7y and 7' the function ¥ (r, t) extends to the whole R X
(0, 00). Thus, by (7.1.1),

lim [|S? " u — 9, )l =0, t>0,1€eT7,, (7.1.5)

n—00

the convergence being uniform in ¢ € 7; when it varies on the compacts not con-
taining 0.

The drawback of this result is that the function ¢) we have defined actually depends
on 7, to underline this we will write it as ¢, (r, t). We will prove in the next subsection
that all v, (r, t) are identical to each other.
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7.1.2 Independence of T

Theorem 7.3 ), is independent of T.

Proof Tt suffices to prove that for any 7 and 7/,
F(riv:(,0)=F@r;¢-(.1), r=0, t>0

as 1 and 1, are continuous. We suppose that 7/ ¢ {k727", k,n € N} (the case
when they are rationally related is proved using Theorem6.14). We fix ' = nd’,
0 =772"".Letd =k727%,0 < §'. By Lemma6.15, for all » > 0,

F(r; Sé,”Jru) > F(r; Si’;u) — c|u||n63%.
Write 0 = k,7277 so that k, = k277 is a positive integer for p large enough.
Then by Theorem 6.14,

F(r; Sf’;u) > F(r; S;§7F’+u).

By taking p — oo:

4

: d
F(r; 87 u) 2 F(r; 7, n0)) = clulin=— .

We then let § — ¢ on {k727",k,n € N}. In this limit nd — ¢’ and by the
continuity of ¥, (-, s) in s we get

F(rs Sptu) = Frih, (1)
We next take m — oo, recall 6" = 727", and get
F(riv (-, t")) > F@r;¢.(,t"), foranyt” € (k27" k,n € N}.
In an analogous fashion we get
F@r; (-, 0) > F@r; ¥ (-, 1)), forany t € (k727" , k,n € N}.

Then v, (-, t) = ¢, (-, t) for all # in a dense set, hence they are equal everywhere
being both continuous. O

We can thus drop 7 and simply write ¥ (r, t). We can then summarize:

Corollary 7.4 There is a continuous function 1 (r, t) on R x [0, 00) which satisfies
the bound (7.1.4) and such that for any 7 > 0 S,Z_nT’Jru(r) converges to (r, t) on
the compacts.
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7.1.3 Continuity at 0

Proposition 7.5 Let u € U, then (-, t) converges weakly tou ast — 0 and
}il% F(r;v(,t) = F(r;u). (7.1.6)
Suppose further that u is a continuous function with compact support. Then
lim [|5(:, 1) — ufleo = 0. (7.1.7)
Proof Lett € 7., then by (4.2.1)—(4.2.3) with s = 0 we have
1S " u(r) — / dr'u(r)G!"™(r', r)| < cj/t. (7.1.8)
By (7.1.5), letting n — o0,

[(r, t) — /dr/u(r/)G;‘eum(r/, r)| < cjt. (7.1.9)

Since v (r, t) is continuous in ¢, (7.1.9) holds for all t > 0. G{*"™ * u converges
weaklytou ast — 0, hence also ¢ (r, t) converge weakly tou ast — 0. Analogously,
since

R R
lim dr”/dr’u(r’)G‘;e“m(r/,r”) :/ dr’u@”)

=0 /.

then by (7.1.9)

R R
liII(l) dl"”’(/)(?‘”,l‘):/ dr’u(r”).
11— r

I

Hence

00 R
lim inf / ar’ (", 1) > / dr'u(r”)

t—0

and by the arbitrariness of R itis > [’ dr"u(r"). To prove the upper bound we use
(7.1.4) to say that for any € > 0 there is R, so that for all 7 < 1 f;o dr’y@r’, 1) < e
and [ dr"u(r") < e as well. Then

o) R, 00
lim sup/ dr"y (", t) < e+ lim sup/ dr’p(’ 1) < e+/ dr’u(r’).

t—0 t—0
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Thus (7.1.6) is proved. By (4.2.1)
S*Fu(r) —u(r) = /dr/[u(r’) —u(MIG™ ¢, r) + vi " (). (7.1.10)

Hence by (4.2.3) there is a function e(z) which vanishes as ¢t — 0 such that

187 1 — ulloo < €(0). (7.1.11)

By (7.1.5)
V(1) —ulloo < €(t) (7.1.12)
so that (7.1.7) is proved. O

7.2 Proof of Theorem 3.14

We shall now prove Theorem3.14. The items below correspond to the items in
Theorem3.14.

e (1) follows from Theorems6.12,6.13 and 6.14.

e (2)is provedin (5.3.1).

e (3) with the + is proved in Theorem 6.14, with the — in Theorem 6.13.

e (4) is proved in Corollary 7.4. Convergence in L' follows from the convergence
on the compacts and the uniform bound (7.1.1).

e (5) with the + is proved in (7.1.3). Monotonicity with the — has already been
proved, see (3), and by (2) which has also been proved, the limit with the — is the
same as with the +.

e (6) follows from (6.4.2) and (3) which has also been proved.

e (7) is proved in Proposition7.5.

e (8) follows by (5) and (1) which have been already proved.

e (9) follows from Proposition5.1 and (4) which has been already proved.
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Chapter 8
Brownian Motion and the Heat Equation

The proof of Theorem 3.2 uses extensively a representation of the solution of the
heat equation in terms of Brownian motions. We will recall in this chapter the main
properties and in particular we re-derive a formula, (8.3.23) below, for the solution
p(r, t) of (2.0.2)—(2.0.3) with initial datum p(r’, s) at time s in terms of Brownian
motions. We will write the Green function for (2.0.2)—(2.0.3) in terms of the first
exit time distribution of a Brownian motion, (8.3.12), and then relate the exit time
distribution density to the derivative of the solution of the heat equation at the edge.
The latter gives the rate of mass which is dissipated because of the Dirichlet boundary
conditions thus the mass loss is directly related to the exit probability of the Brownian
motion.

By default in the sequel X = (X,, € [0, T]), is a positive continuous function
piecewise C! and with right and left derivatives at all times.

8.1 Brownian Motion on the Line

We start from the heat equation on the whole R. We call Q, 5, r € R, s > 0, the law
on C(R, [s, 00)) of the Brownian motion B;, t > s, which starts from r at time s,
i.e. By = r.Foreacht > s the law of B, is absolutely continuous with respect to the
Lebesgue measure and has a probability density G ;(r’, r) which is the Gaussian
G,_s(r', r) defined in (3.5.3). Thus

Eo, 1f(B)] = / Goa( ) f(r)dr, | € L(R). &.1.1)

We can read (8.1.1) by saying that we start a Brownian motion from r’ at time
s and run it till time . We then compute f at the final point and integrate over all
samples: this is the same as integrating f with the Green function G, (v, r).
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Since G, ,(r',r) as a function of (r, ) solves the heat equation for ¢ > s, see
(3.5.8), then by differentiating (8.1.1) with respect to ¢ we get

d 1
7 Eor L/ (Bl =ZEg,, [f"(B)], f e C*R). (8.1.2)

By (3.5.8)—(3.5.9) if p(+', s) is a continuous function of 7/, then
pr, 1) := / p(r',$)Gy, (r', r)dr’ (8.1.3)

solves the heat equation in R with datum p(+’, s) at time s hence analogously to
(8.1.1)

/f(r)p(r, t)dr :=/p(r’,s)EQ/,,_S[f(Bt)]dr/, f e L. (8.1.4)

8.2 Reflected Brownian Motion with Mass Injection

We denote by P, r > 0, s > 0, the probability law on the space C (R4, [s, 00))
of the Brownian motion B;, t > s, which starts from r at time s, i.e. By = r, and
which is reflected at 0, E, ; denoting its expectation. P, ; may be defined as the law
of |B;|,t > s, under Q, . Thus for any f € L*(R,),

Ey [ f(B)] = Eg, [f(B)lp=0+ f(—B:)1lp <0l (8.2.5)
Hence
GY™(r' r) = Gy (r',r) + Gy (', —r) = Gy (r', 1) + Gy (=1, 1) (8.2.6)

is the Lebesgue density of the law of the reflected Brownian motion B;:
E. s[f(B)] =/ G (', r) f(rdr,  f e L¥Ry). (8.2.7)
Ry

Thus by Proposition 3.9 the Lebesgue density of the law of the reflected Brownian
motion B, solves the heat equation with Neumann conditions at 0 and if p(r’, s) is a
continuous function of 7/,

p(r, 1) == / p(r’, $)Gy™ (', r)dr (8.2.8)
Ry


http://dx.doi.org/10.1007/978-3-319-33370-0_3
http://dx.doi.org/10.1007/978-3-319-33370-0_3
http://dx.doi.org/10.1007/978-3-319-33370-0_3
http://dx.doi.org/10.1007/978-3-319-33370-0_3

8.2 Reflected Brownian Motion with Mass Injection 49

solves the heat equation in R, with Neumann conditions at 0 and initial datum
p(r’, s) at time s. Moreover if ¢(r), r > 0, hasa C 2 symmetric extension to R, i.e.
r — (r) = ¢(|r|) is C*(R), then by (8.2.5) and (8.1.2),

d 1 1
EEr’,s[(ﬁ(Bt)] - EEr’,S[q5 (Bl)] (829)

The operator in (3.5.6) can be written as

t
T, p(r)dr :/ p(r") P o(B; € dr)dr’ +j/ Py s(B; € dr)ds. (8.2.10)
R, 0

8.3 Brownian Motion with Reflection at 0 and Absorption
at the Edge

Let B,, t > s > 0, be the Brownian motion starting at s from r and with reflections
at 0, P, its law. Recall that X = (X,, t > 0,) is a positive continuous function
piecewise C! and with bounded left and right derivatives at all ¢. Given s > 0, we
define

TXX =inf{t > s : B, > X,}, and = ooif the set is empty (8.3.11)
and denote by Fr’fs (ds’) the probability distribution of 7 induced by P, ; it depends
continuously on r and s, other properties of F,’fs (ds”) will be stated later.

Proposition 8.1 Foranys > Oandr’ € [0, X;) the function (r, t) — Gf}neum(r’, r),
{(rnt):r €[0,X)),1 > s},

t
GX,m () = GRU () — / FX (ds)G™™ (X, ) (8.3.12)

s
s

is smooth and for all f € L* ([0, X;)),
BBt == [ fOGESC 8303
Ry

Gf’,ne”m (r', r) solves the heat equation in {(r, t) : r € [0, X,), t > s} with bound-

ary conditions

3}
ro r=

and  G5™™(',X)=0 for r' =0.
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Finally if p(r', s) € C([0, X,), R,) then

lim [ p(', )G, "™ (', r)dr' = p(r, s). (8.3.15)

t—s

Proof The smoothness of GX UM ¥) is inherited from the smoothness of
G{™(r', ). To prove (8.3.13) we first use the strong Markov property to write

Ev o [f(B)] = Ey o[ f(B: 75 > 1] + / FX (ds)Ex, yLf (B)]

and then (8.2.7). Since G} (r', r) solves the heat equation, then GXremm e
solves it as well. Slmllarly the Neumann boundary condition at O follows from
the same property for G{¢""(r’, r). To prove the Dirichlet condition at X; we will
use the invariance of the law of Brownian motion under time reversal. Let § > 0,

*:=s+ 0 < t, then, by the Markov property,

E [f(B); X >1]= / h(r"YE o[ f (B); 75 > t1dr” (8.3.16)

Ry

with 2 (r") = GX:™"™ (. r"). By the invariance of the law of Brownian motion under

5,8%

time reversal

/ h(r'"VEp [ f(B); 5 > tldr" = [ f(r)Eng[h(B); 7 > tldr, (8.3.17)
Ry R,

where X|. . . = X;_,,0 € [0,1 — s*];hand f are any two L* functions. By (8.3.17)

Eq [f(B); 7} > t] =/ FVE, o [h(B); TX > t1dr (8.3.13)
Ry
which yields, for f > 0,

