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Abstract

We consider an infinite system of quasilinear first-order partial differential equations, gener-
alized to contain spacial integration, which describes an incompressible fluid mixture of infinite
components in a line segment whose motion is driven by unbounded and space-time dependent
evaporation rates. We prove unique existence of the solution to the initial-boundary value prob-
lem, with conservation-of-fluid condition at the boundary. The proof uses a map on the space of
collection of characteristics, and a representation based on a non-Markovian point process with
last-arrival-time dependent intensity.
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1 Introduction.

Consider an incompressible fluid mixture in a line segment, say [0, 1], which flow in order preserving
manner and in one direction, with y = 0 being the upper stream boundary, and no leaking occurs
at y = 1. Each fluid component, say «, evaporates with rate w, which may vary among different
components and may depend on time. Flow of the fluid is driven by filling the evaporated portion
of the fluid toward the down stream. To formulate a system of partial differential equations which
explains the dynamics of this fluid up to time 7" > 0, let U,(y,t) be the total volume (length) of
fluid component « at time ¢ in the interval [y, 1). Then we have

(1) 8@(?“ (y,t) + Zwﬂ(t)Uﬂ(y,t) %(y,t} = —wa(H)Ua(y, 1), (y,t) €[0,1] x [0,T].
B

We will preserve the total volume of each component by supplying the evaporated portion from
upper stream boundary through the boundary condition

(2) Ua(0,t) =1, and Uy(1,t) =0, t 20,
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for non-negative constants r, satisfying Z ro = 1. The incompressibility condition is formulated

a
as

(3) > Ualyt)=1-y, t20.

The number of fluid components may be finite or infinite. (For the latter case we regard the
summations in « as series.) If the system is infinite, we should impose an additional condition

(4) Z T SUP o () < o0,

to keep the velocity of the flow finite, namely, to keep coefficient of the y-derivative term in (1)
well-defined at y = 0. With appropriate initial conditions, these define an initial/boundary value
problem of a one dimensional first order quasilinear partial differential equations.

In this paper we consider a generalization of (1) to allow for spacial dependence for the evapo-
ration rates we, as well as time dependence. Such generalization seems practically natural, because
if the fluid container has spacial non-uniformity in temperature, the evaporation rates would also
have spacial dependence. U,(y,t) is the volume of type a fluid component in the interval [y, 1),
and we need to consider its density to consider spacially varying evaporation rates, hence a natural
generalization of (1) is

U, ! dUg U, ! U,
) W(y,t) —Zﬁ:/y wg(z,t)W(zat) dz oy (y,t) —/y wa(z,t)w(z,t) dz,

a=1,2,..., (y,t) €[0,1] x [0,T].

Note that the equation is now non-local and contains integration. If w, are independent of y, then,
with (2), (5) reduces to (1).

The equation of the form (1) is known to be solved by considering characteristic curves [2], a
curve y = yc(t) whose derivative is equal to the velocity of fluid;

(6) e Zw@

where ¢, (t) = Uy (yo(t),t). Then (1) implies an ordinary differential equation for ¢, (t), which can
be solved explicitly, and (6) then implies

t

() o) = 1= Y Us(un,0) exp(— [ wg(u) du)
B

to

A natural generalization of (6) for (5) is

dyC aUﬁ
(8) z,t) (z,t)dz.
=5 [ e

As we will see in the present paper, this is no longer solved in such simple form as (7). Introduction
of spacial dependence for w, complicates the solution when combined with the boundary condition
(2) which conserves component volumes. We will show later that yc is determined as a fixed point
to the map G defined by (71) and (72), a result which apparently deviates largely from (7). To be
specific, our proof in § 5 of Theorem 7 proves an expression yo = nh—>Holo G"(0y) for the characteristic

curves, where 6 is a constant flow.



