arXiv:1805.02695v1 [math.OC] 7 May 2018

Traversing the Schrodinger Bridge strait:
Robert Fortet’s marvelous proof redux

Montacer Essid and Michele Pavon

May 9, 2018

Abstract

In the early 1930’s, Erwin Schrédinger, motivated by his quest for a more classical formulation
of quantum mechanics, posed a large deviation problem for a cloud of independent Brownian
particles. He showed that the solution to the problem could be obtained trough a system of two
linear equations with nonlinear coupling at the boundary (Schrédinger system). Existence and
uniqueness for such a system, which represents a sort of bottleneck for the problem, was first
established by R. Fortet in 1938/40 under rather general assumptions by proving convergence of
an ingenious but complex approximation method. It is the first proof of what are nowadays called
Sinkhorn-type algorithms in the much more challenging continuous case. Schrédinger bridges are
also an early example of the maximum entropy approach and have been more recently recognized
as a regularization of the important Optimal Mass Transport problem.

Unfortunately, Fortet’s contribution is by and large ignored in contemporary literature. This is
likely due to the complexity of his approach coupled with an idiosyncratic exposition style and to
missing details and steps in the proofs. Nevertheless, Fortet’s approach maintains its importance
to this day as it provides the only existing algorithmic proof under rather mild assumptions.
It can be adapted, in principle, to other relevant problems such as the regularized Wasserstein
barycenter problem. It is the purpose of this paper to remedy this situation by rewriting the
bulk of his paper with all the missing passages and in a transparent fashion so as to make it fully
available to the scientific community. We consider the problem in R? rather than R and use as
much as possible his notation to facilitate comparison.

1 Introduction

In 1931/21, Erwin Schrodinger showed that the solution to a hot gas experiment (large deviations
problem) could be reduced to establishing existence and uniqueness of a pair of positive functions
(p, p) satisfying what was later named the Schrodinger system, see (14) below. This is a system of
two linear PDE’s with nonlinear coupling at the boundary. Besides Schrédinger’s original motivation,
this problem features two more: The first is a mazimum entropy principle in statistical inference,
namely choosing a posterior distribution so as to make the fewest number of assumptions about what
is beyond the available information. This inference method has been noticeably developed over the
years by Jaynes, Burg, Dempster and Csiszar [27, 28, 4, 5, 20, 13, 14, 15]. The second, more recent,
is regularization of the Optimal Mass Transport problem [31, 32, 33, 30, 29, 9] providing an effective
computational approach to the latter, see e.g. [16, 2, 11, 10].

The first proof of existence and uniqueness for the Schrodinger system was provided in 1938/40
by the French analyst Robert Fortet [24, 25]. Subsequent significant contributions are due to Beurlin
(1960), Jamison (1975) and Follmer (1988). Fortet’s proof is algorithmic, being based on a complex
iterative scheme. It represents also the first proof, in the much more challenging continuous setting,
of convergence of a procedure (called iterative proportional fitting (IPF)) proposed by Deming and
Stephan [19] (1940) for contingency tables. In the latter discrete setting, the first convergence proof
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was provided in a special case some twenty five years after Fortet and Deming-Stephan by R. Sinkhorn
[39] who was unaware of their work. These iterative schemes are nowadays often called Sinkhorn-
type algorithms or Iterative Bregman projections, cf. e.g. [16, 2, 12]. Unfortunately, in spite of its
importance, Fortet’s contribution has by and large sunk into oblivion. This is arguably due to the
complexity of his approach, to the unconventional organization of the paper and to a number of gaps
in his arguments. Nonetheless, to this day, Fortet’s existence result is the central one as it is based on
the convergence of an algorithm under rather weak assumptions and does not require a kernel bounded
away from zero. Other proofs in the continuous setting [3, 26, 23], [30, Section 2] are non constructive
except [10]. The latter proof, however, assumes compactly supported marginal distributions. Finally,
Fortet’s approach may, in principle, be taylored to attack other significant problems such as the
regularized Wasserstein barycenter problem, see e.g. [2] for the discrete version.

The purpose of this paper is to make his fundamental contribution fully available to the scientific
community. To achieve this, we review, elaborate upon and generalize to R? Fortet’s proof of existence
and uniqueness for the Schrodinger system. We systematically fill in all the missing steps and provide
thorough explanations of the rationale behind different articulations of his approach, but keep as
much as possible his original notation to make comparison simpler. Nevertheless, we have chosen
to reorganize the paper to improve its readability since, for instance, Fortet often presents the proof
before the statement of the result. Finally, our original work, completing a sketchty proof, or proving
Fortet’s claims or making explicit what is implicit in [25], appears in a sequence of Propositions,
Observations and one Claim (all not present in [25]) to make it easily identifiable.

The paper is organized as follows: In the remains of this section, we provide a concise introduction
to the Schrodinger bridge problem which is not present in [25]. We include, for the benefit of the reader,
Schrédinger’s original motivation, elements of the transformation of the large deviation problem into
a maximum entropy problem and a derivation of the Schrodinger system. Section 2 features Fortet’s
statement of the problem and his basic assumptions. Section 3 is devoted to his first existence theorem.
In Section 4, a special case of his second existence theorem is stated and his uniqueness result is proved.

1.1 The hot gas Gedankenexperiment

In 1931-32, Erwin Schrodinger considered the following thought experiment [37, 38]: A cloud of N
independent Brownian particles is evolving in time. Suppose that at ¢ = 0 the empirical distribution
is po(xz)dx and at t = 1 it is py(z)dz. If N is large, say of the order of Avogadro’s number, we expect,
by the law of large numbers,

p1(y) ~ /RBP(O,J?, 1, y)po(x)dz,

where

3 T — 2
p(s,y,t,x) = [2m(t — s)] 2 exp [—%} , s<t (1)

is the transition density of the Wiener process. If this is not the case, the particles have been
transported in an unlikely way. But of the many unlikely ways in which this could have happened,
which one is the most likely? In modern probabilistic terms, this is a problem of large deviations
of the empirical distribution as observed by Follmer [23]. The area of large deviations is concerned
with the probabilities of very rare events. Thanks to Sanov’s theorem [36], Schrodinger’s problem can
be turned into a maximum entropy problem for distributions on trajectories. Let Q = C([0,1]; R9)
be the space of R? valued continuous functions and let X', X2, ... be i.i.d. Brownian evolutions on
[0, 1] with values in R? (X; is distributed according to the Wiener measure W on C([0, 1];R)). The
empirical distribution uy associated to X', X2,... X" is defined by