Evy[f(B):mX > t1 < |hlloo | f)PoyelrX > t1dr (8.3.19)
Ry

with ||/ ]lee < 2m8)~2. We fix r € [0, X,) and take f = f,, an approximate Dirac

delta centered in r with support (for € small enough) on [r — €, r + €], so that (by
the continuity of r — G?t B G ),

G (', r) = lim E [f(B); X > 1) < @uo) V2P [7X > 1] (8.3.20)

which vanishes whenr — X, = X/, recalling that X, is Lipschitz (actually piecewise
ch.
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We will next prove (8.3.15). For the sake of brevity we will write p(r) instead of
p(r, s). It follows from (8.3.17) that

/ P YGE™ ™ (¢ r)dr = Eplp(B): 7 > 1], (8.3.21)
Ry

By Doob’s inequality (see e.g. [1]), and writing x, = minge(s, X5/,

Pl <1 < P[ max By > x,] <4Q,, [B, > x,] (8.3.22)

s'€[s,t]

which vanishes in the limit # — s. Thus by (8.3.12),

lim p(r’, s)Gf;“eum(r’, rdr = lim/ p(r', )G (r', r)dr’
’ t—s R+ ’

=5 Jr,

which is equal to p(r, s) by (3.5.6) with j = 0. (I

Corollary 8.2 Let p(r', s) € C([0, X;), Ry). Then
t

p(r, 1) = / p(r' )GE ™G rydr + / Gy ™0,r)ds’  (8.3.23)
Ry s

solves (2.0.2)—(2.0.3) with initial datum p(r’', s) at time s so that if ¢ is a bounded
function

1
/R pr 0)G(r) dr = /]R dr'p(r', ) Ep s[p(B): 7 > 1]+ j / ds'Eo v [6(B): 7Y > 11.
) + (8.3.24)

Proof By Proposition 8.1 it follows that p(r, t) solves the heat equation (2.0.2) with
initial datum p(r’, s) at time s and that it vanishes at X,. Using again Proposition 8.1,

—p(r n| —]/ G| ds' = =2

by (3.5.3) and (3.5.10). Equation (8.3.24) follows from (8.3.23) and (8.3.13). U

8.4 Mass Lost at the Edge

Let p(r,t),t > s, be the solution of (2.0.2)—(2.0.3) which at time s is equal to u €
L*>([0, Xy), Ry). We will give in Lemma 8.3 a nice probabilistic representation for
the mass Af (u), I =[11, 1], t; > s, which has been lost in the time interval / by
p(r, 1), € 1. The mass lost A¥ (u) is defined by
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Af (u) == / p(r,t)dr — / p(r,)dr + j(t —11). (8.4.25)
R, R,

Notice that if Af (u) = j|I| then the mass is conserved.

Lemma 8.3 (Mass loss) With the above notation
15}
AX(u) = /IR uG P e 1]dr' + / P et]as. 3426
+ s
Proof By integrating (8.3.23) over r we get

t
/ p(r, )ydr = / dr'u(r'y P [t5 > 11+ j / Poy[ry > t1ds’'
Ry s

Ry

:/ dr'u(@’) + j(t —s) —/ dr/u(r/)P,.r,s[TSX <t]
Ry

Ry

t
- j/ Poylr) <tlds’.
S

We use the above formula to compute f p(r, t)dr — f p(r, t1)dr. We then use
the equality

23 I h
/ ds' Py g[1) <] — / ds' Poylr) <tl= / ds' Py y[r) € 1]
N N N

15}
+/ ds' Py gt <l

1

We then get (8.4.26) after observing that P, ¢ [TS),( <tb]= P,/,Sr[rs),‘ € I fors’ >
. O

Writing (8.4.26) in differential form we get
A (u) = / w(dt) (8.4.27)
I

where .
w(dt) = / dr'u(r'YFX (dt) + j / ds'Fy, (dt). (8.4.28)
Ry s

We also have
dt. (8.4.29)

r=X;

1 0
Al =—3 /1 5,700
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In fact by Theorem 2.6 in [2], %p(r, t) has a limit when r — X, under the
assumption that the initial datum is smooth and that X, is Lipschitz. We denote this
limit by —2)\;{ ;(t). Therefore from (8.4.27) and (8.4.29) we get

t
/ dr'u(r'YFX (dt) + j / ds'Fgy (dt) = Ay (dt (8.4.30)
Ry

s

and by (8.3.12) and (8.3.23) the solution p(r, t) can be written as

p(r,t) = (Ti_sp(-, $))(r) —/ )\is(s/)GE‘f‘;m(Xsr, r)ds' (8.4.31)

where T,_;p(-, s) is defined in (3.5.6), namely

1
(T—sp(-, $))(r) =/ P(r’,S)G?eum(r’,r)dr’Jrj/ Gyym(0,r)ds’'
R4 s

With j = 0 this shows that the exit distribution of the Brownian has a density
with respect to Lebesgue when the starting point has a smooth distribution and X,
is Lipschitz. In [3] it is proved that F, ;(dt) has a continuous density g, () if X,
is C!, the proof extends to our case when X, is piecewise C' at all points with the
possible exception of those where the derivative of X, is discontinuous. Thus (8.4.30)
becomes

t
/ dr u(r') gy () + j/ ds'go.y (1) = )\ff’s(t). (8.4.32)
Ry

N

References

1. D. Revuz, M. Yor, Continuous martingales and Brownian motion, Grundlehren der Mathema-
tischen Wissenschaften, vol. 293, 3rd edn. (Springer, Berlin, 1999)

2. A. Fasano, Mathematical models of some diffusive processes with free boundaries. SIMAI
e-Lecture Notes (2008)

3. G. Peskir, A. Shiryaev, Optimal stopping and Free-boundary problems. Lecture in Mathematics
ETH Ziirich Birkhuser (2006)


http://dx.doi.org/10.1007/978-3-319-33370-0_3

Chapter 9
Existence of Optimal Sequences

In this chapter we will prove that there exist optimal sequences (see Definition 3.4)
and in the following one we will conclude the proof of Theorem 3.2. The proofs in
both chapters use extensively the representation of the solution of the heat equation
in terms of Brownian motions given in Chap. 7.

9.1 The Existence Theorem

Recalling Definition 3.3 we will prove in this chapter:

Theorem 9.1 Forany T > 0, € > 0 and u € U there is an e-relaxed solution of the
basic problem in [0, T] with initial datum u.

By the arbitrariness of € Theorem 9.1 proves the existence of optimal sequences.
Since € > 0 is fixed we will drop it from the notation and simply write X,, py for
X t(e), p9(-, 0). We take py continuous, with compact support and such that [ |u —
pol < €. Let then X be such that [0, X] contains the support of py and let

t
X, =X, +/ dsV, Vpiecewise constant in [0, T]. 9.1.1)
0

We will show that for a suitable choice of the piecewise constant velocity Vy the
solution of (2.0.2)—(2.0.3) is the e-relaxed solution we are looking for. The proof is
iterative, we introduce a time grid of length ¢*, t* = j_' €, and prove that there is V

so that the solution p(r, ), t € [0, t*], of (2.0.2)—(2.0.3) with X; = Xy + V¢ is such

that
/p(r,t)dr—/ po(r)dr
R, R,

We will prove also uniformity on the initial datum to iterate.

<e, / p(r,t*)dr:/ po(r)dr. (9.1.2)
R, R,
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9.2 The First Step of the Iteration

Let
Vi=—-"—" V>V* X' =X+ Vt

and u be a continuous, non-negative function with support in [0, X ] such that [ u =
[ po- Letu™)(r, 1), t € [0, t*], be defined as

t
uV(r, 1) ;=/ Ggf;“e“m(r’,r)u(r/)dr’Jrj/ GY"™O,r)ds.  (92.3)
R, 0

Then, see (8.3.23), u")(r, 1) is the solution of (2.0.2)~(2.0.3) with edge X and
initial datum u. We denote by A[’g,vt] (u) the mass lost in the time interval [0, ], see
(8.4.25). The next lemma proves the intuitively evident fact that if X,, — 0 then
all the mass is taken out of the system, both that present initially and that injected
through the origin.

Lemma 9.2 Aff)t/t*](u) converges to jt* + F(O;u) as V — V*.

Proof LetV > V*andshorthand 6 = X\ = X+ Vt* = (V —V*)t*sothat§ — 0
as V — V*. Then by (8.4.25) and (8.3.23)

0.2t 4 FO0) = Ay = [ ptrrtyar
Ry

< /R+u(r’)P,,,0[B,* < 5] ar’ +/0'* iPos [B,* < 5] ds.

By (8.2.6),

20
N 27t* '

25
V2 —9)

Poo| Be = 0] < Pos[ B =48] <

which yields

26 +4j6Jt_*
N 2mt* 27 ’

Thus Afﬁ)yv,*](u) — jt* 4+ F(0;u)as V — V* because § = (V — V*)t*. O

0 = ji* 4+ F(0;u) — Al o)) < F(0; u) -

Also the next lemma is quite evident as it claims that there is no mass loss in
the limit V' — oo. These two lemmas together with Lemma9.4, which states that
\4 . . .
Af(()y (1) depends continuously on V, will then show that there is a value of V' for

which A[)(‘),Vt*](u) = jt*. The second equality in (9.1.2) will then be proved.
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Lemma 9.3 Aff)t/,* J(u) converges to 0 as V — oo.

Proof Let ( > 0,V = ("% andr < Xo — (4. Call t; = k¢ and 1y = Xo + Vi,
then

1%
Pr',o[TOX = l*] < P,r,o[max B, > rk,l].

o0
1<ty
k=1

Denoting by Q,.¢ the law of the Brownian motion on the whole R (i.e. without
reflections at 0), we have
Pr’,O[maX B, > rk—l] < 2Qw,o[max B, > rk—1]~
1<ty 1<t
By Doob’s inequality (see [1])

00 e—ﬁ(

Pr’,OI:IPSE}z( B, = kal:l = 4Qr’,0|:Bt1( = Vk—l:l < 4//«1 Akl dx

2

4 ‘L/oo L e <adie 9.2.4)
< 4e WL x < e K 2.
- wh N2TRC T

so that the first term on the right-hand side of (8.4.26) is bounded by

o0
1 _ k.
ltllooC? +4v2lully D e 57
k=1

which vanishes as ¢ — 0. An analogous argument (which is omitted) applies to the
second term on the right hand side of (8.4.26). O

Lemma 9.4 A[’f),vl*](u) depends continuously on 'V in (V*, 00).
Proof We consider the difference A%, (u) — Aff),vt/*](u) with V* < V < V' and call
0 = (V' — V)t*. We need to prove that the difference vanishes as 6 — 0. To make

notation lighter we shorthand X = {X, = X + Vt} and X' = {X| = Xo + V't}.
Then by (8.4.27) and (8.4.28),

*=0
| A% ) = A @) 5/0 Fds) Py o[ = ]+ Ry 925)
F(ds) = / dr'u(r'VFJy(ds) + j / ds' Fy'y (ds).
R, 0
Rs ;:/ dr’u(r’)P,/,o[Té( € [t* -0, t*]:|
R

l*
+j/ ds Py, I:TSX € [ max{s, r* — 6}, t*]]
0
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We are going to prove that there is a function o(§) which vanishes as § — 0 so
that
sup P, [T.f‘ > t*] <0(9). (9.2.6)

0<s<r*—§

Fix s < t* — § and define o := inf{t > s : B, ¢ (X; — 01, X, + ad)}, with
o > V' 41, then

Py, I:’TYX > t*] < Px.s I:O'S > 5+ 5] + Px, s [B(,: < X(',x; o, <5+ 5]
< Pxufoy > s+ 0]+ Pru[Br =X =01 027
because, by the choice of «, if B, = X; + «ad then B, > X , as one can check

that X; +ae > X|_ ;. Since P, [B(,A_ =X, — 6%] is a linear function of » which has

value 1 atr = X, — 5 and is equal to 0 at r = X; + «d, it follows that
Px., [Bm — X, — 5%] <adi (9.2.8)
Since the probability density of By s — X, is e/ (278)~1/2 we have