In the preceding work [9], the problem (5) for w, with spacial dependence was considered under

the condition
0 Wy
sup sup wq (y,t) < oo, and supsup —(y,t) < oo.

o (yt) @ (yt)
In view of (4) for {w,} with spacially independent case, a natural restriction for w, is expected to

be a milder one,

0
(9) Zra sup wq (y,t) < oo, and Supsup&(y,t) < 00,

o (y,t) a  (y,t) Jy

allowing, in particular, fluid mixture with unbounded evaporation rates. The unique existence of
the solution was proved for the case of bounded evaporation rates in [9], but explicit formula such
as (72) were absent. A main interest in [9] is on the stochastic ranking process [5, 4, 3, 11, 10], and
a rather strong restriction on w, was posed to prove existence of the hydrodynamic limit of the
process with spacially dependent w,, and (5) appears as the equation which characterizes the limit
of the process. In the present paper we focus on (5) itself, and solve the equation under a natural
assumption (9). Besides mathematical naturalness of the assumption (9), removal of boundedness
condition on {w,} has practical meaning also on an application of stochastic ranking process to an
analysis on a behavior of web ranking data for on-line retail businesses. See [8, 6, 7], in addition
to the references above for details on practical applications to web ranking.

As we will show in this paper, the solution U, turns out to have a concise expression using the
stochastic processes Ny ., ., which we introduce in § 3,

(10) Ua(y.t) = / P Ny sne(t) = Ny s (f0) ] pi0.0(d2),
z€[yo,1)

where (19 denotes initial spacial distribution of the fluid component «, and (yo,%o) is a ini-
tial/boundary point such that the characteristic curve starting from the point satisfies y = yc(t).
(See (82) with (28).) The map G of (71) and (72) also has a corresponding expression (70). The
processes Ny, , may be regarded as generalizations of the Poisson process, but, in contrast to the
Poisson process, lacks independent increment properties, resulting in the complexity of the solu-
tion. In the case of spacially independent evaporation rates, this underlying process reduces to the
Poisson process, whose independent increment property implies simple explicit formula such as (7).

We mentioned earlier that the characteristic curve, which is the key quantity for a solution to
a one dimensional first order quasilinear partial differential equation, will no longer be obtained by
ordinary differential equation for the spacially dependent {w,}, and that it is determined as the
fixed point to a map. The map is on the collection of the characteristic curves parametrized by its
intersection point with the initial/boundary points, the totality of which we introduce as flow in
§ 4.

These notions were absent in the preceding work [9], and it is to clarify such mathematical
structure of the solution that mainly motivated the present paper.

The plan of the paper is as follows. In § 2 we give the precise statement of our result, where
we generalize (5) to allow also for uncountable number of fluid components, by generalizing the
unknown functions to measure valued function. In § 3 we introduce the underlying stochastic
process and its elementary properties, with which we give an expression of the solution in § 4 (see
(82)), assuming existence of a fixed point to a certain map (Theorem 6). The existence of the fixed
point is proved in § 5, which completes the existence proof of the solution. A uniqueness proof of
the solution is given in § 6. As a remark concerning the condition in (9) on the spacial derivatives
of wy, we apply Schauder’s fixed point theorem in § A to the map defined by (71) and (72), with
the condition on derivative relaxed to a global bound on oscillation of w,, .



2 Main Result.

Throughout this paper we fix T > 0, W c C*(]0,1] x [0,T7];[0,00)) a set of non-negative valued C*
functions on [0,1] x [0,T], and a Borel probability measure A\ supported on the Borel measurable
space (W, B(W)). B(W) is the o-algebra generated by open sets with the topology from the space
of continuous functions C°([0,1] x [0,77;[0,00)) D C([0,1] x [0,T];[0,00)) with the metric given
by the supremum norm
(11) |w|lp = sup lw(y,t)|.

(y,t)€[0,1]x[0,T]

We assume that

(12) My ::/ |w||p A(dw) < oo
w
and 3
w
13 Cyw = sup H— < 00
( ) W weWw ay T
hold.

Denote the sets of ‘initial (¢ = 0) points’ in the space-time [0, 1] x [0, 7], the set of ‘upper stream
boundary (y = 0) points’, and their union, the set of initial/boundary points, respectively by

Ty = {0} x [0,T] = {(0,5) [0S s < T},
(14) Ly = [0.1] x {0} = {(2,0) | 0= = £ 1},
I'=T,UT;.
For ¢t € [0,T7], denote the set of initial/boundary points up to time ¢ by
(15) I'y={(z,s) €T |tg =t} =T, U{(0,tp) €T | 0 =ty < t},
and the set of admissible pairs of the initial/boundary point v and time t by

(16) Ar = {(7,t) € I'r x [0,T] [y € I'}.