1 N
OES 25)@- (W), we (2)



Notice that (2) defines a map from € to the space D of probability distributions on C([0, 1]; R?). Hence,
if E is a subset of D, it makes sense to consider P(w : uny(w) € E). By the ergodic theorem, see e.g.
[21, Theorem A.9.3.], the distributions pux converge weakly ' to W as N tends to infinity. Hence,
it W ¢ E, we must have P(w : un(w) € E) N\ 0. Large deviation theory, see e.g. [21, ?], provides
us with a much finer result: Such a decay is ezponential and the exponent may be characterized
solving a mazimum entropy problem. Indeed, in our setting, let E = D(po, p1), namely distributions
on C([0,1];R?) having marginal densities pg and p; at times ¢ = 0 and ¢ = 1, respectively. Then,
Sanov’s theorem, roughly asserts that if the “prior” W does not have the required marginals, the
probability of observing an empirical distribution px in D(pog, p1) decays according to

N

1 :

P (N Y i€ D(po,p1)> ~ exp [=N inf {D(P[|W); P € D(po, p1)}],
=1

where

Ep (log L), i#fP<W

400 otherwise

D(PIW) = {

is the relative entropy functional or Kullback-Leibler divergence between P and W. Thus, the most
likely random evolution between two given marginals is the solution of the Schrodinger Bridge Problem:

Problem 1.
Minimize D(P||W) over P € D(po,p1)- (3)

The optimal solution is called the Schrddinger bridge between pg and p; over W, and its marginal
flow (p:) is the entropic interpolation.
Let P € D be a finite-energy diffusion, namely under P the canonical coordinate process X;(w) =
w(t) has a (forward) Ito differential
dX; = Bydt + dWy (4)

where §; is adapted to {F; } (F; is the o-algebra of events observable up to time ¢) and

Ep { / 1 ||ﬂt||2dt] < . (5)

Let
P!=P[-|Xo=2,X1=y], WI=WI[|Xo=2,X =]

be the disintegrations of P and W with respect to the initial and final positions. Let also 7 and 7"V
be the joint initial-final time distributions under P and W, respectively. Then, we have the following
decomposition of the relative entropy [23]

dP
D(P||W) = Ep [mgﬁ} _

/ / {log %] m(x,y)dzdy + / / (log 5%) dPYr(x,y)dxdy. (6)

Both terms are nonnegative. We can make the second zero by choosing PY = WY. Thus, the problem
reduces to the static one

ILet V be a metric space and D(V) be the set of probability measures defined on B(V), the Borel o-field of V. We say
that a sequence {Pn} of elements of D(V) converges weakly to P € D(V), and write Py = P, if [|, fdPy — [, fdP
for every bounded, continuous function f on V.



Problem 2. Minimize over densities m on R% x R the index

Dialn) = [ o S22 n(a ey )

subject to the (linear) constraints

/ (., y)dy = pola), / r(,y)dz = py(y). (8)

If 7* solves the above problem, then
PO = [ WO (@ )dady,
R4 xR

solves Problem 1.
Consider now the case when the prior is W, namely Wiener measure with variance ¢, so that

Ix—yIQ]

0,2,1,y) = [2r€] -
p(0,2,1,y) = [27¢] exp[ 5

Using 7V (z,y) = pt¥ (z)p(0,2; 1,y) and the fact that the quantity

/ / log py’ ()] m(x,y)dxdy = / [log py’ (2)] po(x)da

is independent of 7 satisfying (8), we get
D(n||aWe) = // log " (x )| m(z,y dxdy—i—// log 7(z,y)] m(x, y)dzdy
2
= ([ ey - s + . )
€

where S is the differential entropy and C' does not depend on w. Thus, Problem 2 of minimizing
D(r||7We) over II(pg, p1), namely the “couplings” of py and p;? is equivalent to

_ 2
inf / 2= 9 (2, y)dady + € / m(x,y)log m(x, y)dxdy, (10)
w€Il(po,p1)

namely a regularization of Optimal Mass Transport (OMT) [40] with quadratic cost function obtained
by subtracting a term proportional to the entropy.
1.2 Derivation of the Schrodinger system

We outline the derivation of the Schrédinger system for the sake of continuity in exposition. Two
good surveys on Schrodinger Bridges are [41, 30]. The Lagrangian function for Problem 2 has the

form
clrn) = [ frow 0 | (e oy

+/A(év) [/W(w,y)dy —po(w)} +/u(y) [/W(:v,y) —pl(y)} :

Setting the first variation with respect to 7 equal to zero, we get the (sufficient) optimality condition

1+ logm*(z,y) —logp(0,z,1,y) —log pg’ () + A(z) + p(y) =0,

2Probability densities on R™ x R™ with marginals po and p;.




where we have used the expression 7"V (z,y) = p§ (z)p(0, z, 1,y) with p as in (1). We get

™ (z,y)

POty © &P [og ptV () — 1 — A(z) — pu(y)]

= exp [logpy’ () =1 = A(@)] exp [~p(y)]-

Hence, the ratio 7* (z,y)/p(0, x, 1, y) factors into a function of = times a function of y. Denoting these
by @(z) and ¢(y), respectively, we can then write the optimal 7*(-,-) in the form

W*(Iay) = @(I)p((),:z:,l,y)<p(y), (11)

where ¢ and ¢ must satisfy
o) [p00 L))y = polo) (12)
o) [ 50,5, L0 d = p(). (13)
Let us define (0, z) = ¢(x), »(1,y) = ¢(y) and
b0 = [P0 L 0)E0 00, 9(0.0)i= [ P02 150l ).
Then, (12)-(13) can be replaced by the system

B(1y) = / p(0, 2,1, 9)p(0, ), (14a)

90(07 :E) = p(Ov x, 1, y)@(lv y)dyv (14b)
@(va) : A(Ov ‘T) = pO(‘T)v (140)
e(1,y)-¢(1,y) = p1(y). (14d)

The arguments leading to (14) apply to the much more general case where the prior measure on path
space is not Wiener measure but any finite energy diffusion measure P [23]. In that case, p(0,z, 1,y)
is the transition density of P. As already said, the question of existence and uniqueness of positive
functions @, ¢ satisfying (14), left open by Schrodinger, is a highly nontrivial one and was settled in
various degrees of generality by Fortet, Beurlin, Jamison and Follmer [25, 3, 26, 23]. The pair (¢, @)
is unique up to multiplication of ¢ by a positive constant ¢ and division of ¢ by the same constant. A
proof based on convergence of an iterative scheme in Hilbert’s projective metric (convergence of rays
in a suitable cone) was provided in [10] in the case when both marginals have compact support.
At each time t, the marginal p; factorizes as

pi(x) = p(t, ) - (¢, ). (15)

Schrédinger saw “Merkwiirdige Analogien zur Quantenmechanik, die mir sehr des Hindenkens wert
erscheinen”? Indeed (15) resembles Born’s relation

pt(‘r) = "/J(tv ‘T) : "/J(tv ‘T)

with 1) and 1 satisfying two adjoint equations like ¢ and (. Moreover, the solution of Problem 1
exhibits the following remarkable reversibility property: Swapping the two marginal densities pg and
p1, the new solution is simply the time reversal of the previous one, cf. the title “On the reversal of
natural laws” of [37].

3Remarkable analogies to quantum mechanics which appear to me very worth of reflection.