Prfos i) = P [l -xi=dl] < =8 029

2
so that (9.2.6) is proved. We then have that the first term on the right-hand side of
(9.2.5) is bounded by:

0(5)/ h(s)ds < o0(d) - (F(O; u) + jt*).
0

We shall next bound the probabilities in Rs5. Call Y = X,«_5 = Xo + V(* — ),
then

P,,,O[Tg‘ e[t* -0, z*]] < P,,,O[B,*,g e [Y — o, Y]]

+ sup P,r/,,*_(;[ max B, > Y]. (9.2.10)
1 re[r*—6,*]
r'<Y—§%

As before we have

1 5
Poo|BrselVY —64,Y]| < — .
o|Brsel )= s
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Now suppose r” € [0, Y — 541, then

P,v,t*_(;[ max B, > Y] < P,n,,*_(;[ max (B; —r") > 5%].

te[t*—o,r*] te[t*—o,r*]
By the same argument used in (9.2.4), the latter is bounded by

X
X 7%

2PV’,t*—6[Bt* —r' > 5%] < 2/l ¢ dx < 4\/§e7%ﬁ
54 2T

Analogous bounds are proved for P g I:TSX € [r* -9, t*]], we omit the details.
We have thus proved that also Rj is infinitesimal with . (]

9.3 The Iteration

Corollary 9.5 There exists a V such that

v C % v . .k
Al @) = jt*  and  sup|AR  (u) — jt| < jt*. (9.3.11)
t<t*

Proof The equality in (9.3.11) follows from Lemmas9.2-9.4. The last statement

holds because Af(()yvt] (u) is a non-decreasing function of ¢ which is equal to jr* at
=t O

By (8.3.12) and (9.2.3) the function u" (7, t*) is continuous with support on
[0, X)] and by (9.3.11), [u(r,t*)dr = [ po(r)dr. Thus u" (r, *) has the same
properties as the initial # and we can iterate the procedure constructing a function
pX(r, t) with X, having constant velocity in each interval [kz*, (k 4+ 1)t*) and such
that | [ p*(r,t)dr — [ po(r, t)dr| < € at all times ¢ € [0, T]. Theorem9.1 is then
proved.

Reference

1. D. Revuz, M. Yor, Continuous martingales and Brownian motion, Grundlehren der Mathema-
tischen Wissenschaften, vol. 293, 3rd edn. (Springer, Berlin, 1999)


http://dx.doi.org/10.1007/978-3-319-33370-0_8

Chapter 10
Proof of the Main Theorem

In this chapter we will first prove Theorem 3.15 and then Theorem 3.2. The main point
will be to show that the elements of an optimal sequence are eventually squeezed
between the upper and lower barriers which will be proved using the representation
of the solution of (2.0.2) and (2.0.4) in terms of Brownian motions, as discussed in
Chap. 8. In Sect. 10.2 we will use this to prove Theorem 3.15 while Theorem 3.2 will
be proved in Sect. 10.4.

10.1 The Key Inequality

We fix T > 0 and py € U. Let §y > 0 be such that py € Uj,, by default in the sequel
0 < &o. We also fix an optimal sequence in [0, 7] with initial datum py, see Defini-
tion 3.4. We will prove:

Theorem 10.1 Lett € (0,T], § € {27%¢t, k e N} with k large enough. Then

t
SITP 0 S p D S S0 modulo 26, (10.1.1)

The proof of Theorem 10.1 is reported in Sect. 10.3. We first use it to prove The-
orem3.15.

10.2 Proof of Theorem 3.15

From the key inequality (10.1.1) Theorem3.15 easily follows. In fact by definition
of optimal sequences, [ |p‘(r, 0) — po(r)ldr < €,, then

po < p(,0) moduloe,, p“(-,0) < py modulo e,.
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Thus by (6.4.1) >~ py < SO~ p (-, 0) modulo €,. By Lemma6.4 and (10 1 1),
S po < p'(-,t) modulo €, + £ 5 2€q. An analogous argument applies to S £0,
hence

g0 (&) 5t z
= po < p (1) < S modulo % 26, + . (10.2.2)

We keep ¢ fixed in (10.2.2) and let €, — O:

F(r; S>~ po) <11m1an(r P (-, 1)) <11msup F(r; p' (-, 1) < F(r; >+ po).

" (10.2.3)
By Theorem 3.14 letting § — 0,

F(r; S;po) <11rn1an(r P (-, 1)) < limsup F(r; p(-, 1)) < F(r; Sipo)

e, —0
which proves that

l1m F(r; p') (-, 1)) = F(r; S;po). (10.2.4)

This shows that p'“’ (-, t) converges in distribution to S; py and hence it converges
weakly as well.

10.3 Proof of Theorem 10.1

To simplify notation we write € for ¢, u for p(f”) callt = NO, u(r, ko) = p(e) (r, k9).
Theorem 10.1 then follows from showing that for all k < N:

Sko u<u(,kd) < S,f modulo 2ke (10.3.1)

because (10.1.1)is (10.3.1) with k = N. The proof is by induction on k. The case k =
1 is notationally simpler and even if it can be recovered by the induction procedure
when we start it from k& = 0 (for which (10.3.1) trivially holds), we will prove it
explicitly to give an idea of the general case. The only difference when treating the
case k = 1 is that (10.3.1) holds modulo €, while in the general case there is the extra
factor 2: this is due to the fact that the approximate mass conservation gives:

[Aj.r(u) — jtl <€ |Apnw) —jt —s)| < 2e. (10.3.2)

10.3.1 The First Step of the Induction

We will prove separately the two inequalities in (10.3.1) with k = 1.
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10.3.1.1 Lower Bound
We shorthand Sg’_u = v~ (-, 6). With this notation the lower bound in (10.3.1) for
k = 1 reads as

v (-, 0) = CsTsu < u(-,6) modulo e. (10.3.3)

By (8.2.10)
§
F(r; Tyu) =/ u(r’) P,r,O[Bg > r]dr/ +j/ Po,s[Ba = r]ds
R, 0
while, by (8.3.24),

F(r;u(,9)) :/ u(r’) Pr/’()I:T(i( > 0; Bs > r]dr’

Ry

b
+ j/ PO,S[TXX > 0; Bs > r]ds.
0

Since
X .

sup ‘A[OJ](M) - ]t‘ <e

te(0,6]

by (8.4.26)

Foriueon = [ ue) PealBs = rlar+ " Pou[Bi = r]as
0

+

—(jo+e = F(@r; Tsu) — (jo +e).

Thus
Tsu < u(-,6) modulo jé+e€

and therefore by (6.3.8)
CsTsu < u(-,0) modulo €

which proves (10.3.3).

10.3.1.2 Upper Bound

We shorthand S§’+u =vr(,0);u; =u— Csu;ug = u —u; = Csu. Then

)
v, 6) =/ uo(r’)GSi';m(r', r)dr’ + ]/ GY5™(0, r)ds = Tsuo(r).
R, 0
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By (8.4.31) and writing in the sequel AX (s) for AX ((s),

0 0

5
u(r, 6) = Tsug(r) —/ )\fo(s) sy (Xg,r)ds —+—/ ul(r/)Gé’O."e“m(r/,r)dr’.
0 R,

Calling
1(r) := F(riv* (., 8)) — F(ri u(-, 0)) (10.3.4)

we then get

4
””=/dﬂﬁ®%ﬁ%zﬂ—/dmmwnmmznﬁ>m
0

Ry

which can be rewritten as

§
Iv)zt/ ds A\ (s) Px, s[Bs > r]
0

—/ dr'uy(r'y Py o[t > 61 Poo[Bs > r |78 >8] (10.3.5)
R,

with
P olBs > r; 78 > 6]

Py ol > 4]

ProlBs = 7|75 > 6] =
the conditional probability that { Bs > r} given that {T(f( > ¢§}. Let
§
D= / ds A (s) — / dr'uy(r') Py ol > 1. (10.3.6)
0 R,
D can be rewritten and then bounded as follows:

5
D =/ ds \K(s) —/ dr'u (r"), |D| <e. (10.3.7)
0 R,

The inequality follows from the following facts: f(f A (s)ds = Ao s (),
[ dr'ui(r') = jd, by the definition of u; and |Ag s(u) — ji| < e.
Let ¢ be such that

0
/ ds Affo(s)=/ dr’ quy(r') Py o[y > 6]. (10.3.8)
0

Ry


http://dx.doi.org/10.1007/978-3-319-33370-0_8

10.3 Proof of Theorem 10.1 65

By (10.3.6)—-(10.3.7)

‘(1 —q) | dr'uy()Poolrl > 6l =|D| <e (10.3.9)
R,

so that

0
‘I(r) - (/ ds\) (s)Px, s[B; > r] (10.3.10)
0

<e.

_/ dr' qu(r') P,/,O[T(f( > 0] P o[B; > r | T(f( > 5])
Ry

We will prove that for any r the curly bracket is non-negative which by (10.3.4) gives
the desired upper bound

u(-,0) < v, modulo e.
Since the measures )\ffo (s)ds on [0, 6] and {qu,(r") P,r,()[T(f( > §]}dr’ on [0, Xo] have

same mass, and since they are both non-atomic, by the theory of Lebesgue measures,
see for instance Roklin [1], there is a map I" : [0, X(o] — [0, §] such that

4
/ ds \X (s) Py (B, > r]
0

:/ dr' quy () Pool7id > 8 P, ren| By = | (10.311)

Ry

In the next subsection we will prove that
P,,,O[B(; >r | > 5] < th,t[B(g > r], F €0, Xo), £ €[0,8) (103.12)

which completes the proof of the upper bound.

10.3.2 A Stochastic Inequality

In this subsection we will prove (10.3.12), by using coupling between Brownian
motions. Let 7" and 7 be as in (10.3.12). Recalling (8.3.16),

X;
Pr’,O[B5 >r | 7_0)(’ - 5:| =/ G())(’.,tneum(r/7 Z) PZ,II:B(5 >r ’ TZX > 5]dZ
0
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so that (10.3.12) will follow from
Pz,z[B6 >r|rt > 6] < PX,,;[BJ > r], z€[0.X). t€[0,5) (103.13)

which will be proved in the remaining part of this subsection.

Let y~! be a positive integer (eventually v — 0), Bi(l),i =1, ..,v ! independent
Brownian motions which start moving at time ¢ from X, and denote by P their
law and by E(" the corresponding expectation. We will use the identity:

Px,,r[Ba > r] =£e® [VZ 1[,,+oo)(B;‘>(5))]. (10.3.14)

i=1

We can proceed in an analogous way with PZ,,[B(; >r | X > 5] which is now
conveniently rewritten as

Pz’t[B‘s >r|rt > 5] = Pz,t[B(s >r; 7N > (5]

x(l n {1_;% . 1}) a(z) = PZ,,[@X < 5]. (10.3.15)

Calling N, := the integer part of 7’1{17;(@ — 1}, we then consider Bi(z) , =
1,..,7 ' + N,, independent Brownian motions which start at time ¢ from z and are
removed once they reach the edge X,. We denote by P® such a law and by E® the
corresponding expectation. We have:

Y +N,

PZ,,[B(; > 7|7 > 5] = lim E® [7 D 1[,,%0)(352)(5))]. (10.3.16)

i=1

The equality follows using (10.3.15): it holds only in the limit because of the
integer part in the definition of N.. We are going to couple the Brownians Bi(l)(s)
and Bi(z) (s): this means that we will define a probability P on all B,-(l) and BI.(Z) such
that the marginal law of the Bi(l) is PV and the marginal law of the Bl.(z) is P@.