To state the initial condition, let uy = po(dw x dz) be a Borel probability measure on the
measurable space (W x [0, 1], B(W x [0,1])) of the product space of W and [0, 1]. We assume that
1o is absolutely continuous with respect to the product measure A\ X dz, where dz denotes the
standard Lebesgue measure on R. Denote the density function by o, namely,

(17) po(dw x dz) = o(w, 2) A(dw) dz, (w,z) € W x [0,1].

We assume po(W x dz) = dz and po(dw x [0,1)) = A, or equivalently, in terms of o, we assume

(18) /W o(w,y) Mdw) = 1, y € [0,1],
and .
(19) / o(w,z)dz=1, weW.

0

We now state the main result we prove in this paper. For notational convenience, in the following,
and throughout the paper, we use a notation such as p(dw) = v(dw) to indicate the equality of
measures, (B) = v(B), for all B € B(W).



Theorem 1 There exists a unique pair of functions yo and p(dw x dz), where yo is a function
of (v,t) € Ar taking values in [0,1], and pi(dw x dz) is a function of t € [0,T] taking values in the
probability measures on W x [0,1], such that the following hold.

(i) yo((yo,0),t) is non-decreasing in yo, yc((0,tp),t) is non-increasing in ty, and yco(y,t) is
non-decreasing in t.

(ii) yo(v,t) and 88 (v,t) are continuous, and for each t € [0,T], yc(,t) : I'y — [0,1] is

surjective.

(iii) For all bounded measurable h : W — R, / h(w)p(dw X [y,1)) is Lipschitz continuous in
w
(y,t) €10,1] x [0,T], with Lipschitz constant uniform in h satisfying

(20) sup [h(w)] < 1.
weWw

More precisely,

1) ] [ wwetaw i 0) - [ h(w)ut(de[y,l))‘§!y’—y!+Mw€20WTlt’—tl,
%%

for h satisfying (20).

(iv) The following equation of motion and initial and boundary conditions hold.

(22) yc((Yo,to),to) = yo, (Yo,t0) €T, and po(dw x dy) as in (17),
(23) pe(dw x [0,1)) = A(dw), te€0,T],
(24) pe(W % [y, 1)) =1-y, (y,t) €[0,1] x[0,T7,

put(dw x [yc((yo,to
(25) =, (dw X [yp, 1 / / w(z, s)ps(dw x dz) ds,
to Jz€[yc ((yo,to),s)
((o,t0),t) € A

Note that a substitution y = yco(7,t) in (24) implies

(26) yC(’Vvt) =1- Mt(W X [yC(’Vvt% 1))7

with which (25) and (24) imply

t
(27) yo(v,t) = yo +/ / w(z, $)us(dw x dz) ds.
to JWx[yc(v,s

If W is a countable set W = {wy,ws, ...}, denote the distribution functions by

(28) Ua(y,t) = pe({wa} x [y, 1)).

Assume further that the functions U, : [0,1] x [0,7] — [0,00) are in C'. Differentiating (27)
by t we reproduce (8) in § 1. Differentiating (25) by ¢, substituting (8), and then changing the
notation from yc(7,t) to y, we can eliminate the dependence on initial /boundary parameter -, and



we reproduce (5) in § 1. With A({wa}) = 74, (23) and (24) respectively correspond to (2) and (3),
and the conditions (12) and (13) imply (9). Thus Theorem 1 contains a solution to the problem
introduced in § 1.