We mention, for the benefit of the reader, that there exist also dynamic versions of the problem such
as stochastic control formulations originating with [17, 18, 35]. These formulations are particularly
relevant in applications where the prior distribution on paths is associated to the uncontrolled (free)
evolution of a dynamical system, see e.g [6, 7, 8] and in image morphing/interpolation [10, Subsection
5.3]. The stochastic control problems leads directly to a fluid dynamic formulation, see [30, 9]. The
latter can be viewed as a regularization of the Benamou-Brenier dynamic formulation of Optimal Mass
Transport [1].

2 Fortet’s statement of the problem

Let d € N*. Define by B(J) the Borel o-algebra of 3 C R?, and m the Lebesgue measure on J. Almost
everywhere (a.e.) will always be intended with respect to m. In this paper, measurable functions with
respects to the Borel o-algebra on their corresponding interval of definition will simply be referred
to as measurable. Moreover, all properties concerning measures of sets will (tacitly) refer to their
Lebesgue measure. From here on, we shall try to adhere to Fortet’s notation as much as possible.
In particular, with respect to the notation employed in Section 1, the following changes are made:
The two marginal densities po(z) and p;(y) are replaced by wi () and wa(y), respectively. The kernel
(transition density) p(0,z, 1, y) is replaced by g(x,y). Finally, the pair (¢(z), ¢(y)) is replaced by the

pair (¢(z),1(y)).

Let 31,32 C R? be closed sets, but not necessarily bounded.
Let wy : 3 = R,ws : 32 — R and g : J' x 72 — R satisfying the assumptions (H):

(H.i) g(z,y) >0, Vzelil vyel?
(H.ii) wi(x) >0, wa(y) >0, VeIl Vye I

(H.iii) / w1 (x)dx = / wa(y)dy = 1;
1 32
(H.iv) g is continuous;
(H.v) There exists ¥ > 0 such that g(z,y) < %, Vo € 31,y € 7%
(H.vi) Vo € 3%, y — g(z,y) vanishes only on a set of measure 0 in J%;
(H.vii) Vy € 32, x = g(z,y) vanishes only on a set of measure 0 in J';
)

(H.viil) wy and wy are continuous.

Notice that in Fortet’s paper, (H.i)-(H.iii) are denoted Hypothesis I [25, p.83], whereas hypotheses
(H.iv)-(H.viii) are called Hypothesis IT a) and b) [25, p.85].
We are seeking a solution (¢, ) of the following Schrodinger system of equations (S):

o) [ slaimiy = o)

v | e n)p()s = wn).

cf. system (12)-(13).



3 First existence theorem

3.1 Theorem I
Theorem 1. [25, p.96] Assume (H), as well as the condition:

) [ st

dy < 400 (*)

Then:

i) System (S) admits a solution (p,);

it) @ is measurable, non-negative and continuous;
iii) © vanishes only for all values x € J* such that wi(z) = 0;
iv) 1 is measurable and non-negative;

v) 1 vanishes only for almost every y € J% such that we(y) = 0.

3.2 Application: the Bernstein case

Consider the case where J! = 3% =R (d = 1), and we have gaussian marginals and transition kernel:

1 —o*/20% L et L —w-2)?/20°

wl(x) = \/T—O'% wQ(y) = \/W g(xvy) = W

for 01,09,0 > 0.
Then the integrand in (%) is:

wa(y) Vo?+o? _poiiei-od

= e oa(o1+0)

[/Rg(zvy)wl(Z)dz} T

which is integrable if and only if 02 + 0% — 03 > 0. If 01 > 09, this is true and one can apply Theorem
I If it is not the case, exchange the roles of wy and wq to satisfy condition (x), and apply the theorem.
Hence up to exchanging the marginals, one can always show existence and uniqueness of a solution to
the system (S) in the Bernstein case.

Consider now the case J' =32 =R%, d > 1, and

1 —2T5 )2 1 —(y—2)T=" (y—2)/2

_ ,=1.2 B ————
AR L I= L 9wy = e

wi(x) =
for some symmetric, positive definite matrices 3, X1, 3o. Then
w2(y) _ B s (s e

[/Rg(z’y)wl(Z)dz] T xy|d2

which is integrable if and only if the eigenvalues of ¥ - (X + ¥1)~! have positive real part. Hence
on R?, a sufficient condition for the existence and uniqueness of a solution to the system (S) is that
the eigenvalues of ¥;' — (¥ + £;)~! or 7' — (¥ + B3)~! have positive real part.




3.3 Proof of Theorem I
Assume (H) and (*) true.

The proof introduced by Fortet heavily relies on various monotonicity properties of an iterative
scheme. The architecture of the proof is as follows:

Step 1) The problem is first reduced to proving an equivalent statement;

Step 2) A proper functional space for the iteration scheme is defined;.

Step 3) The iteration scheme is introduced. Its monotonicity properties are established;

)
)
)
)

Step 4) Two separate cases are identified. In the first case, the iteration scheme converges in a finite

number of steps. The existence of a fixed point solution to the problem is then deduced;

Step 5) In the second case, the existence of a fixed point solution to the problem is also proved.

3.3.1 Step 1: Preliminary reduction [25, pp. 86-87]

Note that system (S) is equivalent to the following system:

(5'1) p(x) = )

It suffices to find a solution ¢ of (S’'1) to get ¢ from (S’2), and hence solve (S’).
Consider instead the solution of the equation

w2y
e iy (16)
v / 6z y) 2 g,
o h(z)
which we shall formally write as
h = Q(h) (1)
Every solution of (16) which isn’t a.e. zero or infinite yields a solution ¢ of (S’1) by:
_ wi(z)

Note that (17) does not define ¢(z) for values of x € J* such that wy(z) = h(z) = 0. We shall show,
however, that there exists a solution h such that h(z) > 0 everywhere. Thus, we shall devote our
attention to finding a solution h to equation (16) or, equivalently, to finding a fixed point of the map
Q. The proof relies on an iterative scheme and thus requires introducing a suitable functional space
to study the iteration. We introduce the space of functions of class (C) as:

Definition 1. (Step 2) [Function of class (C)][25, p.87] H : 3! = R is a function of class (C) if:

i) H 1is measurable;



ii) There exists ¢ > 0 such that for every x € J*, we have:

H(z) > ¢

iti) For almost every x € J1,

H(z) < 4o00.
Functions of class (C) are a natural inputs for the map € as the following result shows.
Remark II. [25, p.89]
1. H =1 1s of class (C).

2. If Hy is of class (C), and Hy is measurable, finite a.e., and H1 < Hy everywhere, then Hy is of
class (C).

3. If Hy is of class (C), and Hy is measurable, ¢ < Hy everywhere for some ¢ > 0,and Hy < Hy
almost everywhere, then Hy is of class (C)

4. If Hy and Ho are of class (C), then max(Hi, Hy) and min(Hy, Hy) are of class (C). *
The following properties are never explicitly stated in [25].