At the initial time # we have vy~ 4 N, (2)-particles at z and v~ (1)-particles at X, .
We say that the (2)-particle with label i < v~! is married with the (1)-particle with
the same label i. The (2)-particles with label i > ! are called single. We are going
to couple the evolution of the married pairs in the following way. B[(l) (s) and Bi(z) (s),
s>t10 < ’y’l move independently of each other till when they meet, from then on
they move in the same way (observe that sz) (s) < Bi(l)(s) because the inequality
holds initially). The coupling stops when Bi(z) (s) = X, because at that time Bi(z) (s)
must be erased. We let all married pairs move independently of each other and of
the single particles and this defines the coupled process till the first time s when the
(2)-particle, say with label i, in a married pair reaches X. We define the process after
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time s by redefining the broken pair: we take the single (2)-particle still alive at time
s with smallest label, say j, and we say that at time s* the (2)-particle with label j
is married with the (1)-particle with label i. The process is then continued with same
rules till time 4. If it happens that there are no longer (2) single particles, a broken
pair cannot be reconstructed and there are (1)-particles which become single. We
denote by P the law of this coupled process and by E the corresponding expectation.
The important features of this construction are:

e In a married pair the position of the (1)-particle is always > than the position of
the (2)-particle.

e Single particles are all of type (2) till when the number of deaths of (2)-particles
is < N, and are all of type (1) afterwards.

Therefore
P Bszr| = Pu[Bszr |7 = 6] = —lim E[1K,] (10317)

where
YN,

K”/ = max {O’ N”V - Z lB,-Q)(S)ZXS, for somes,e[t,&]}‘

i=1
By the law of large numbers for independent variables, for any ¢ > 0,

v 4N,
lim P[ "Y z 131(2’(5)=Xx, for some s €[,8]

~—0
! i=I

—(1+ YN, P 7Y < 5]’ < g] =1. (10.3.18)

Recalling the definition of a(z) we have

a(z) .
0l=—"—=1 N,.
=9l 1 —a(z) 71_1)1})77

111%(1 + 'YN",/)Pz,t[TtX
"y—)
Thus from (10.3.18) we have that
YN,
}ILI%)P[ ‘7 Z 131@(5):)(“ for some s €[¢,6] ryN’Y‘ = C] =1,
! i=1

hence lim P[vK, < (] = 1 which yields lim £ [vK,] = 0, thus the right-hand side
> oind
of (10.3.17) is equal to 0. U
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10.3.3 The Generic Step of the Induction

‘We suppose by induction that for all n < k:
SOTu g u(-,nd) < 5tu modulo 2ne. (10.3.1)
The lower bound. Call u*(-) = u(-, kd). Then
SPTu* Lu, (k+1)9)  modulo 2e. (10.3.2)

The proof of (10.3.2) is the same as that in Sect. 10.3.1.1, here we have a bound
with 2¢ because unlike in Sect. 10.3.1.1 we have

sup A[)f)t](u*) — jt| < 2e.
1€[0,6] ’

By the induction hypothesis
STu<u* modulo 2ke. (10.3.3)
Then by Theorem 6.12
Winsl < SyTut modulo 2ke (10.3.4)
which by (10.3.2) yields
Sor st < uC, (k+ 1)o) modulo 2(k + 1)e. (10.3.5)

The upper bound. The same proof applies for the upper bound. We just repeat it
for the reader’s convenience. We have

u(-, (k+1)90) < S§’+u* modulo 2e. (10.3.6)

Using the same proof as that in Sect. 10.3.1.2, again the bound with 2e is due to
the bound IA[’a,](u*) — jt| < 2e. By the induction hypothesis

u* < St modulo  2ke. (10.3.7)
Then by Theorem 6.11
Syt < Sy s modulo 2ke (10.3.8)
which by (10.3.6) yields

(-, (k+1)0) < Sty su modulo 2(k + De. (10.3.9)
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10.4 Proof of Theorem 3.2

e (a) is proved in Theorem9.1.

e (b) is proved in Theorem 3.15.

e (c) is also proved in Theorem3.15 where we identify a relaxed solution with the
element S; pp which separates the barriers.

e (d) follows from the identification theorem, Theorem 3.15, and item (5) of Theo-
rem3.14.

e (e) follows from property (9) of Theorem 3.14 (via Theorem 3.15).

e (f) follows from Theorem 3.15 and item (7) in Theorem 3.14.

e (g) follows from (7) of of Theorem 3.14 (via Theorem 3.15).

e (h) Let py be a classical initial datum and let u be the (local in time) solution whose
existence has been proved in Theorem 3.1. Since u can be regarded as an optimal
sequence with ¢, = 0 for all n, then by (¢) u = p.
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1-52 (1962)


http://dx.doi.org/10.1007/978-3-319-33370-0_3
http://dx.doi.org/10.1007/978-3-319-33370-0_9
http://dx.doi.org/10.1007/978-3-319-33370-0_3
http://dx.doi.org/10.1007/978-3-319-33370-0_3
http://dx.doi.org/10.1007/978-3-319-33370-0_3
http://dx.doi.org/10.1007/978-3-319-33370-0_3
http://dx.doi.org/10.1007/978-3-319-33370-0_3
http://dx.doi.org/10.1007/978-3-319-33370-0_3
http://dx.doi.org/10.1007/978-3-319-33370-0_3
http://dx.doi.org/10.1007/978-3-319-33370-0_3
http://dx.doi.org/10.1007/978-3-319-33370-0_3
http://dx.doi.org/10.1007/978-3-319-33370-0_3
http://dx.doi.org/10.1007/978-3-319-33370-0_3

Chapter 11
The Basic Particle Model and Its

Hydrodynamic Limit

In this chapter we study the hydrodynamic limit of the particle version of the basic
model which has been introduced in Chap.2. We will prove in this chapter conver-
gence of the empirical density to the solution of the FBP of Part I, see Theorem 3.1.
In Sect. 11.1 we recall the definition of the particle system and state the main result.
In Sect. 11.2 we outline the strategy of the proof which is then given in the successive
sections.

11.1 The Model and the Main Result

We fix an initial “macroscopic profile” po(r), r € R.: we suppose that po(r) is
smooth, has compact support and satisfies the assumptions in Theorem 3.1, so that
the FBP with initial datum py has a solution (at least for a positive time interval).

The N particle “approximation” of pg consists of a system of N particles, with their
positions, x1(0), ..., xy(0), distributed independently with the same law po(r)dr.
Their dynamics are defined by letting the particles move as independent Brownian
motions (with reflections at the origin) till the first time #; of a Poisson point process
on R, of intensity N (for notational simplicity we take here the parameter j of Part
I equal to 1; we are interpreting the events of the Poisson point process as times).
At t; the rightmost particle is moved to the origin. After #; the particles move again
as independent Brownian motions(with reflections at the origin) till the second time
1, of the Poisson process when the rightmost particle (at time #, ) is moved to the
origin. The operation is repeated with the same rules and the process is thus defined
for all times (because with probability 1 the Poisson process in a compact has a finite
number of events). We denote by x () = (x;(¢), ..., xy(¢)) the particle configuration
at time ¢ and by P™ the law of {x(¢), ¢ > 0}.

We finally define the “empirical mass density” at time ¢ > 0 as the probability
measure on R given by
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N
1
7M(dr) = ¥ > b (rydr. (11.1.1)
i=1

Our main result in this chapter is:

Theorem 11.1 [Hydrodynamic limit] For any t > 0 and any € > 0,

lim P(N)[sup

N—oo >0

00 [e’e]
/ 7 (dr') — / S,po(r’)dr’\>e]=0 (L.1.2)

where S, py is defined in Theorem 3.14.

S; po(r) coincides with the solution p(r, t) of the FBP till when the latter exists,
as it follows from Theorems 3.15 and item (f) of Theorem 3.2.

11.2 Strategy of Proof

The proof of Theorem 11.1 follows the way we proved Theorem 3.2. The first step
in fact is to introduce stochastic upper and lower barriers x%* () with the property
that forall t = k8, k e N,

T < x() <T@ (11.2.1)

with P)_probability 1. The relation < is defined as in (3.6.1), namely two config-
urations x and y are ordered, x <y, if for any r > 0,

lx N [r, 00)[ < |y N[r, 00)l, (11.2.2)

having regarded x and y as subsets of Ry. (11.2.2) can also be stated in terms of
the empirical mass densities: calling 7 (dr) and 7'(dr) the probability measures
associated to x and y via (11.1.1), then (11.2.2) can be written as

/OO n(dr') < /OO 7' @dr').

The definition of the stochastic barriers x**(¢) is completely analogous to the
definition of the barriers Sf % and it will be given in Sect. 11.3 together with a proof
of (11.2.1).

The second step in the proof of Theorem 11.1 is to relate the stochastic and the
deterministic barriers. Fix ¢ > 0 and by default in the sequel § € {27"¢, n € N}. We
will prove that for any € > 0,
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lim P<N)[sup
N—oo >0

>Ne]=0.

(11.2.3)

The proof of (11.2.3) is not too hard because the processes x**(¢) are essentially

independent Brownian motions (with reflections at the origin) except at a finite

number of times, namely the times k§ < ¢. Equation (11.2.3) is proved in Sect. 11.4.

The conclusion of the proof of Theorem 11.1 is at this point a three € argument

as we use (11.2.1) to relate x (1) to x>% (1), (11.2.3) to relate x**(1) to $>* py and
Theorem 3.14 to relate Sf + Po to S; po, the details are given in Sect. 11.5.

o0
() N [r, 00) = N / % por)dr’

11.3 The Stochastic Barriers

We fix § > 0, K € N, and with probability 1 we may and will tacitly suppose in the
sequel that no Poisson event occurs at the times k3, k € N. We define the processes
ﬁ’i(t), t < K, iteratively. We thus suppose to have defined ga’i(t) fort < k§ and
want to define it till time r < (k + 1)4.

We start from x%~(¢). The particles of x*~(¢) move as independent Brownian
motions (with reflections at the origin) till time #; which is the first Poisson event
after k3. At t;" a new particle with label N + 1 is added to x>~ (¢;") and put at the
origin. The same rule is used at the successive times #,, € [k8, (k + 1)5] of the Poisson
process so that at time (k 4 1)§ we will have a configuration y with N + m particles,

m the number of Poisson events in [k, (k + 1)8]. )_c‘s”((k + 1)6) is then obtained
from y by taking away the rightmost m particles and relabeling the remaining N
with labels 1, ..., N in some arbitrary way.

The definition of the upper barrier x°* () requires some more care as it will be
defined for each § only in a subset whose probability however goes to 1 as N — oo.
Such a subset depends only on the Poisson process: denote by n; the number of
events of the Poisson process in the time [k8, (k + 1)8]; we will then define x> (),
t < K§, on the subset {ny < N,k =0,..., K — 1} observing that for any K and
any § € (0, 1),

Jim P<N>[{nk<N,k=o,...,1<—1}]=1. (11.3.1)

N—o00

We next restrict to realizations of the Poisson process such that {n; < N,k =
0,..., K — 1}, we suppose iteratively to have defined g‘H(t) for t < k§ and want
to define it till time ¢ < (k + 1)8. We start by taking away from x%*((k8)™) the
rightmost n;, particles and let the remaining particles move as independent Brownian
motions (with reflections at the origin) till the first time s; of the Poisson event in
[k8, (k 4 1)8]. At this time we add a new particle at the origin and keep repeating the
above procedure till time (k + 1)§ where we have added ny particles, namely exactly
the same number of particles we had taken away initially, so that x>+ ((k + 1)8)*)
has again N particles.
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To prove the stochastic inequalities we will use the following notion: two Brown-
ian motions x(¢) and y(¢) with reflections at the origin are coupled increasingly if:

e y(0) > x(0).

e x(#) and y(t) are independent B-motions (with reflections at the origin) till the
first time 7 > 0 when they meet.

e x(-) is a B-motion (with reflections at the origin) and y(¢) = x(¢) fort > 7.

The marginal laws of x (¢) and y(¢) are the laws of Brownian motions with reflections
at the origin.

11.3.1 Stochastic Inequalities: Lower Bound

We will prove here the first inequality in (11.2.1) for all t = k8, k < K. We suppose
inductively to have proved that for k < n there is a relabeling of x%~(n8) such that

X7 (n8) < x;(né). (11.3.2)

We couple increasingly each pair xf (1), x;(¢),i =1,..., N, (each pair being
independent of the others) till the first time ¢ of the Poisson process in [n8, (n + 1)3].
If x; (t7) is the rightmost particle in x (¢ ™) then x; (t7) = 0. We then set

XN =0, ay @t =xD"@0).