In Theorem 1 we claim differentiability for yco(v,t) in ¢, while we formulated (25) so that
differentiability assumptions on U, (y,t) or pi(dw x [y, 1)) are absent. In fact, at (y,t) with y =
yc((0,0),t), where the characteristic curves starting at initial points v € T'; and those starting at
boundary points v € I', meet, the differentiability with respect to variables which cross the curve
are lost in general. Loss of regularity across the characteristic curves is common for the quasilinear
partial differential equations [2]. In terms of [2, §3.4], we may therefore say that Theorem 1
claims global existence of the Lipschitz solution (broad solution which is Lipschitz continuous) to
the system of quasilinear partial differential equations (5), where we extended the definition of
Lipschitz solution in [2, §3.4], to include the non-local (integration) terms, and also generalized the
notion of domain of determinancy defined in [2, §3.4], which in the present case corresponds to
{(y,t) € [0,1] x [0,00) | y = yc((0,0),¢)}, to the boundary condition dependent domain {(y,t) €
[0,1] x [0,00) | ¥ < yc((0,0),¢)}. By formulating Theorem 1 in terms of probability measures on
W x [0,1] we also included uncountably many components parametrized by the evaporation rates
w, which are componentwise bounded but may be unbounded as a total fluid.

3 Point process with last-arrival-time dependent intensity.

Let N = N(t), t 2 0, be a non-decreasing, right-continuous, non-negative integer valued stochastic
process on a measurable space with N(0) = 0, and for each non-negative integer k define its k-th
arrival time 73 by

(29) m=inf{t=0|N®) =k}, k=1,2,..., and 7 =0.

The arrival times 75 are non-decreasing in k, because N is non-decreasing, and since N is also
right-continuous, the arrival times are stopping times; if we denote the associated filtration by
Fi =0[N(s), s <t], then {7, St} € F, t 2 0.

Let w be a non-negative valued bounded continuous function of (s,t) for 0 < s < ¢, and for
k=1,2,... assume that

t
(30) Plt<m|Fr_, 1= exp(—/ w(Tk—1,u)du) on t =Tk 1.

Tk—1

In particular, (30) with & = 1 implies
t

(31) P[N(#) =0]=P[r >¢] = exp(—/ w(0,u) du), 0.
0

Note that the function w has different dependence on the variables from the evaporation rate
function w in the other sections of this paper. (We will relate w to w by (51) in § 4, namely, we will
introduce an intensity function as a composite function of the evaporation rate function and a flow.)
If w is independent of the first variable, then (30) implies that N is the (inhomogeneous) Poisson
process with intensity function w. We are considering a generalization of the Poisson process such
that the intensity function depends on the latest arrival time.

The remainder of this section is devoted to basic formulas to be used in this paper. For a
continuously differentiable function f vanishing at oo, (30), with integration by parts and the



Fubini’s theorem, implies

t
/ FO) wrpor t) exp(— | w(re_y,s)ds) dt

Tk—1

t
f (t) exp(—/ w(Tk—1, ) ds)dt + f(Tk—1)

Tk — Tk—1

) /k FOPLE< ] P i+ )

f()1t<7'k dt|.7:~,-k 1]+f(Tk 1)

Tk—1
Tk

= E Fr#)ydt] Fo T+ f(me1)

Tk—1

=E[f(m) | Fr,_, |, E=1,2,....

Approximating by a series of smooth functions, (32) holds for any f € Lo([0,00)), where Ly(]0,0))
is the space of bounded measurable functions f : [0,00) — R vanishing at infinity, equipped with
the supremum norm.

For t 2 ty put

(33) Oto, 1) = /t w(tou) du,
and define a linear map A, : Lo([0,00)) — Lo([0,00)) by
(31) (A0 = [ Fwltn e du.
Then (32) implies
(35) E[ f() | Froy ] = (Auf)(Tk-1), f € Lo([0,00)).
By induction and 79 = 0 we have
E[ f(r) | =E[E[ ---E[E[ f(7) | Fro_y ]| Frop I+ [ Fr 1]

= (AL )(0)
(36) k ot

= /O<u1<u2<m<u)€<oo f(ug) il:Ilw(Ui—hui)@ N dug

where we put ug = 0 to simplify notations.
For example, by choosing f(u) = 1,<;, (35) implies

(37) P[ T St | Frioa ] =(1- G_Q(Tk_ht)) 17'/9712'5 )
Then (37) and (36) with f(u) = e ") 1,, imply

P[N(t):]{?] P[Tk<t<7‘k+1]:E[l WSt (1—P[7‘k+1§t’f7k])]
=E[ f(n) ] = (AL £)(0), k€ Zy, t>0.