Proposition 1 (Properties of Q). The map Q defined in (1°) is isotone on functions of class (C),
meaning that if H, H' are of class (C) such that

H<H ae.

3

then

Q(H) < Qi)
everywhere. Moreover, Yc > 0 and H of class (C) one has Q(cH) = ¢ Q(H), namely Q is positively
homogeneous of degree one.

Proof. Suppose H < H' a.e. Then,
w1 w1
s 22
H — H'
By non-negativity of all the involved quantities, we get

a.e.

z, wa(y) < -, wa(y)
/329( y) Ujl g(z,y)og((gdz} dy</329( y) [/319(27 )Zl,(é))dz] dy

for every x € J'. The second property is evident. O

3.3.2 Lemma for functions of class (C)

Unfortunately, class (C) is not invariant under map €2, since the image of a class (C) function might
not admit a positive lower bound. Images of class (C) functions under €2 are however ‘nearly’ of class
(C), which is part of the content of his Lemma [25, p.89] (notice that we added point (iv) below which
is not in the original statement):

Lemma ([25], p.89). Let H be a function of class (C). Define A = {x € T w1 (x) > 0}.
Let H' = Q(H)
Then:

4In this paper, the maximum or minimum of two functions will always be taken pointwise.



i) H' is measurable;

ii) For all compact sets K C J', there exists a constant ¢ > 0, depending on K, such that

c< H'(x), VzeKk;

i) H'(x) < 400 for almost every x € A;
iv)
H'(x)
3 H(x)

wi(z)dx = 1;
v) If we have moreover H'(z) < H(x) or H'(z) > H(z) for almost every x € A, then H'(z) = H(z)
for almost every x € A.

Proof. Let H be a function of class (C). In particular, there exists ¢ > 0 such that ¢ < H everywhere.
Consider two sequences of compact sets J1,...,JL ..., 3%, ..., 32 ... such that:

Iy ey Jdms

j}zgj}z-i—l? jigji-ﬁ-l? Vn € N*
JL+3t, 3213% as n— 4o

Define Vy € 7%, Vn € N*

wi(2)
G’ﬂ H7 = ) d
(H.y) /3; 99 )4
First, G,,(H, ) is well defined since 0 < ¢ < H and J} is bounded.

Second, G,,(H,-) > 0 at least for n large enough from (H.i)-(H.iii) and (H.vii).
Third, G, (H, ) is continuous by (H.iv) and the fact that J% is bounded.

Besides, G,,(H,y) is a non-decreasing sequence in n, and from (H.iii),(H.v) we have:

Gn(H,y) < E/ w1(2)dz < z
j'}l

C C

Which implies that G, (H, -) is uniformly bounded from above in n. Hence by monotone convergence
theorem, it admits a pointwise limit

w1(2)

G(H,y) :/31 9(zy) 547 = Nlim Gn(H,y)

that is a measurable function in y, finite everywhere, and positive by monotonicity.
We actually have better than positivity:

Claim ([25], p.88). For any compact K C J?, there exists a constant ay > 0 such that
GH,y)>axg >0, VyekK

Proof. By monotonicity of the sequence (G.,(H, y))n, it suffices to show this property on some G,,(H,y)
for some n € N*.

We are thus seeking to prove that for any compact K C J2, there exists some n € N*, and a
constant o, > 0 such that for any y € K,

Gn(H,y) > agn >0

We will proceed to a proof by contradiction.

10



Choose such a K. Assume that for all n, k € N*, we can find some y; € K where

Gn(Hv yk) <

El

Choose ng large enough such that % > 0 a.e. on a set I' C 37110, of positive measure. Such an ng and
I’ exist since

A A / wi(z)dz = 1,
g1

and H, being of class (C), is a.e. finite. According to our assumption, for any k, there exists yx € K
such that
w1(z) 1

Gy (H, yr) =/j g(z,yk)H(z) dz < .

1

no

As k — 400, yi converges to a limit y € K, up to extracting a subsequence, since K is compact.
Moreover, H > ¢ by Definition 1, and hence

wi(z) X

< —wi(z), Vk

0 Sg(zayk)m .

which is integrable by (H.iii). By the dominated convergence theorem, one can pass to the limit inside
the integral Gy, (H,yx) as k — +oo and deduce from the continuity of g that:

“il2) ) _
/jg(z,y)H(z)d 0

1
no

By non-negativity of the integrand, for such a y, we have:

wi(2) -
9(z,y) ") =0, for almost every z € J,lm
This is in particular true for almost every z € I’ C 3,110.
Recall that for almost every z € I’, “1){1((,:)) > 0.
This implies that

g(z,y) =0, for almost every z € I

This contradicts (H.vii) since I’ has positive measure, and concludes the proof of the claim. %

We can then conclude that G(H,y) > am, > 0 ¥m € N*,y € 32, thanks to the monotonicity of the
sequence of G,,(H,y). We can define for n € N* large enough, = € J:

H () = /j %g(x,wg“f—(f’;)dyﬁ (18)

This integral is well defined and finite since we showed that G(H,y) > a,, > 0 for y € 72, is continuous
by (H.iv) and non-decreasing in n. We can thus set

H'(x) = lim H(n(:zr)

n—-+o0o

to be the pointwise limit (potentially infinite) for every z € J'. H’ is measurable, positive and
bounded from below by a positive constant on any compact X C J'. The proof of the validity of these

5In Fortet’s paper, H"n is denoted HJ, [25, p.88]. Unfortunately, the same notation is later used for another quantity
(25, p.90].

11



properties for H' follows the very same pattern as that for G(H,y). This proves i) and ii). To prove
iii),iv) and v), define:

wa(y) wi(z)
G(H,y) H(x)

F(Iay) = g(a?,y)

F(z,y) is measurable, non-negative, and bounded for = € 3(11, Yy e Jz, for any p,q € N*. This because
g is bounded from above, G(H,-) and H are bounded from below by positive constants, and w1, ws
are continuous on these compact sets. We then define

Ipq = // F(z,y)dzdy (19)
JLx32

_ GQ(Hvy) _ Gq(Hvy)
—/j w2(y)mdy—/j2 wg(y)]ljg(y)mdy (20)

B : Hi (x) B Hi (x)
_/3 w1(z) @) dx = /31 w1 (z) 1y (z) @) dx (21)

1
q

where we used Fubini-Tonelli’s theorem to exchange the order of integration, and we denoted 14
the indicator function of the set A. Furthermore, the monotonicity (in the sense of inclusion) of
the sets 3(11, 312) and monotonicity of the sequences H "p(:v), G4(H,y) implies the monotonicity of the
functions H, ‘Ip]].jtl) and G4 (H, y)]].j%, respectively in p and g. One can then use the Beppo-Levi monotone
convergence theorem to take limits as p and ¢ — oo inside the integrals in (20), (21) to infer first from

(20) that
Jim i L= [ ) tim Ta()dy =1

It then follows from (21) that:

li lim I,,= (z) li H'/p(x)d =1
P—%Tooq—%r-l{loo pa 1 W p_%r"’{loo H(I) v
which gives
H'(x)
de =1 22
T (22)

Recalling that A = {x € J%w;(z) > 0}, we derive from (22) that H’ is finite a.e. on A, otherwise the
integral in (22) would be infinite. This establishes iii) and iv). Finally, assume that for almost every
x € A one has either

H'(x) < H(z), or H'(x)> H(x)

Then (22) allows us to conclude that H' = H a.e. on A, otherwise we would contradict the fact that
w1 integrates to one. This establishes v), and completes the proof of the lemma. O

Remark 1. [25, p.89] The lemma remains valid if we only assume that H is measurable but only
bounded from below by 0, as long as we can guarantee that the integral G(H,y) remains finite a.e. in
y. We can even allow G(H,y) to be infinite for values of y where wa(y) = 0.