We repeat this procedure for all Poisson times ¢4, . . ., t,, in [#§, (n + 1)§], (with
probability 1 we are supposing that no Poisson event occurs at the times k§). Thus
attimer = ((n + 1))~

X7 <xi(r), i=1,...,N.

If there have been m Poisson events in [18, (n 4 1)8] then x%~(¢7) has m other
particles, xlfs'f(t), i=N+1,...,N+m.

x5~ (%) is obtained by removing from x%~(¢) its rightmost m particles. We do it
iteratively. First we remove the rightmost particle, if its label is i > N we just take
it away. If instead i < N we relabel particle N + 1 as particle i, observing that

8,— 8= - 8o
XN =xy 07 x0T @) < x(0).
Thus after the first removal the inequalities xlfs TN <xi(t),i=1,...,N are
preserved. The same rule is used for the successive removals: if the rightmost particle

at a step has label >N we just remove it, if instead it has label i < N we take the
particle with the smallest label >N and relabel it as particle i. In this way we get

T+ D)8 <xi(n4+1)8), i=1,....N. (11.3.3)
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Thus by induction (11.3.2) is proved for all n < K hence the first inequality in
(11.2.1).

11.3.2 Stochastic Inequalities: Upper Bound

We will also use induction to prove the second inequality in (11.2.1). We thus suppose
to have proved that for k < n there is a relabeling of x>*(n8) so that

xi(n8) <x**tns), i=1,...,N (11.3.4)

and want to prove that the inequality remains valid at time (n + 1)§.

y(n8) := x>*((nd)™) is obtained from x**((n8)~) by taking away its m right-
most particles, having called m the number of events in the Poisson process in
the time interval [n§, (n 4+ 1)§]. We paint in red the particles to be taken away
and in blue the others so that the system at time (n8)" is described by the triple
(x(nd), y(nd), o (nd)), where o;(né) € {R, B},i =1, ..., N, according to the color
of y;. If o; = R the particle y; (nd) is fictitious, it is just put for convenience, the only
particles in xf’+((n8)+) are the blue ones, i.e. those with o; = B.

We will next define a joint process (x(¢), y(t), o (¢)), t € (nd, (n + 1)48], with the
property that its marginal x (¢) has the law of the true process while the marginal y(z)
once restricted to the blue particles has the law of x>+ (¢). We will also check that

(@) <@, 1<k<N, te®ms (n+1)] (11.3.5)

and prove that at the final time (n + 1) no red particles are left, so that the second
inequality in (11.2.1) will be proved.

We define the process iteratively and in such a way that in between clock events
each pair x;(¢), y;(t) is coupled increasingly and independently of the other pairs.
We thus need to check that at the clock events the inequalities are preserved. Let ¢
be a clock event and suppose by induction that x;(t7) < yx(¢7),k =1, ..N. Let

o [ :x;(t7) = max; x;(t7),
o j:x;(t7) =maxq_gxi(t7).

All colors o} and positions x; and y; of particles with label & different from i and j
do not change at . When i = j (namely when o; = R) we set x; () = y;(t7) = 0,
0;(tT) = B. Instead when i # j we set

o x;(tT) =y;(t7) =0,0;(t7) = B.

o x;(tT)=x;(t7),y;(tt) = y;(t7),0;(t*) = B.

‘We then have:

e The x-process is the true one.
e The y(1)-process restricted to the blue particles has the same law as x> (¢).
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o x:(tT) < w(),k=1,..., N, so that the induction property is proved.

e The number of reds decreases by 1 at each clock event, so that at the end there are
no red left and y(nd) = x5+ (n8). By (11.3.5) the second inequality in (11.2.1) is
proved.

11.4 Hydrodynamic Limit for the Stochastic Barriers

In this section we will prove convergence in the limit N — oo of the stochastic
barriers to the deterministic ones. We will use extensively in the proof the following
semi-norms which are “sort of weak L' norms”.

11.4.1 Semi-norms

Let Z be a partition of R into intervals of length ¢ > 0, the generic interval / € 7
being [n¢, (n + 1)£). To be specific from now on we take £ = N, 8 € (0, 1), and
write Zy for Z. Let u and v be positive, finite measures on R with same total mass.
We restrict in the sequel to the case where u is the counting measure associated
to x>*(r) and v(dr) = NS*Fpo(r)dr, t = k8. With this in mind we define for any
subset A C Zy,

e —vila= Z lw =i, N —=vilr ={nd) —=m;+v) —m;} (11.4.1)
Ie A

where for each I:
my; =sup{m € Z : m < min (M(I),v(l))}. (11.4.2)
Observe that m; > 0 and that

) —v(Dl < llw =Vl pd) = llw—vl;+v). (11.4.3)

‘We will derive upper bounds for ||;& — v||z by taking a real number m in (11.4.2)
which is < (/) and < v(I) (namely not necessarily the best value m ). This is used
in the proof of the next lemma:

Lemma 11.2 Suppose there are a real number ay, a subset Ay of Iy and ¢ > 0
such that o < u(l), oy < v(Il) and

Z ar > N —¢. (11.4.4)

Ie Ay
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Then
Il —vlilzy <4¢+2| Al (11.4.5)

Proof We have

N=> uh=N—-c+> ud, > ul) =<t

I1€Zy I¢Ap 1¢.Ao

Let B; be the largest integer m < ay, then, since m; > 0 and B; > a; — 1,

D) —ml <+ D ) =BI<c+N— D (r—1) <20 +]|A|

IeZy Ie A Ie Ay

having used (11.4.4) in the last inequality. An analogous bound holds for v, hence
(11.4.5). O

We will use in the next subsection the above lemma with { = N%, a € (0, 1). We
next state and prove some other elementary properties of the semi-norms where we
are fixing § > 0 and N, u stands for the counting measure relative to a configuration
x with N particles and v(dr) = NSf’i,oo(r)dr for some t = k§.

Lemma 11.3 In the above setup there is ¢ > 0 so that for any N,
my < v(I) < NP () < eN'"P = vl (11.4.6)

Proof The first inequality holds by definition, the second one because v(l) =
N [, 8% po(r)dr with ||S)"* pollL~ bounded for all # = k8. The last inequality fol-
lows from (11.4.3). U

Lemma 11.4 Let ¢ be as in Lemma 11.3 and let /(1) < u(I), v'(I) < v(l), then
" =" <l = vlls +2eN'P. (11.4.7)
Proof Calling m), € [0, m,] the quantity associated to u'(1) and v'([),
W) —my +v' (1) —my < p(l) —my+v() —my < ||w—vl;+2my,
because m; > m). O

The next lemma bounds the distribution-distance in terms of the semi-norms and
will be used in the proof of Theorem 11.1.

Lemma 11.5 Let ¢ be as in Lemma 11.3. Then for any r > 0

/Ooﬂ(dr') - /OO v(dr')

<|lu—vlz, +2cN"F. (11.4.8)
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Proof Given r > 0 let I be the interval which contains r and A the set of all I to
the right of Iy. Call ©'(dr’) = 1,75, u(dr’) and v'(dr’) = 1,75, v(dr’). Then

oo o0
I/ p(dr’ —/ vdr) < llw=vla+lu' =l

By (11.4.7) the right-hand side is bounded by ||t — v||z, + 2cN'=F, O

In the next lemma p’ is the counting measure relative to x” which is obtained from
x by taking away the rightmost N* < N particles. Analogously

V' (dr) = v(dr)l,<g,, / v(dr) = 8N.
R

v

Lemma 11.6 With the above notation
I = v'llzy < llw = vllzy +2eN'"F + 5N — N*|. (11.4.9)

Proof Call R, the position of the leftmost particle erased from x and suppose that
R, < R, (the opposite case is similar and its analysis omitted). Call /; and I, the
intervals of Zy which contain R, and, respectively, R,. We call A; the intervals (of
In) to the left of I}, Ajz those to the right of I; and A, those in between I; and I,.
Then

e = Vllz, =l = vlia, + e = vl + D v +v'(h)

Ie A,
<l = vlgun +2eN""F + " v() + /(1.
Ic A,
On the other hand
N = D0 {m A ) = myly+ () — @ ()],
1e A,UA3UL
SN = D" {m; + (1) —my1} + [v(L) — v(}].
IeAs

By taking their difference we get

D mi SINT =8N+ D [v() —my]+ [v(h) —mp,] = v(I3).
[EAQ lE.A}
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Thus

' = Vlizy <l =vllaon +2eNF+ > [wU) —m]+ |N* = 8N|.
Ie A,ULUA;

hence (11.4.9). O

We conclude this subsection by bounding ||ito — vollz,, where g is the counting
measure associated to the initial configuration x(0) with N particles and vy(dr) =
Nugy(r)dr. Let I be an interval which has non-empty intersection with the support
of ug. Since the particles x; (0) are distributed with law u(r)dr:

mo(l) = vo(I) —

(1xi<0>el - PM[x;(0) € I])‘. (11.4.10)

i=1

Since the x; (0) are mutually independent,

N—o00

N
im P(N)[sup > (1xi(0)e, — PM[x(0) € 1])| > N“O] =0 (114.11)
I st

provided that

1-8
0> ——. (11.4.12)

This yields (recalling that uo has compact support)

o — vollz, < cNFtHeo (11.4.13)

and since we want Nft% < N we need

1 —
a+ B <1, Tﬂ <ay<1-8. (11.4.14)

11.4.2 The Key Estimate

We fix § > 0 and a positive integer K. We call u,f, k=0,..., K, the counting
measure associated to x>+ (k8) and vE(dr) = S5F po(r)dr. We call Zy the partition
Z when ¢ = N5,

Theorem 11.7 There are o and B in (0, 1) and constants c. so that

K
lim P<N>[ N {||M,f —vElz, < N logt N] —1. (11.4.15)



80 11 The Basic Particle Model and Its Hydrodynamic Limit

Proof In the course of the proof we will introduce several parameters.

Choice of parameters. The main parameters are o and S: all  small enough
will work (in particular 8 < 1/2) while « should then be @ > 1 — 8/3. We fix the
parameter o in (11.4.12) as og = 1/2. Other parameters: o, = o3 > (1 — 8)/2 and
such that o > f + «3. Finally y = /3.

As the proofs are similar we will only check (11.4.15) for 1 and " Call P;"

the law of the process after time k8 conditioned on having x** (k8) at time k8. We
can then write

K
POT O fssd = viflz, = ceN®log V]
k=0

K—1
_ g™ H ,
=E [ Lt vz e tog N
k=0

x P{&’YQ((HM)[HW; —villz, < cx N logk N]] (11.4.16)

We will prove that for any k < K — 1 if x%*(k8) is such that ||/1,]_: — v,j||IN <

cxN*logh N then
PO [ it = vz < N log N} = 1—eey (11417)

x5+ (k8)

where limy_, o €;, 5y = O for all k. Applied to (11.4.16) it gives

POL O fina = vz, = N 10g N ]|

k=0
K—1

> POl fiaf = vfllzy < oV log N} ] — e (11418)
k=0

and by iteration

POTO It = vz, < ce10g N}
k=0

K—1
> PO[{Ieg = iz, s oV ] = D en.  (11419)
k=1

(11.4.15) follows from (11.4.19) and (11.4.13) choosing & > «y.