Hence, as in the last line of (36)
)

P[N(t)=k] = (A]

(38)

)

(0)

k
/ et Hw(ui—la uz) e_Q(ui717Ui) dul ) k= 17 27 ceey
- 0=u1SugpS-SupSt =1

e_Q(O’t), k=0.

(39)



In particular, P[ N(¢) 2 0] = 1 implies a sum rule

[e's) k

e~SU0D 1 Z/ e Hunst) Hw(ui_l,ui) e~ Hui-1) gy = 1,
0

(40) = Jogu S Swesi P

t>0,

where ug = 0, as in (36).
Similarly, given s and ¢ satisfying 0 < s < ¢, the probability that there is no arrival in the
interval (s,t] is

P[N(t)=N(s)]=) P[N({t)=N(s)=k]=) Plr s, t <7ps1]

kOZOO k=0
(41) =Y B[ 1<, (1=Pl7s1 St Fr ]) ]
kO:OO
_ ZE[ 1T,és e~ m:t) ]

=0

k
With f(u) = 1,<, e in (36), we also have an explicit formula

P[N(t) = N(s) = k] = E[ 1,,<, e ™" ] = (4] 1)(0)

e~ 0 k=0,
(42)

k
e~ Huk,t) Hw(ui_l,ui) e Uit gy =12,

/O§u1§u2§§uk§s =1

for t 2 s > 0, where ug = 0, as in (36). The following property relates the s and ¢ dependencies of
the quantity in (41). Note that the explicit formula (41) implies that this quantity is C* in s and t.

Proposition 2 For k=1,2,...,

0 5 0
" D P[N() = N(s) = k] = —/0 1) 2P N(1) = N(u) = k] du,

0<Ss<t.

&
Proof. First we prove )

(44) BLA) 9(m) Lz 1= [ £ Q') du
for locally bounded and measurable f and ¢ such that
(45) Q(s) == E[g(Tk) ]-‘rkés ]

is absolutely continuous with respect to the Lebesgue measure (so that the derivative @’ almost
surely exists). Approximating by a series of smooth functions, it suffices to prove (44) for f € C*.
By Fubini’s theorem and partial integration, and noting that 7, > 0 for £ > 0 implies Q(0) = 0,

Bl g(n) 1oz, 1 =L (- [ s 1) o) 155,
~ Q0 - [

~ 1) - [ £ QM du

_ /O " () Q' (u) dus

/ f'(w) E[ 1,,<, 9(7) ] du



Thus (44) is proved.
Now for a positive integer k, let f(u) = w(u,t) and g(u) = e %% in (44). Note that for this
choice (42) implies
Q(s) = Ble™™ 1, < ] = P[N(t) = N(s) = k ]

Then (44) implies

5 PIN (@) = N(s) = k] = ~Elw(m, 1) e ™0 1, < ]
= —E[ f(7) 9(7) 17,<s | / flu
_ _/S (1,0) =B N (1) = N(u) = k] du
0
which proves (43). O

Note that, for example, the explicit formula in (42) depends on the intensity function w at times
before s, which implies that the process N is not of independent increment, hence, in particular, is
not a Poisson process. If, on the other hand, w is independent of its first variable, put @(t) = w(s, t).

t
Then (33) implies Q(tg,t) = / @(s)ds, and (42) is simplified as

to
k k
P[N(t) = <1 + / o (u;) dui> e~ 0
; <u1<UQ< <uk<3 l_Il 'Ll:Il
(46) _
=1+ Z i Q(0, s)’C e $200)
k>1

— (0,9) « o—20t) — ,—Qs,t)

where we used an elementary formula proved by induction in k,

k

1/ (¢ F
(47) / Hf(ui)dulduz...duk:—</ f(U)d’U) , $20, k=1,2,...,
0<u1 SupSo-Sug s 5 k'\Jo

1

valid for any integrable function f: R — R. The simple result (46) reproduces a formula for the
(inhomogeneous) Poisson process with independent increments. In the general case of processes we
consider in this paper, such simple relations to Poisson processes or Poisson distributions are lost
and the properties of the processes become complicated.