The above lemma allows us to extract sufficient information on H' = Q(H) in order to proceed to
the iteration scheme, and prove the first existence result Theorem I.
3.3.3 Step 3: Iterative procedure

Starting from H; = 1, one would like to proceed to successive iterations of Q by setting H,, 11 = Q(H,),
and show convergence. As illustrated by the Lemma, if H is of class (C), then Q(H) is not necessarily
of class (C). Thus, there is no guarantee of obtaining an a.e. finite function if one applies the map Q
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one more time. Moreover, one has to guarantee the convergence of such an iteration scheme. Fortet
therefore introduces a truncation procedure between two successive iterations of {2 that takes care
of these issues. The approximation scheme reads [25, p.90]:

Hi=1, H| = Q(H,), H!=min(H,H) (AS)
1

Hn—max< ,'L/l,—>, H), =Q(H,), H/=min(H, H}), VYn>2
n

The max step guarantees that H,, always remains in the class (C), and hence we can apply Q in the
iteration scheme. The vanishing lower bound will lead to a fixed point of €2 which is not necessarily of
class (C). As for the min step, it is needed, in particular, to guarantee the monotonicity of the scheme.

Observation 1. Note that condition (%), as well as assumption (H.v), guarantees the (everywhere)
finiteness of H| = Q(Hy), since

() — 2 = .. wa(y) wa(y) .
(@) = 2(t)(@) = | ala) o] <[ (R dy<+

The following result is stated, but not proven, on [25, p.90].

Proposition 2 (Monotonicity of the scheme (AS)). For H,,, H], defined by the scheme (AS), one has
Vn € N*:
Hn—i—l S Hn7 H/

n

!
+1 S Hn
everywhere.

Proof. By the monotonicity property of €2 in Proposition 1, it suffices to show that H,; < H, to
deduce that H) ,, < H), since by definition H) = Q(H,), Vn € N*. We prove H,1; < H, by
induction. For n = 1:

1if Q(Hp) > 1,

HY = min(Hy, Q(Hy)) = {Q(Hl) if Q(H;) <1.

Thus

? 19 min(Q(Hy), ) if Q(H) <1~ v

which proves the initialization step of the induction. Let us now assume that the property is true for
some n € N* namely we have
Hn—i—l S Hn

pointwise. Then, by the monotonicity of Q (Proposition 1), we have that H,, ; < H,, and thus

H,',, = max(H,

n

+17H1) < maX(HrILaHl) = Hflzl

. 1 1 .
Since we also have -5 < ==, we can infer that

. 1 . 1
Hn+2 = min <H7/7f+1, n—_’_2> S min (H;{, n——H) = Hn+1

which concludes the proof by induction. O

Observation 2. Since H =1, each H,, is finite everywhere. In addition, Observation 1 and Propo-
sition 2 also show that each H) is finite everywhere.

The monotonicity of Proposition 2 will be crucial to establishing existence of a fixed point for (17).
When iterating (AS), we distinguish two separate cases which lead to different fixed points:

13



3.3.4 First case [25, Section 2, p. 86]

In this case, we assume that, as we iterate following the approximation scheme (AS), there exists some
ng € N* such that a.e. one has
H{m < H;. (23)

We shall show, using the Lemma, that Q(H,, ) is a solution to equation (16) (and that Hj, is ‘nearly’
a solution). We first need to show that Q(H,, ) is well defined. This will be accomplished by ap-
proximating H,, as shown below. First of all, notice that (23) together with the definition of H, in
scheme (AS) yields

H{{O = H,'m. (24)
Let us define )
K, = max <H,'m, ];) , peN. (25)

Although H], may not be of class (C), it follows from the Lemma that K, is of class (C) since we
have the uniform lower bound % > 0. Furthermore, as p — +o0, K, — H,, pointwise. Set

K, = Q(K,).

Note that K,11 < K,. By Proposition 1, the sequence of K]'D = Q(K,) is also decreasing in p. By
the non-negativity of K, the sequence {K,} admits a pointwise limit K’ which is measurable and
non-negative:

K'= lim K, = lim Q(K,). (26)

p—>—+oo p—r—+o00

Recalling that ) was defined as an integral operator, we can then use Beppo-Levi monotone conver-
gence theorem to get from the monotonicity of the sequence of K, that

lim Q(K,) = Q< lim Kp> — Q(H,).

p——+o0 p—+00
Putting this together with (26), we finally get
K'=Q(H,, ). (27)

To show that K’ is a solution of (1’), we first need the following result whose statement and sketch of
the proof can be found on [25, p.91].

Proposition 3.

. H’/(g) wi(z)dr =1

Proof. From the scheme (AS), we know that

Using both properties of Proposition 1, we get

HI
Hy, > —.
ng

By the definition of K, (25), we now get:

/

H
K,>H >-1 28
P = ’Il()—no ( )

14



Furthermore, since we assumed that H), < 1 a.e., one also has by the definition of K, (25) that
K, < H; =1 a.e.. This implies, by Proposition 1 that Kz/) < Hj everywhere. Plugging the latter
inequality in (28) yields that ¥p € N*,

p

This implies that, taking the limit for p — 400, we also have

/

< no.

H —
Since K, is of class (C), Lemma iv) yields

»(2)
7 Kp(z)

wi(x)dx =1

By (29), the integrand is uniformly bounded in p. By (H.iii), the measure is finite. We conclude by
the bounded convergence theorem that

which concludes the proof. o

Lastly, we shall also need the following result whose statement and sketch of the proof can also be
found on [25, p.91].

Proposition 4. We have
K' < H],
everywhere on J1.
Proof. First of all, notice that for p > ng + 1, one has from the scheme (AS), from (24) and from the
definition of (25) K:

1 1
H,, +1 = max <H7/1’0, m) = max <H,’lo7 m) = Kpgt1-

By monotonicity of the sequence of K, we also have that, for p > ng + 1, Ky 41 > K, everywhere.
This together with the above equality then gives for p > ng + 1:

Hyo41 > K.
Applying ) to both sides of the above inequality and using again Proposition 1, we get
K < Hj, .,
Since K, > K’ and H,, ., < H,, (Proposition 2), we finally obtain
K'<H),.
O

We now employ Propositions 3 and 4 to complete the first case: On A = {z € Tt w;(z) > 0}, we
must have a.e.
K'=H), . (30)
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Recalling that K’ = Q(H,, ) (see(27)), we conclude from (30) that
Q(H,,) = H,,, ae. onA.

no?