11.4 Hydrodynamic Limit for the Stochastic Barriers 81

We are thus left with the proof of (11.4.17). The first operation is the cutting. Call
N* the number of events of the Poisson process in the interval [k§, (k 4+ 1)8]. Since
N is the intensity of the Poisson process given any «; € (1/2, «) there are for any
n > 0 constants b,, so that

lim P<N>[|N* —SN| > N"“] <b,N". (11.4.20)

N—o00

Then by Lemma 11.6 calling " and v’ the measures 1, and vy after the cutting, we
may restrict to the case
i —Vzy < c;N*log" N, (11.4.21)

provided @ > 1 — B, @ > «; and with ¢, suitable constants. We start with v, and
using a gaussian bound,

S v =N pso. (11.4.22)
1¢[0,log N]

We partition the time interval [k§, oo) into intervals of length N~ the partition
J obtained in this way is Zy shifted by k§. We denote by J the elements of 7.
Let y € (0,28/3) (for the sake of definiteness y = /3, see the paragraph Choice
of parameters at the beginning of the proof) and #, the endpoint of the last J in
[0,6 — N77]. Then for any I C [0, log N],

v =D A+ > Bi+R (11.4.23)
I'eZy JC[0,6—N—7]
where
App =/dr/ Vi(drGyE™ (' r), By = N/dr/dt G™ (0, r),
1 14 1 J

(11.4.24)

§
R, = N/dr/ d1GI™(0, r). (11.4.25)

1 t,

Call x; and ¢, the centers of the intervals / and J, then

IGE™ (' 1) — Ge™ (xp, x| < cN P rel el

IGIS™ (0, 7) — G4 (0, x))| < NP2 r ey,

> R <cN'7, (11.4.26)
1
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where c is a suitable constant. Denoting by m/, the left-hand side of (11.4.2) when
w(l) — I’y and v(I) — V'(I'), we get

Vi1 () — M| < T + Ry, (11.4.27)
M= my G x )N+ DT G0, x )N T,
r JC[0,6—N—7]

I'=cN P —V|z, +cN'72P 4 cNIT2BHY2,

For p;4; we will only need lower bounds which will be obtained with similar
arguments. The analysis however will require probability estimates involving the
realization of the Poisson process and the motion of the Brownian particles. We start
from the former. Call ¢ the realizations of the process in [k§, (k 4+ 1)§] then

lim P<N>[ sup ||mJ|—N1*ﬂ|5N“2]=1, (11.4.28)
N—o0 JC[0,6—N=7]

provided a; > (1 — B)/2. We can thus restrict to ¢ as in (11.4.28). We thus have N
Brownian particles: those in x” which start moving at time k8 and N* Brownians
which start from the origin at times ¢. Call y; the position at time (k 4 1)§ of the
particle i and given [ call (y;) the probability that y; is in /. By the independence of
the motion of the particles we get:

Mz

lim P™|  sup [yer — ()] < N‘“] —1, (11.4.29)

N—00 [lc[o,logzv] P

provided a3 > (1 — B)/2. We will thus work in the set where (11.4.28)—(11.4.29)
both hold. If the label i refers to a particle t x; of x’ then

(i) =/ Gy " (x;, rdr.

Analogously, if the label i refers to a particle created at time #;, then

o) = [ G,
I
We use (11.4.26) and get a lower bound

(D) = My — A, (11.4.30)
A=N 4N =Vllz, +eN'7H 4 NI,
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To conclude the proof we use Lemma 11.2 choosing
ar=M;—T —R;— A, Ay={I C[0,logN]}.

We have |Ay| < NPlog N. By (11.4.27)

Z o > Z vea1 (1) — ZR, 2(I" + A)NPlog N.

Ie Ay Ie Ay

By (11.4.22),

2
D vl = N —e"le?
Ie A

so that using (11.4.26)

D ap= N —e N _eNTY —2(I + A)NPlog N.
Ie A

Thus by (11.4.5)
st = Vit llz, < 2NPlog N + 4{e 18N 4 N7V 4 2(I" + A)NP log N).

O

11.5 Proof of Theorem11.1

We fixt > 0Oande > 0and choose §in {27"¢, n € N} suchthats < e?and K : K8 =
t. As in the previous section we shorthand by ,u‘}f the counting measure associated
to the upper barrier xK(3 By (11.2.1)

o0 o0
/ n,(N)(dr/)f/ N~ St @drh. (11.5.1)

In the set || — 12Tz, < cxk N¥logX N, where vt (dr) = NS% po(r)dr, we
have by Theorem 11.7,

o0 o0
/ N*lu‘jf(dr’)g/ Se ¥ po(rdr' + cx N* 1 logk N, (11.5.2)

r r
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oo oo
| sitoehar < [ scmiar
r r
o0 o0
+{ / S%¥ po(rdr' — / Skspo(rHdr'y. (11.5.3)

By (3.7.4) the latter is bounded by

o0 s oo
/ Sgs po(r)dr’ — / Skspo(r")dr’
r - r ~
< / 825 po(rdr’ —/ S%po(rdr’ <262 (11.5.4)
By taking N large enough, cx N*~!logX N < €2, so that for all r > 0,

00 o0 *©
/ ™ dr' 5/ Stpo(r/)dr’+262§/ Sipo(rdr' + €

r

(for € small enough) in the set ||/VL§<‘Jr - vfg* Iz, <cxgN® logX N. By Theorem 11.7
this set has full measure in the limit N — oo hence the upper bound in Theorem 11.1.
The lower bound is proved in an analogous way.
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Part 11
Variants of the Basic Model



Chapter 12
Introduction to Part I1

In part I we developed a general approach to study problems with injection and
removal of mass. We showed that such an approach can be applied to the model
in the continuum (using deterministic mass transport inequalities), as well as to
interacting particle systems (where the inequalities hold point-wise for almost all
random trajectories). Indeed, it is precisely this common structure that allowed us
in Chap. 11 to prove that—in the hydrodynamic limit—the empirical mass density
of the basic particle model converges to the classical solution of the free boundary
problem defined by (2.0.2) and (2.0.4).

In part IT we discuss several problems that can, or possibly could, be studied using
the general approach of part I. We address the following issues.

®

(i)

We start by considering a model of particles that move as continuous-time
independent random walkers in the interval [0, N] N Z (with reflecting boundary
conditions). In addition, there is injection of particles at the origin and removal
of particles at the rightmost occupied site at the event time of two independent
Poisson point processes, both of intensity j/N . Itis well know that in the absence
of the injection/removal mechanism the empirical density field converges in
the diffusive scaling limit to the solution of the heat equation on [0, 1] with
Neumann boundary condition. We argue that the scaling limit holds true also
with injection/removal of particles. Namely, in the diffusive scaling the density
field of independent random walkers with current reservoirs converges to the
solution of the free boundary problem (2.0.2) and (2.0.4) now defined in the
interval [0, 1]. The hydrodynamic limit of this process process was considered
in [1]. We discuss in Chap. 13 the main differences with respect to the spatial
setting considered in part I (where particles could move instead on the half-line).
Next we address the consequences of having two independent Poisson processes
ruling the injection and removal of mass. Obviously in this case mass is no
longer conserved at microscopic level. However, since the intensity of creation
and removal of mass is j/N, one needs to go beyond the diffusive scaling to
see relevant mass fluctuation. We will see that indeed one needs to consider a
super-hydrodynamic limit (where time is speed-up by a factor N* and space is
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(iii)

12 Introduction to Part II

rescaled by a factor N) to find a meaningful scaling for this second time scale.
For the case of independent random walkers with current reservoirs this was
considered in [2] and it will be discussed in Chap. 14.

The last Chapter is devoted to the discussion of several models with different
mechanisms for creation and annihilation of particles. This includes models with
a diffuse injection of mass (which extends the model with creation of particles
at the origin), the Brunet-Derrida model (which is a model for a population
with Darwinian selection), as well as the Durrett-Remenik model. Next we will
consider models with two species of particles whose macroscopic behavior is
described by systems of free boundary problems. Last we will briefly discuss
models with only mass removal, in which the total particle number decreases
to zero. In this context the edge follows a monotonous trajectory and thus there
is a better control of the solution of the corresponding FBP, in particular the
classical solutions are global in time.
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Chapter 13
Independent Walkers with Current
Reservoirs

In this chapter we consider the model introduced in [1], consisting of independent
particle moving as continuous time random walkers on a finite lattice, including
injection of particles at the origin and removal from the rightmost occupied site. We
discuss similarities and differences with the setting developed in Part 1.

13.1 Introduction

The basic problem that was discussed in part I is rooted in non-equilibrium statistical
physics. Indeed the derivation of macroscopic laws of transport from microscopic
models of interacting particles is a central theme in the mathematical physics lit-
erature. For instance the heat equation arises as the hydrodynamic limit of a large
class of models with diffusive behavior. When the microscopic system is open there
are different possibilities to model the interaction with the exterior. Traditionally the
system is coupled to so-called density reservoirs that impose a given density-field
at the boundary of a fixed domain. As explained in the Introduction of Part I it is of
interest to consider the situation in which one would rather like to fix a current-field
at the boundary.

The idea of current reservoirs has been introduced in a series of recent papers
(see e.g. [1-7]). The main difference—compared to the traditional setting of den-
sity reservoirs—Ilies in the topological nature of the interaction among particles. In
systems with density reservoirs the addition/removal mechanism is of a metric and
local nature (only particles at boundary sites interact with the reservoirs). In the set-
ting of current reservoirs the interaction is topological and highly non-local, indeed
the determination of the particle to be removed requires knowledge of the entire
configuration.

In this chapter we shall investigate another interacting particle model (somewhat
similar to the model in Chap. 11) whose hydrodynamic limit is again related to the
basic problem of part I. The main differences will be the following.
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e The microscopic dynamics of each single particle will be given by a continuous
time random walk. A system of independent random walkers is a more detailed
description of the microscopic particle dynamic and thus it better serves the aim
of being a physical model for heat conduction. On the other hand this modification
will require an additional diffusive scaling limit, that was not needed for particles
moving as Brownian motion.

e Furthermore, to model a finite system, we will restrict the dynamics to a finite
interval [0, N]NZ, with N an integer. The creation of particles will always occur
at the origin, whereas the removal of particles will be at N if a particle is present
there, or in the rightmost occupied site if the site N is empty.

e We will relax the assumption of particle number conservation at microscopic level,
by using two independent exponential clocks for the creation and annihilation of
particles. As a consequence the macroscopic mass will be conserved in the diffusive
scaling limit, whilst it will fluctuate on a longer time scale, which will be called
the super-hydrodynamic limit (see Chap. 14).

This model has been named in [1] as independent random walkers with current
reservoir. Calling j > 0 the parameter that controls the amount of the imposed
current, the system evolves according to the following simple rules (for a precise
definition see the following section):

(i) particles move as independent, symmetric random walks on a finite interval of
size N with reflections at the boundaries;

(i) new particles are created at rate j/N at the left boundary while the rightmost
particle is killed also at rate j/N.

See Fig. 13.1 for a pictorial description.

It is worth observing that the replacement of Brownian particles of Chap. 11 with
continuous time random walkers allows us to interpret the system as a queuing
model with a spatial structure [8, 9]. Namely, customers enter the queue at the origin
following a Poisson process, stay in the queue by changing randomly their position
and leave the queue when they reach the rightmost site (being served at the event

SR SR I

. SR
0 N

Fig. 13.1 Current reservoirs: particles are injected at the origin at rate j/N and also the rightmost
particle is removed with the same rate (two independent clocks are used)
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time of another Poisson process). The load of the queue at any given time is thus
given by the total particle number, whereas the waiting time before being served is
related to the location of the rightmost occupied site.

13.2 Definition of the Model

We consider a Markov process {&;, t > 0} on the space §2 of particles configurations
& = (£(x))xefo.n]> the component {(x) € N is interpreted as the number of particles
at site x. The generator L of the process, working on functions f : 2 — R, is the
sum of three contributions!

L=L"+L"+ LM, (13.2.1)

The first term L is the generator of the independent random walks process
=
LOF© =52 LY F©). (132.2)
x=0

LY fO=E@) (FETH = FO)+Ex + D (fETH = £(O) (13.23)

where £ denotes the configuration obtained from £ by removing one particle from
site x and putting it at site y, i.e.,

¢4) ifz #x,y,
V) =3¢ —1lifz=n,
)+ 1ifz=y.

L describes independent symmetric random walks which jump with equal prob-
ability after an exponential time of mean 1 to the nearest neighbour sites, the jumps
leading outside [0, N] being suppressed (reflecting boundary conditions).