4 Flows and construction of solution.

The key quantities for the solution to the functional equations in Theorem 1 are the characteristic
curves yo and the associated measure p(dw,v,t) = pi(dw x [yo(7y,t),1)). We will find yo as a
unique solution to a non-linear map on a space O of flows, a non-decreasing function in time ¢
and in initial/boundary points v € I'. To simplify the definition of ©7 we first define a total order
> on I' by

(48) s<t,zZy < (0,7) = (0,t) = (0,s) = (0,0) > (2,0) = (y,0) = (1,0).
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We now define the set of flows ©7 on [0,1] x [0,7] by

Or:={0: Apr —[0,1] | 8((vyo,t0),t0) = Yo, (Yo,to) € I'r, continuous,
(49) surjective and non-increasing in ~y for each t,
non-decreasing in ¢ for each v }.

For example,
(50) 0((1,0),t) =1, t€0,T], 0 € Or.

Let W, the set of evaporation rates, be as in Theorem 1, and let § € ©p. For each w € W

and z € [0,1) define w = wy,, ., a non-negative valued continuous function of (s,t) satisfying
0Ss<t<T, by

[ w(0((2,0),t),t), if s=0,
(51) Wo,=(5:) = { w(®((0,5).1).8). if 5> 0.

Note that wg . is independent of z if s > 0. Let {Np,, . | z € [0,1), w € W} be a set of processes,
with each Ny, . being a point process N introduced in § 3 with the intensity function in (30)
determined by w = w4 .. The quantity in (33) for the choice (51) is

Qs (0,1) = /O w(O((2,0),u), ) du,

(52) {
Qow(s,t) = / w(0((0,s),u),u)du, 0<s<t.

Let po be as in Theorem 1, and define a function @g(dw,~,t) on (v,t) € Ar taking values in
the measures on W, by

polduw.r.t) = | PN () = Noaslto) | ol x 02)
z€|yo,1
v = (yo0,%0) €T, (1,t) € Ar.

(53)
The explicit form for (53) is simple for v = (yo,0) € I';, because Ny, .(0) =0, and (42) with k =0
imply

(54) wo(dw, (Yo,0),t) = / ) e 0w (08) o (dw x dz).
2€[Yo,

For ¢p in (53) define %, a measure valued function on Ar, by
g

XL .
——(dw,(2,0),t), if v=(z,0) €T},
(55) %(dw,v,w =9 047
v W(dw, (0,u),t), if v=(0,u) €Ty.

We keep non-negativity of the defined measure in determining the sign. Explicit calculation of the
derivative at v € T'; is straightforward from (54) and (17). The derivative at v = (0,u) € T’y is also
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calculated explicitly using (42) and (53), which is

d pp
E(d/u% (0, U)’ t)
B w(0((2,0),u) e~ 0wz 00)
z€[0,1)
+> W(0((2.0). 1) = 0w=O8) gy,
(56) k>2 0<u; Sug <o Sup_1<u
N k-1
H (w<0((0, ui—l), UZ) e_QQ,w(ui—l,ui) duz>
=2

w(O((0, ug—1),u) 6_99’1“(“’“—1’“)> e o) o (dw x dz),

where we also used the notations (51) and (52) to make the z and u dependence explicit. Note
that w € W are non-negative functions, hence e=%-»(®) < 1. This and the sum rule (40) (with
the replacements t = v and k = k' — 1), with (12), (17), and (19) imply

Do
2w, 0,00 < [

[l ro(dw x dz) = / ol Adw) = My < oo,
Bx[0,1) B

hence, % is well-defined.
ou

For f: T't — R and a Borel subset A C 'y, define / f(v) dv, a line integral on I'r, by
A

67) [ar= [ seod+ [ s

A A; Ap
where, A; = {2 €[0,1) | (2,0) € A} and A, = {w € [0,T] | (0,u) € A}, and the integration in the
right hand side of (57) are the standard one dimensional integrations.