We proceed to show that actually this equality holds on all of Jt. Indeed, by (30), for every y € J%:

G(K’,y)=/jlg(27y)}?,(? dz:Ag(zay)?,((z) dz

(2)
@) e
_/Ag( ,y)Hl (Z)d /319( ,y)H/O(Z)d

no

=G(H,,,y).

It follows in view of (27), that for every = € J':

QUK a) = [ aton) ooty = [ alo) iy =, )@) = K' (o)

Thus, K’ as a fixed point of the map Q. This concludes the proof of the first case. The following
bounds for K’ are merely stated on [25, p.91].

Proposition 5. For every x € J!
0<K'(z) <1 (31)
Proof. By assumption (23), H/,

n

, < 1a.e which implies H)] = H,_ (24). Hence

1 1
H’ﬂo-‘rl = Imax (H:llo, o + 1) = max (H';L()? o + 1) = Kno_;,_l

by definition (25) of K,. Applying the map Q and using Proposition 1, we get
H;zo = Q(Hno) > Q(Hno-i-l) = Q(Kno-i-l) = Kvlm—i-l
Since the sequence of KZ’) monotonically decreases to K’, we then conclude that
1>H, >K) ,, >K.

Thus, K’ < 1 everywhere. To prove K’ > 0, recall that by (27)

K'(a) = H;,)@) = [ g(w0) w2(9) dy
e

H), is not necessarily of class (C). In particular, we do not have an a priori positive lower bound.
Thus we cannot apply the Lemma to prove the statement as we cannot a priori guarantee that

w1(z) )
/31 g9(z,9) T () dz < +o0, a.e. iny.

Notice instead that since H,, = H)/ , we get from the scheme (AS):

no?

Hyy1 > Hyl, = Hy,

By Proposition 2, Hy, > Hy,,+1 and thus H,, > H), everywhere. Since H,, is of class (C), we have
by the Lemma v) that H,, = H], a.e. on A = {z € J'|wi(z) > 0}. In particular, there exists a
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constant ¢ > 0 such that for a.e. x € A, H), (x) > c. It follows that

wi(z) , . wi(z) . P wi(?) z
fustei s = stz e [, oo 05

= / 9(z,v) ;Iu,l(z> dz, since w; =0 on 3'\A4 and H), (z) >0
A ng(z)

- /Ag(z,y)wl(z)dz, since H, > con A

IN
M ol

<=, from (H.ii),(H.v)
c

We conclude that, for all z € J', we have

K@) = [ o) 7
J

wa(y)
wi(2) dz N
Hj, (2)

g%w

C
25 g(x, y)wa(y)dy >0,
32

where the last inequality follows from (H.i),(H.iii),(H.vi). O

3.3.5 Second case [25, Section 2, p. 92]

Contrary to the first case, assume now that Vn € N*, there exists a positive measure set J,, on which
H! > H,. Define by H and H' the respective limits of the sequences H,, and H,. By Proposition 2,
nonnegativity of the sequences and Observation 2, these limits exist, are measurable and finite. We
shall show that H' is a fixed point of the map . First notice that the sequence of J,,’s is monotonically
decreasing:

Proposition 6 (Monotonicity of J,,). We have ¥n € N*:
Jﬁ+1 g Jﬁ

Proof. Let n € N*,x € Juq1. Then H} ,(x) > Hi(x). By Proposition 2, H),(z) > H],,(x) > Hy(x).
Thus, = € J,. O

We can then define
J= lim J,= (] Ju

n—-+o0o
neN*

One has moreover © the following inequality which is stated on [25, p.92].

Proposition 7.
H<H'

everywhere.

Proof. By the scheme (AS) and Proposition 2, the nonnegative sequence of H is also decreasing.
Hence, it admits a limit H”. By definition, H, = max( 1 %) Thus, the limits must be equal

H = H". Since H] = min(H,, H},) < H},, we get, passing to the limit, that H < H'. O

The following result shows that H’ cannot vanish, otherwise we would fall back in the first case’.

6Fortet seems to imply by this proposition that H and H’ cannot vanish at a point without vanishing everywhere.
Although this is true for H’, see Proposition 8 below, it does not imply the same property for H.

7 The statement can be found on [25, p.92]. The proof there provided, however, appears to be incorrect as it does
not make use of hypothesis (x) confusing HJ, of the iteration (AS) with H"n (also denoted by Hj, by Fortet) defined in

(18).
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Proposition 8. Assume that there exists some xo € J' such that H'(zo) = 0. Then the sequence H},
converges uniformly to 0 on J'. In particular, H' = 0.

Proof. Assume that there exists some xg € J' such that H'(x¢) = 0. By definition of H’, this implies
that the sequence H) (zg) converges to 0, i.e.:

H;z(‘rO) = / 9(30073/)6;(012{7%dy — 0, as n — +oo.
32 ny

This implies that

wa(y)

— =% __dy converges weakly to 0 on J2. 32
CUHT.3) o

The measure
The proof of the above statement can be found in the Appendix A. Now pick any = € J'. We know
from Observation 2 that H/ (z) is finite. In particular, approximating 3% O ... D 33 D..D 73 by
compact sets 33, one can write for ¢ € N*:

) = [ afm 22 o2
Hn(:v)—/jgg( ,y)G(Hmy)der/y\jgg( 7y)G(Hmy)dy- (33)

By boundedness of J2 and (32), the first integral

w2 (y) w2 (y)
/Jﬁ g(x7 y) G(Hna y) dy == 33 G(Hrh y) dy

converges uniformly in x to 0 as n — 4o00. As for the second integral, notice that H,, < H; from
Proposition 2. Hence

wa(y) wa(y) wa(y)
9(@,y) 7~ dy < / 9@ y) o —dy < X o~y
/32\33 G(Hp,y) 32\32 G(Huy,y) a2\32 G(Hy,y)

which can be made, uniformly in z, arbitrarily small when ¢ — 400, by absolute continuity of

the measure G“();I(f)y) with respects to the Lebesgue measure, thanks to condition (). We therefore

conclude the uniform convergence of the sequence of H}, to 0. O

It follows from Proposition 8 that if H' vanishes at one point, H,, converges uniformly to 0. In
that case, for n large enough, we would have for every z, H'(z) < 1 = H;. We would namely be in
the first case. We can then conclude that, in this second case, we necessarily have H' > 0 everywhere.
To prove that H' satisfies (1’), we shall show that, although we do not have H), < 1 a.e. for some
n, this holds for the limit H’. The rest of the proof will then be similar to the first case provided
we can show that the set J has zero measure. This is stated, followed by a very sketchy proof by
contradiction, on [25, p.93].