The term L™ in (13.2.1) is given by

L f () = % (FE) = FO), €7(x) =£x) + v, (13.2.4)

where J, , denotes the Kronecker delta. For j > 0, it describes the action of throwing
into the system new particles at rate <, which then land at site 0. Instead L' removes
particles and is defined as

IThe three terms above have a volume dependence, however the dependence on N is not made
explicit.
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L€ =2 (fE) = F©). & @ =Ew —d.5 (13.2.5)

where _
£(y) >0 fory = R¢

- (13.2.6)
£(y)=0 fory > R¢.

Iéé is such that: [

We also impose L™ f (&) = 0 if Rg does not exist, i.e. if £ = 0 is the empty
configuration.

13.3 Hydrodynamic Limit

The paper [1] proves the existence of the hydrodynamic limit for independent random
walkers with current reservoirs on a finite macroscopic volume, i.e. the existence
under diffusive space-time scaling of a well-defined function p(r, t) describing the
evolution of an initial profile pi, (7). In addition, in [1] it is also proved that p(r, )
is the unique separating element of suitably defined barriers.

In this section we recall the main results of [1]. While we refer to the original
paper for the proofs, we provide here the main ideas that are used in the proofs.
We shall denote by PgN) the law of the process {&, ¢ > 0} in the interval [0, N]
with generator L given in (13.2.1) and started at time O from a configuration . We
consider initial macroscopic profiles pjyic () that, similarly to part I, belong to the set

1
U= [u e L>([0,1],Ry) N LY([0, 1], R,) : / u(r)dr > O] .
0

The configuration ¢ from which the process is started must approximate the initial
macroscopic profile in the sense of local averages. That is, the following assumptions
are made on the initial particle configuration. Fix 0 < a, b < 1 and denote denote
by ¢ the integer part of N”. Then we assume that for any N the initial configuration
¢ verifies

1 x+L—1 N x/N+t/N 1
_ _ .. <
xe[of%a§+1]’ ; yz qOR ( / . pmn(r)dr)‘ < (13.3.7)

where ppie € U. Moreover, defining the edge of piy as

1
R = inf{r € [0, 1] : / pine ()" = 0} (13.3.8)
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we also suppose that

Re R(pui)| < — (13.3.9)
N plﬂlt i Na e
with 155 the position of the rightmost particle, see (13.2.6).
The first result in [1] is the following:

Theorem 13.1 (Existence of hydrodynamic limit, [1]) Let pinic € U and & anapprox-
imation in the sense described above. Then there exists a non-negative, continuous
Sfunction p(r, t) defined on [0, 1] x R such that for any t > 0 and ¢ > 0,

< C] =1 (13.3.10)

N—o00 x€[0,N]

N 1
1
lim PgN)[ max ’N yg};fzvzr(}’) - /X/N p(r’, tdr’
and such that for any r € [0, 1],

1 1
lirr(l)/ p(r/,t)dr’z/ Pinic Py’ (13.3.11)
= r r

It is easy to see that the above convergence also implies weak convergence of the
density field against smooth test functions ¢, i.e. for all ( > 0,

. IS ‘
Jim P Dﬁéqb(%) e () = /0 O(p(r Ddr| < c} =1

The proof of Theorem13.1 (see Fig.13.2 for a pictorial representation) follows
closely the path used to prove the hydrodynamic limit of particle basic problem,
Theorem 11.1. However, in the present setting there are additional difficulties due
to the fact that one needs also to consider a diffusive scaling for the microscopic
dynamics. We recall the main steps below, commenting on the main differences.

1. The key idea is to define stochastic barriers. These processes, called {5,(6‘_) ,t >0}
and {f,(‘H), t > 0}, satisfy inequalities with respect to the partial order induced by
mass transport and they provide lower and upper bounds for the original process.

2. The proof proceeds b}/ )considering discrete time intervals of width §N2. The

stochastic barriers {f,i 5’132 , k € N} converge weakly as N — 00 to macroscopic

Fig. 13.2 Scheme of the (6-) < (61
proof of existence and Shnzs = SknNzs S &pn2s

characterization of the
hydrodynamic limit J J J

S0 < 8w <50
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objects given, respectively, by the lower barrier {3,5(55’7), k € N} and the upper

barrier {Sg’ﬂ, k € N}. These barriers are defined similarly to those of part I,
however they are slightly different (see below).

3. The proof is concluded by observing that in the limit & — O the upper and lower
barriers converge to the same limit given by the barriers separating element. Thus
also the process {&;, t > 0}, that is squeezed between the two stochastic barriers,

converges to such limiting object.

The main difference between the barriers S,ff considered in [1] and the barriers
S,?;Si defined in part I are the following:

e In the definition of the free evolution operator the finite volume setting of [1]
required to consider the Green function for the heat equation in [0, 1] with Neu-
mann boundary conditions:

é?eum(r7 r/) — Z G;(r, r]i) (13312)
keZ

r;. being the images of r” under repeated reflections of the interval [0, 1] to its right
and left, G,(r’, r) as in (3.5.3). _

e Furthermore, in the definition of the barriers S’,f;;i the injection of mass occured at
the discrete times. Namely, the free evolution operator was defined as

Tsu(r) = G™™ s u(r) (13.3.13)
and the cut operator was defined as
Csu(r) = Csu(r) + jéDy (13.3.14)

where Cy is the same as Definition 3.7 and D, denotes the Dirac delta at zero.

Despite these differences, the same analysis of part I could be carried out. In particular
the existence of a unique separating element of the barriers could be proved. As a
consequence the second result in [1] was the following.

Theorem 13.2 (Characterisation of hydrodynamic limit, [1]) Let py,; € U, then
the hydrodynamic limit p(r,t) of Theorem 13.1 is the unique separating element of
barriers Sﬁ;si (Pinit), 1-e.,

p(r, 1) = (S pini) (r) .

Remark 13.3 By the same arguments of part I, we argue that the hydrodynamic limit
p(r, t) is given by the solution of the FBP associated to the basic model on the domain
[0, 1]. This would essentially be the “restriction” of the basic FBP of part I (which
was defined on the whole half-line R, ) with the additional constraint that the edge
is bounded, i.e. X; < 1.
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Chapter 14
Beyond Diffusive Scaling

In this chapter we analyze the consequences of having two independent Poisson
process for the injection and removal of mass. We use again the model introduced in
[1], for which we describe the super-hydrodynamic limit.

14.1 Introduction

As already remarked in Sect.3.2, there exist stationary classical solutions of the
basic FBP on R . Furthermore, we argued at the end of the previous chapter that the
hydrodynamic limit p(7, t) = 3’, pinit () of interacting random walkers with current
reservoirs is provided by the solution of the basic FBP restricted to the interval [0, 1].
It is natural then to conjecture that p(r, t) converges as t — oo to the stationary
solutions of the basic FBP on the interval [0, 1]. However the stationary classical
solutions of the basic FBP is not unique, there exists an entire manifold of stationary
linear profiles labeled by the mass M. As a result, the following questions naturally
arise.

e What is the basin of attraction (i.e. the set of initial conditions that will be attracted
to a given stationary solution in the course of time)?

e Given the existence of infinitely many stationary linear profiles of the FBP, which
one will be selected by the microscopic dynamics?

In this chapter we shall discuss these questions, following the results obtained in [2].
We start by describing in Sect. 14.2 the stationary profiles of the basic FBP on the
interval [0, 1] and then we describe their basin of attraction. The second question
leads to the identification of a multi-scale phenomenon whose origin is explained in
Sect. 14.3 and whose formulation is given in Sect. 14.4.
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14.2 Stationary Density Profiles

The stationary solutions of the basic FBP restricted to the interval [0, 1] are similar
to those of the basic FBP on R, already described in Sect. 3.2. The difference is that,
due to the finite volume, now we need to consider the case of linear profiles truncated
atr = 1, i.e. trapezium-shaped profiles. It is immediate to verify that they are given
by
S0y = (=2jr +2MPDVosr iy M =, (14.2.1)
st (=2jr + M + )loer<i itM > j. -

As in Sect. 3.2 they are labeled by the value of the total mass M via the relation
1
/ oM (rydr = M. (14.2.2)
0

For later convenience we also define pi?;t =0.
The following result is proved in [2]. It identifies the basin of attraction of the
linear profiles through the analysis of their stability.

Theorem}4.1 (Convergence to the stationary profiles, [2]) Forr € [0, 1], t > 0 let
p(r, 1) = S; pinit (), be the hydrodynamic limit of the process defined in Sect. 13.2 with
initial configuration £ approximating the initial profile piny Such that fOl Pinit (P)dr =

M. Then . .
/ P, ydr’ — / Pl (r)ar’

lim sup
=30 1¢[0,1]

=0. (14.2.3)

14.3 The Law of the Total Mass

For the system of independent random walkers with current reservoirs defined in
Sect. 13.2, we consider the process {|&;], ¢ > 0} yielding the particles’ number at
time t, i.e.,

N
&l =D &) . (14.3.4)
x=0

The next theorem shows that this process is very simple, despite the complexity of
the full process {&;, t > 0}.

Theorem 14.2 (Number of particles) The process {|&|,t > 0} has the law of a
simple symmetric random walk on N which jumps with equal probability by +1 after
an exponential time of parameter 2 the Jjumps leading to —1 being suppressed.
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Proof From the generator (13.2.1) we deduce the generator of the particle’s number
process {1& 1, 1 = 0):

Lrm={(Fm+D=fm)+A=dg0(Fn— D= fm)} (1435

where f denotes a bounded function f : N — R. This coincides with the generator

of the simple symmetric random walk on N that jumps at rate & and is reflected at

the origin. This uniquely characterize the law of {|&;|, > 0}. ([

An immediate consequence of the previous Theorem is the following

Corollary 14.3 (Scaling limit) Let pjni € U and & € 82 such that

1
M = lim — =/ Pinit (r)dr. (14.3.6)
N 0

Let {&;,t > 0} be the processis initialized from &, then the following scaling limits
hold:

lfLNz" — M as N — oo, (14.3.7)
|£11\<;t| — Bj, as N — oo (14.3.8)

where the converge is in law and {B,,t > 0} denotes the Brownian motion on R
with reflections at the origin which starts from By = M.

14.4 Super-Hydrodynamic Limit

Hydrodynamics describes the behavior of the system on times N?¢ in the limit when
N — oo. Hydrodynamics predicts convergence to equilibrium as in Theorem 14.1.
As a consequence of (14.2.3) we have that for any ¢ > 0,

lim lim P >[ max ‘—ZEsz(y) / 1 pgﬁjg(r’)dr/)z g]:o (14.4.9)
x/N

t—00 N—o00o x€[0,N]

where M = fol pinit (r)dr. Equation (14.4.9) shows convergence of the macroscopic
density field to the invariant profiles. Thus, on the hydrodynamic time-scale, the
profile that is selected by the system is dictated by the total mass, which is a conserved
quantity on the time scale N>.

However, if one inverts the order of the two limits in (14.4.9) then a different
result would be obtained. Indeed, due to the result in the previous section, on a
longer time scale over which fluctuations of the total mass are allowed, there is not
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anymore a privileged profile. The investigation of the long time behavior requires
the study of the process at times Nty where ty — 0o as N — oo. If in this limit we
obtain something different from (14.4.9) then we can conclude that there are other
significant time-scales beyond the hydrodynamical one. This has been proved in [2],
from which we quote the following

Theorem 14.4 (Super-hydrodynamic limit, [2]) Let & be a sequence such that ‘iN' —
M > 0as N — oo. Let ty be an increasing, divergent sequence, then the process
Enaey, has two regimes:

e Subcritical. If Nty — 0, then

N 1
1
li P<N>[ ‘—2 _ D Wy ]:1. 14.4.1
ol I e Ny:x Sy (¥) x/N Prat ()T | ¢ ( 0

e Critical. Let ty = Nt then

1 (N)
l}gan<N>[XE[ON] ‘NZ&Vz,(y) / doohar|= ¢l =1 441

where M(N) M converges in law as N — oo to Bj,, where (B;);>¢ is the
Brownian motion on R with reflections at the origin started from By = M.