Proposition 3 It holds that
(58) 0< / / ol 228 (dw, o, t) dy < My 2501,
rel’t

for all t € [0,T7. <&

Remark. Note the extra ||w|| in the integrand of (58). We are allowing W to contain unbounded
functions w, so the finiteness of (58) is harder than that of (56). We use the condition (13) as well
as (12) to prove (58).

Proposition 3 implies, in particular, that the integration (63) introduced later, is uniformly
bounded in (v,t) € Ay and B € B(W). &

Proof of Proposition 3. By the definitions (55) and (57),

/ / ol 22 (1)
el

" = [ e HT(M w200 dz+ [ [ ol S22, (0000
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The first term on the right hand side is explicitly calculated using (54) and (17). Using also
e 0w=00) <1 (19), and (12), we have an estimate

3809 _
o 05 [ [ Il G 0 = [l e 00 o )
>< b

éMw<OO.

Next, for t =2 s 2 0 and w € W, put

t
(61) Qu(s,t) = / w(l,u) du.
Then the condition (13) and the fact that  takes values in [0, 1] imply

’w(9(77t)7t) t w(lyt)| § Cw, )
(62) Q9. (5, 1) — Qu(s,8)] £ Cw (t—s), and |Qg.,.(0,8) — Q,(0,8)] < Cw ¢,
(v,t) EAr, 0<s<t, weW.

Using (62) and (61) in (56), and then using (17) and (19), we have an estimate

[l S22, 0,00,

t
< [l 0050wt [t + ) (1
%% 0

i Z /0<u1§...§uk§u H((w(l’ u;) + Cw) dUz)) du A(dw).

k>1 1

The estimate is now reduced to that for the Poisson processes, and (47) implies

/ ]l 2 . (0,00,

< / ] e~ Qo@D+t / wOWECW (41, ) + Cyar) du A(dw)
u=t

/ ||wHT e w(0,)+Cwt |: Qw(O,u)+CWu:| )\(dw)

u=0
< Ot / o]l A(dw) < My 25w,
w

This proves (58). O

Proposition 4 It holds that
3@9 / / X / /
" 1), t) —=—=(d t)d
(63) at 7’}/7 ’YE )7 ) 8"}/ ( w777 ) 77
(v,t) € Ap, B e B(W

where v = ' is defined in (48). &
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Remark. If W consists of functions with no spatial dependence, namely, if w(y,t) = w(1,t), then the
factor w in the integrand of the right hand side of (63) is constant for 7' integration, and we have
integration after differentiation, so that the right hand side is simplified as —w(1,t)pg(B,~,t), and
the equation is solved easily, as remarked below (6) in § 1. &

Proof of Proposition 4. Consider first the case v = (yp,0) € I';. The explicit form (54), together
with the definitions (55), (57), and (17), implies

1/ /wW%wwiﬁwm%wm'
y=v'JB vy

w(0((z,0),t),t) e~ 2wz 0D 5 (1 2)\(dw) dz
z€[yo,1) /B

= - w(B((2,0),1),t) e W= O0 o (dw x dz) = %(B, (Y0,0),1),
z€[yo,1) /B ot

which proves (63) for v € T; .
To prove (63) for v € Ty, put, for k € Z,
(64) gpg‘:)(dw, (10, t0), t) = / [ )P[ Ng,w,=(t) = Now,=(to) = k ] po(dw x dz).
z€|yo,1

Then (53) implies

(65) o= o).
k=0

We will prove, for v = (0,t9) € T

260 (B,7,t) / / (0(7,1),1) 90 (dw,',t) d
= — w —(aw
(66) at »Ys v JB Y,l)s 3’7 Y v

(Vvt) € ATa B e B(W)7

for all k € Z,, where differentiation and integration with respect to vy are defined in accordance with
(55) and (57). Then (65) and (66) prove (63). The changes in the order of series and integration
and differentiation causes no problem, because all the terms and integrands are non-negative and
the results of summation and integration are bounded by Proposition 3.