Proposition 9. The set J = lim,,—, 40 Jn, has measure 0.

Proof. Assume that it is not the case. Then one has for z € J, H'(x) > Hy(z) = 1. The scheme (AS)
thus yields H” () = min(Hy(x), H'(z)) = 1, and hence

H(z) = max(H"(z),0) =1< H'(z), VYxeJ (34)

Simlarly, for z € J'\J, one has from the approximation scheme H"(z) = min(H;(z), H'(x)) =
H'(x), and hence
H(z) = max(H"(x),0) = H'(z), VxecI'\J (35)
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From (34), (35) and the fact that J has positive measure, it follows that:

H'(z)
5 H(x)

_ [ H(2) H'(x)
wl(:v)dac—/J ) w1 (z)dx + iy H(@)

Recall now that for n € N*, H,, is of class (C), and hence, by Lemma iv) we have that:

w (z)dz > /31 w1 (z)de = 1. (36)

!

. Hzgg wi(z)dr = 1. (37)

The strategy consists in passing to the limit in the above equation and derive a contradiction with
(36). However, passing to the limit is delicate, hence we consider the following decomposition:

- [ - @), ()da (@) e

V= L e @ [ R, e (59)
_ Hy@) oo .
—/jl\Jnl Hn(.’IJ) 1( )d + o Hn( ) 1( )d (39)

since again by the scheme, one has for z € J,—1: H]/_;(z) = 1 and, consequently, H,(z) = 1. Now
notice that by monotonicity of J,,’s (Proposition 6) and of H}, (Proposition 2), one has:

H! (z)wi(z)dx > /JH,’l(:v)wl (x)dx > /JH'(:C)wl (x)dx = /J ?{I((;C)) w1 (z)dz (40)

Jn—1

where the last equality holds because of (34).
Let us now focus on the second integral:

/jl\J . gigi; wi)de = /31 Ly, () Hy(@) w (z)dx

Notice that for z € J'\J,_1, we have H/,_,(z) < 1. We then get from the scheme (AS) that
H!_|(z) = H|_{(x). It follows that

1
either H,(x) = H),_,(z), or Hy(x)= — in the case H,,_;(z) <
n

SN

In any case one has
Hy(z) = Hy,_y (@)

By Proposition 2, H/_,(x) > H} (z). We get that

H,,(x)

n

< 1, Vo € jl\Jnfl.

The bounded convergence theorem allows us to conclude that

. H (2) / . o (x) H(2)
1 n dr = 1 1 n dr = e dr. (41
B S, Fa@ @O0 = [ L @) green@)de = [y el (41)

Using (40) and (41) into (39), one gets when passing to the limit in n that

H'(x)

!
1> / A (z) w1 (z)dx + w1 (x)dz
J g

which contradicts (36). O
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Now that we know that J is of measure 0, we are ready to show that H' is indeed a solution of (1°).
Since we have H], = Q(H,), Beppo-Levi’s monotonce convergence theorem implies that H' = Q(H).
Since J is of measure 0, we have that H' < H; = 1 a.e.. By the definition H] = min(H;, H},),
passing to the limit we then get H” = H' a.e.. This, together with H,, = max (H, _,, %), also gives
H = H" = H a.e. . We conclude that everywhere:

which proves that H' is solution to (17).

3.3.6 Conclusion

To summarize, in both cases we found a measurable solution h of (1’) (h = K’ in the first case, h = H'
in the second case) such that we have everywhere

0<h<L1.
Moreover, we have continuity of the solution. This is stated with a sketch of the proof on [25, p.95].

Proposition 10. h is continuous on J*.

Proof. Recall the definition

QEMZLﬂ@Wﬁgﬂ

Since h < 1 = H; everywhere in z, we get C‘;’(Q,gy;) < G‘&,(f)y) everywhere in y. Then, for 21,25 € J!,

|h(z1) — h(z2)| < /32 lg(x1,7) _g(x27y)|g(2}£g;)dy < /32 lg(z1,y) — 9(I2ay)|(;(w;[7(z)y)dy

From (H.v), |g(z1,y) — g(z2,y) G“;z(f’)y) < 225{?}5’1;), which is integrable by (x). Thus one can use the

dominated convergence theorem to deduce that

. ] w2(y)
_ < - GH. "W —=
x21L>H1I1 |h(z1) — h(z2)| < /32 xllggcl lg(x1,y) 9($2,y)|G(H1,y)dy 0

from the continuity of g.
O

We now reformulate the existence results and the properties of h in terms of the original variables
(p,1). Since 0 < h < 1 everywhere, equation (17) defines a proper measurable function ¢ on J', non-
negative and only vanishing for values x where wy(z) = 0, which is moreover continuous from (H.viii),

of (S'1). Given such a ¢, one can define a measurable solution ¢ from (S’2). By property ¢ > 0,
(H.i),(H.ii), we have that ¢ > 0, which proves Theorem 1.i),iv). It remains to establish Theorem I.v).
Let A’ = {y € 3%|wa(y) > 0}, and A" = {y € A'|{p(y) = 0} C A’. The goal is to show that A” has
measure 0. To this end, we compute:

/ g(I,y)dJ(y)dy:/ g(x, y)Y(y)dy
32 /\AN

since by (S’2), ¥ = 0 outside of A’, and by definition of A”, ©» = 0 on A”. We can then multiply
the above equation by ¢(x) and integrate over J'. Since all functions involved are non-negative and
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measurable, one can decide the order of integration by Fubini-Tonnelli. On the one hand, we have

/31 o(x) [/AI\A” g(a:,yﬁ/f(y)dy] dr = /31 o(x) {/32 g(xvyﬁ/}(y)dy] d

[ ow] [ e@atea] ay
[ iy, fom (52
1

On the other hand, we get:

/:11 p(x) [/A,\A”g(x,yW(y)dy] do = /A’\A” U(y) [/31 gﬁ(I)g(z,y)dy] dz
= /A . wo(y)dy,  from (S2)

We deduce that
/ wa(y)dy = / wa(y)dy
A/\A// !’

which is only possible if A” has measure 0, since wo > 0 on A” C A’. This concludes the proof of
Theorem I. .

4 Second existence theorem and uniqueness theorem

In [25, Section 3, pp. 97-102], Fortet proceeds to derive an existence theorem for System (S) still under
hypotheses (H.i)-(H.viii) but without assuming the integrability condition (x). The latter condition
is replaced by the assumption that the kernel function g(z,y) be of class (B) [25, p. 97]. The latter
property appears in general hard to check. We have therefore decided to present only a special case
of the second existence theorem where this property can be readily verified.

Theorem II. [25, p. 101] Suppose J' = 32 = R and that g(z,y) = U(x —y) only depends on the
difference t = x — y. Assume, moreover, that for t sufficiently large U(t) is non increasing and for t
sufficiently small it is non decreasing or viceversa. Assume, finally, (H.i)-(H.viii). Then system (S)
admits a solution (p(x),¥(y)). The function ¢(x) is zero for the values x for which wi(x) is zero. On
the complement, ¢ is strictly positive and continuous. The non negative function ¢(y) is measurable
and equal to zero, up to a zero measure set, only for the values y where wa(y) = 0.