We refer to [2] for the proof of the theorem. We conclude this section with the
following comment. On a first time scale, i.e. the subcritical regime, the process
behaves deterministically and it is attracted to the invariant linear profile with mass
M (the mass at time zero). However on longer times of the order N 3¢ it starts moving
stochastically on the manifold of the linear profiles where it performs a Brownian
motion (with reflection at 0 since the mass can not become negative). Thus a random
behavior arises again on the super-hydrodynamic time scale.
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Chapter 15
Other Models

In this chapter we discuss very briefly other models which have several features in
common with our basic model. The interaction at the particle level has in fact in
these models a topological nature as the rightmost and/or the leftmost particles act
differently from the others. At the macroscopic level this is reflected by a PDE with a
free boundary where the evolution of the edges has to be determined via the outgoing
or incoming flux. The models we present have these features and they can be studied
(or have been studied) using barrier inequalities as in Part I. The strategy is thus the
same but the mathematical problems in its implementation can be quite different.

The models we are going to present have a natural biological motivation. Particles
represent cells, particles positions the states of the cells. The natural order in R is
used to express the fitness of a cell state, for instance the rightmost cell could be
the best fitted in the whole population (of course same analysis would apply when
we exchange right and left). Cells are not clever, they do not know what is best for
them and mutate by exploring all possible nearby states, this is modeled by the cells
performing independent Brownian motions. Cells also duplicate independently of
each other this is modeled by adding a new particle say at rate 1in the same state
of the duplicating cell (or in one nearby). The body which contains the cells cannot
support any number of cells, we suppose that a saturation point has been reached for
which the number of cells, say N, does not change in time. This means that when
a cell duplicates then another cell must be removed from the system. Here nature
imposes its Darwinian law for which the cell removed is the less fitted, the weakest
one. A model with these features has been introduced by Brunet-Derrida and studied
by several authors as we will discuss in the sequel.

The question we address and partially answer are: (1) hydrodynamic limit, i.e. the
FBP associated to the particle model; (2) validity of barrier inequalities; (3) existence
and features of stationary states (or traveling waves).
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15.1 Cells Evolution in an Active Environment

Here we consider a variant of the Brunet-Derrida model described above where (1)
cells are Brownian particles in R (with reflections at the origin), the cell states (as
in the Brunet-Derrida case) are the positions of the particles, but here their fitness
decreases when moving to the right, so that O is the best fitted state; (2) it is the
environment which creates new cells so that we have an a-priori given probability
density f(r), r € R, with compact support and the state of a new born cell is
randomly distributed with law f(r)dr; (3) to preserve, as in the Brunet-Derrida
model, the total number N of cells when a new cell is created the rightmost cell (i.e.
the weakest, less fitted) is removed; (4) the rate at which a new cell is added is set
equal to N (which corresponds to the rate in Brunet-Derrida because in that case
each particle duplicates at rate 1 so that the intensity for a new particle to appear
is N).

If f(r)dr is replaced by a delta function at O then this becomes the basic model
we have studied in Part I (with the parameter j set equal to 1). If instead

1 N
F(rdr = 5 ; Sy (dr)

where x = (xy, ..., xy) is the actual configuration of the cells, then this would be
the Brunet-Derrida model (in R, ). In the diffuse case (where f(r) is a fixed true
function) it may happen that the state of a new born cell is to the right of all the
others. In such a case the new cell is also the rightmost one and it is thus removed
right away. This leads to the conjecture that the hydrodynamic limit for this system
is ruled by the following FBP:

dp 10
— = _—— X 15.1.1
o 28r2+f’ r € (0, Xy) (15.1.1)

with an initial datum py, Neumann boundary condition at O

Ip(r, 1)

o =0 (15.1.2)
while, at the edge X,, p(X;, 1) = 0 and
10p(r, t *
~3 pé ) = o(X;), o(x) :=/ dr f(r). (15.1.3)
r r=X, 0

Namely denoting as in Chap. 11 by 7r,(N) (dr) the empirical particles density we
conjecture that for any € > 0:

o] oo
/ M dr') — / p(r' O)dr'

lim P(N)[sup > e] -0 (15.1.4)
N—o0

r>0
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where p(r, t) is the classical or relaxed solution of (15.1.1)—(15.1.2)—(15.1.3).

The proofs of Part I should extend to this case at least when the edge (of the
approximating barriers) is to the right of the support of f, the analysis of the general
case may be more delicate.

Stationary profiles are analogous to those of (3.2.1) (to which they reduce when
f is a delta)

P (rIM) = a(M) —2j / G VAr aany—2j 7 o= / dr p“O(r|M) =M
0 .
(15.1.5)
and are parameterized by the mass M which is conserved.

15.2 The Brunet-Derrida Evolution-Selection Mechanism

The Brunet-Derrida model is the one described in the beginning of this chapter.
Namely the cell evolution is described by independent Brownian motions on R, each
cell duplicates independently of the others at rate 1 creating a new Brownian particle
in its same state, simultaneously the leftmost particle is deleted. The conjectured
hydrodynamic limit in this system is

dp  10%p .
o =5gz v in (L4 (15.2.1)

with initial state po(r) and boundary conditions at the free boundary L, given by
p(L,,t) =0and

1 0p(r, =
19p(r, 1) —M, M= [ drp@0. (15.2.2)
2 6}’ r=L; L,

There is a paper in preparation by A. De Masi, P. Ferrari, E. Presutti and N.
Soprano-Loto which goes in this direction, namely that the evolution of the cells in
this model is described in the hydrodynamic limit by the above FBP, the analysis
follows the strategy described in Part I.

On the whole line there are no longer stationary solutions but there are traveling
waves. One can in fact check that p(r, t) = p“™)(r — V) solves (15.2.1)—(15.2.2)
where

Py =MVire V", V=2, (15.2.3)

This is not the only traveling wave (with mass M) but it is the one with the minimal
velocity. We refer the reader for more details and for related models to the review
article [1].

An interesting (perhaps basic) question is whether there is a stationary, or in this
case traveling, measure for the particle system when N is fixed and if its velocity
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(in the case of traveling waves) is close to the one found by solving the analogous
problem for the hydrodynamic equation. This is not at all obvious as the latter describe
the behavior of the system when time is fixed and the number N of particles goes
to infinity while we want first to take t — oo and then N — oo. The analysis of the
motion of the system at finite N has been investigated thoroughly by Maillard, [2],
who has studied the system at times log® N determining the law of the fluctuations
of the edge.

15.3 The Durrett and Remenik Model

Durrett and Remenik [3], have studied a variant of the Brunet-Derrida model where
cells do not change their states, but they duplicate in a non-local way. Namely each
cell (independently of the others) creates at rate 1 a new cell in a state r € R which
is randomly chosen with probability «(r — r’)dr, if r’ is the state of the generating
cell; k is a smooth probability kernel. As in Brunet-Derrida simultaneously to the
creation of the new cell the leftmost one is erased.

In [3] it is shown that for suitable initial data there is a hydrodynamic limit
described by the equation

%p(r, 1 = / k(' = r)p@’, Hdr’ (15.3.1)

with p(r, 0) = po(r), [ po =: M, and boundary conditions at the left edge L,:

p(L7. 1) =0, / drp(r.t) = M. (15.3.2)
L,

The proof uses barriers in a way similar to that in Part I and traveling fronts are
determined.

15.4 Models with Two Species

A natural extension of the previous models is when there are twospecies of cells,
say R and B (red and blue). The cells live both in R whose points give their degree
of fitness (like in the Brunet-Derrida model). However for the red particles fitness
increases to the right while for the blue to the left. We suppose that there are N red
and N blue particles, their number being conserved. As in the previous models the
cells move like independent Brownian motions however at rate N the weakest red
(i.e. the leftmost red particle) becomes blue and the weakest blue (i.e. the rightmost
blue particle) becomes red.
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In [4] for a similar model it has been proved that in the hydrodynamic limit the
system is described by the following FBP:

1 1
utzzurr_’_jév,v r<Ut; M(V,O):u(r), u(Uht):()s _Eur(U_vt)zjv
(15.4.1)
1 , 1o _
Uy = Evrr +J 6U,, r > ‘/h U(ra O) = U(r)7 v(‘/l’t) = Oa _Evr(‘/[ 5 t) =—7

(under the assumption that this has a classical solution). Equation (15.4.1) is a system
of two free boundary equations as the domains (—oo, U;) where u(r, t) is defined
and (V;, oo) where v(r, t) is defined are also unknowns to be determined.

So far we have considered models where the particles move independently,
Brownian motions or independent random walks. In the next model there is an inter-
action between particles. This is still a two species model but particles are on Z with a
constraint: at each site there is one particle either red or blue. Their motion is defined
by the “stirring process”, namely at rate 1/2 each pair x, x + 1 of successive points
of Z exchange their content independently of all the other pairs, so thatif at x, x + 1
we had R, B after the stirring we have B, R. If instead we had B, B or R, R the
stirring does not produce any effect. Thus the particles are no longer independent,
when a particle jumps from x to x + 1 it forces the opposite jump of another particle.

Allowed configurations are those where there is a rightmost blue and a leftmost
red particle. We may describe the system by giving the positions of only the blue
particles (because if at a site there is not a blue particle then there is a red particle),
we thus introduce a variable 7(x, t) equal to 1 when at x, ¢ there is a blue particle
and equal to O otherwise. Allowed configurations are therefore those where 7(x) = 1
definitively as x — —oo and n(x) = 0 as x — +o0. The evolution is determined by
the stirring process described earlier and by a “selection mechanism” which here is
defined by saying that at rate € the leftmost 0 becomes 1 and the rightmost 1 becomes
a 0. In [5] it is proved that under suitable assumptions on the initial distribution of
particles, when space is scaled as ¢! and time as ¢~ the empirical density of 1’s
converges to a limit which is conjectured to satisfy the FBP:

@_1621)

or  20r2
Lo, Ry, p(r, 0) given

r € (L, Ry), (15.4.2)

0 0
p(Lit) =1, p(R.t)=0; L(L.t)=LR,1)=—2j.
or or

This is proved using the same strategy as in Part I, actually [5] is the paper where
such a strategy has been introduced. Thus there exist lower and upper barriers which
squeeze in between the actual evolving configuration as described in Part I. To prove
convergence to (15.4.2) we would need to reproduce the analysis of Chap. 10.
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15.5 Interface Models

The particle system described at the end of the previous section has also an inter-
pretation in terms of moving interfaces. The interface is a graph in Z> determined
by the particles configuration: if (x, y) belongs to the interface and n(x) = 1 then
(x + 1, y — 1) also belongs to the interface, while if 77(x) = O then the next point
of the interface is (x + 1, y + 1). The correspondence is one to one if we fix for
instance the height of the interface at 0. The evolution of the particles determines the
motion of the interface.

Lacoin [6] studies the stochastic evolution of interfaces over a “sticky substrate”,
we refer to [6] for the exact definition of the model. The paper contains a full proof
of the hydrodynamic limit for this system, the limit hydrodynamic equation written
in terms of the underlying particle system is the FBP

0 1 92

Ep(r, t) = Eﬁp(r, t), re(L, Ry (15.5.1)
with given initial condition p(r, 0) = po(r) and boundary conditions at the free
boundaries:

8(1) = 16(0 _ (15.5.2)
ar P\ r=R 2007 r=L, 2 o

Global existence of the classical solution of (15.5.1) (till extinction) is also proved
in [6].
Equation (15.5.2) appears also in the analysis of propagation of fire, see for

instance Caffarelli-Vazquez, [7]. In the d > 1 setup the FBP in its classical for-
mulation is:

0 IA 2 (15.5.3)
= — , re .
ol =277 '

with boundary conditions p =0 and Vp-n = —% on 02, (n the outward normal

unit vector to §2; at the boundary 052,). We refer to the literature for an analysis of
this FBP and of other related models.
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