Observation 2. Notice that this theorem applies to the important case where g(x,y) = p(0,z,1,y)
the heat kernel (1) and arbitrary continuous densities wi(x) and wa(y) with support equal to the real
line.

Sketch of the Proof of Theorem II, pp.98-101. 1. A continuous, positive function p is introduced
which satisfies, in particular, the following property:

wi(z)p(x)

/31 [ /:I 2 g(x,z)wg(z)dz]

dx < 4o00.
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2. By Theorem I and by construction of p, the system

2(0) [ ota i)y = o (@)o(a).

0w [ @ n)e@ds = (),

admits a solution (,1)).

3. The same techniques as in the Lemma and the proof of Theorem I permit to show that there
exists a fixed point for the operator € defined on functions of class (C) by:

o)) = 22 [ glay 7 mlé%%ﬂ @y,

The fixed point h, which is not necessarily of class (C), enjoys properties similar to the fixed
point of Q defined in (1).

4. Set ()
_ px T
@(I) - E(x)v € Aa
o(z) =0, zeI'\A

Then ¢ is a solution of (S’1). The other function ¢ can then be recoverd from (S’2).
The assumptions of Theorem II are used to show that the various integrals in this proof are well
defined. O

Fortet defines as a nonnegative (positive in French) solution of (S) to be a pair of nonnegative
functions (p(z),1¥(y)) satisfying (S) and the following properties: They are a.e. finite, and different
from zero (up to a zero measure set) for the values where wy # 0 and wo # 0, respectively. Moreover,
under hypotheses (H.i)-(H.viii), ¢(x) is zero at the same time as wy and % is zero at the same time
as wa. The proof of the following uniqueness theorem [25, pp.102-104] has been slightly reformulated
and completed.

Theorem III. [25, p. 104] Assume (H.i)-(H.viii). Let (¢1,%1) and (p2,12) be two nonnegative and
measurable solutions of system (S). Then, there exists a positive constant ¢ such that

c

pa2() Ya(y)

Proof. Let (p1,1%1), (¢2,%2) be two solutions of System (S). According to Theorem I or II, ¢; and
2 are positive and finite on the support A; of wy. Hence, there exists a value of xg € A; such that

0 < @i(xg) < 400, 0 < @a(xg) < +00.

Recall that if (g2, 1) is a solution of System (S), then so is (@2, Vs) = (kipa, T2) for k # 0. Setting

k= %, one has that

- _ % (20)
Prlao) = p2(20)

Thus, without loss of generality, one can always pick two solutions (1, 11), (@2, %) where the ¢ agree
at one point xy € J*, so that:

902(560) = ¢1(20)-

0 < p1(z0) = @a(zn) < +00.
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Let Ay = {z € J'|wi(z) > 0}. On Ay, we define

G(H, ——/ Z, i TG )dz.
(H,y) 1 9(z,y) H(z)
Then, on Ay = {y € J%|wa(y) > 0}, we have

1) = 2 ol = 2

From this we deduce that G(h1,y) and G(hsa,y) are a.e. finite on Az. Let h(x) = max(hy, hz). Then
G(h,y) is a.e. finite on As and

0< h(xo) = hl(Io) = hQ(.I()) < +o00.

Let us set
wady

W (x) = /329(:”’y)a(h,y)'

By the same argument used to prove Lemma iv), it follows that

h/
/ —widz = 1. (43)
Aq h

Since h > hy, it follows from Proposition 1 that also h’ > hy. Similarly, h > ho implies h’ > hy. We
infer that A’ > h. It then follows from (43) that, a.e. on Aj,

From h > hq, it follows that G(h,y) < G(h1,y). Moreover,

wa (y)dy _ B _ wa(y)dy
/32 g(xo’y)m = h(zg) = h1(z0) = /32 9($07y)m.

Thus, a.e. on As, we have
G(h,y) = G(h1,y).

We conclude that everywhere on J' we have h = hy, Similarly, we get h = ho and, finally, hy = ho
everywhere. O

The following remark is on [25, p.104]:

Remark I. All the results of this paper hold with minor modifications of the statements if one merely
assumes that w1 and wy are measurable integrable functions.
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A Proof of (32) from Theorem I

Let Z C 3% be the set of {y € 32|g(xo,y) = 0}.

Define Zj, = {y € 32| g(z0,y) < %} for k € N*. We have Zy11 C Zy, and Zy | Z as k — +oo.

By assumption (H.vi) we know that Z has Lebesgue measure 0. From the continuity of g (H.iv),
we also know that Z is closed.

Hence m(Zy) — 0 as k — +oo.

Denote by J7 = 7%\ Zx. Then we have 37 C J7,, and J} 1 3%\ Z as k — +o0.

Since W
woly
; = ———dy — 0 -+
H) (z0) /32 g(xo’y)G(Hn,y) Yy , asn 00
Ve > 0, we have for n large enough:

wa(y)
/jzg(xo,y)iG(Hmy)dy <e

Fix € > 0,k € N*. We then have for n large enough:

wa(y) wa(y)
OS/gw,yidyﬂL/ 9(T0,Y) = ——dy < €
32 (@0 )G(Hn,y) 32\32 (@0 )G(Hn,y)

and in particular, by non-negativity, the first integral yields:

wa(y)
0 S/ ——2 dy < ke

This implies that the measure GL(UIQLI(y)y) dy converges weakly to 0 on J%. Indeed, it is the case when

evaluated on any step function with support included in J%, and step functions are dense in the family
of bounded continuous functions.

We would like the measure GU(JIZLI(:L) dy to converge to 0 for any step function which support I is

included in 3%, and not merely on J%.
Pick a subset I C 32, and consider:

ng(y) _ w2 ( ) ng(y)
/32 Y G, " = /m ™ /<> Gt )"

w2 (y)

The first integral converges to 0 as n — +00, since the measure GlHo g

2.

As for the second integral, we have that H, < Hj, so G‘E’;}y)y) < G“;z(f’)y) which implies:

wa(y) / wa(y) / wa(y)
=y < Ay < | e dy
/(:ﬁm)c G(Hn,y) (o2nne G(H1,y) z, G(H1,y)

where the last inequality comes from (32 N 1) C Zj.

Condition (x) states that |5, G(f}y)y) dy < +o0, thus we know that the measure G“()H( )u) dy is

absolutely continuous with respects to the Lebesgue measure m on J2. This implies that the second
integral converges to 0, as k — +oo since m(Zy) — 0.

)dy converges weakly to 0 on

Hence, for any I C J sz 15 (y G(H( )u) dy — 0 as n — 4o00. Since step functions are dense in the
2(y)

family of bounded continuous functions, we conclude that the measure G“ZH‘ y)dy converges weakly

to 0 on 3% as n — +oo.
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