Consider first the case k = 0. Then (42) implies

67 SO(O) dwa yOvtO 7t - e_Qg’w’Z(OJ) Ko dw x dz).
6
26[9071)

Note that this is independent of ¢y. Hence (55) and (17) imply

(68)

8¢é0) (d , t) B e—QG,w,z(Oft) U(w’ Z))\(dUJ), lf "}/ — (Z, O) 6 ]-_‘z 9
oy T, if 7/ = (0,u) €Ty

For the case v = (0,tp) € I'y,

v=5 & 4 =(0,u), 0Suty, or ¥ =(20),0=2=1.
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The contribution, however, to (57) from the integration along I', vanishes because the integrand
(68) is 0 on I',. Hence, (68), (57), (17), and (67) imply

a(p(o)
/ / w(0(v',t),t) 4 (dw,~',t)dy
y>=~' JB 8’7

= w(((z,0),t),t) e~ w0 5 (1 2)\(dw) dz
z€[0,1) J B

= / w(0((z,0),t),t) e w20 1y (dw x dz)
Bx[0,1

which proves (66) for k =0 and v € I, .
To consider the case k > 0 and v = (0,%9) € I'y, (64), Proposition 2, and (51) imply

9 ¢§k)

(B, (0, t),

to
/ / 0(0,10),1),£) 2P| Npo (1) = Noo (1) = k | dut rofdw x 2)
Bx][0,1) Ou

to a ()
// 000,u),1),1) 220 (dw, (0,u),£) du, 0 <ty < t.
wGB 8“

The contribution to (57) from 4" € T'; vanishes for the case k > 0 because Ny, .(0) = 0 and (64)
then imply

(69) o)) (dw,v,t) =0, yeT;, 20, k=1,2,...,
hence (66) is proved for this case. This completes a proof of (66), and (63) follows. O
Next put

G(Q)(Vat) =1- @9(W777t)
—1= [ P Nowelt) = Nowslto) ol x d2)
(70) W x[yo,1)

= Yo+ P[ NG,w,z(t) > NG,w,z(tO) ]MO(dw X dz)
W x[0,1)

7= (Wo,to) €T, (7,1) € Ar.
With (17) and (42), we have an explicit formula

GO (00 t) =1 [ &m0 (s, 2) \(dw) d,
(71) W x [yo,1)
Y= (y070) € Fi?

and

GO)((0,t0),1) = 1 — / ¢~ 0.0.200) (4 ) \(duw) dz
W x[0,1)

_ w(6((z,0),u1),u1) e~ 0,w,2(0u1)
Wx[0,1) 57 J0Sur - Suxo

(72) > H( 0 i 1 ) Uz) e_QG,w(“i—hui))

e_Qg,w(ukrt) H dul O'(”u)7 Z) )\(dw) dZ,
i=1
7 =1(0,t0) €eTpNT.



15

Using these explicit formula with (18) and (40), we see from (49) that G(f) € ©r. Namely, (70)
defines a map

(73) G @T — @T

on the set of flows O7.

Proposition 5 If § € Op is a fized point of G in (73), namely, if G(0) = 6, then @y defined by
(53) uniquely determines for each t € [0,T] a probability measure jig; on W x [0,1] by the equation

(74) po(dw,,t) = pgi(dw x [0(7,1),1)), (7,t) € Ar.

Furthermore, we have a following formula for a change of integration variables:

/ £ 0,00+, 6),8) 222 (d, o 1)y
(75) Wx{y'€ltly=y'} Oy
= f(w7 Z, t) Me,t(dw X dz)?
W x[0(~,t),1]
for integrable function f: W x [0,1] x [0,T] — R. &

Remark. We are working with a generalization of characteristic curves, for which (v,t) is a good
coordinate. On the other hand, equation of motions are usually stated in the space time coordinates
(y,t). This proposition relates the representations in these distinct coordinate systems. &

Proof of Proposition 5. The definition (49) of ©7 implies that 6(-,¢) : T'y — [0,1] is continuous,
surjective and non-decreasing. Hence to prove (74) we only need to prove consistency, namely,

(76) 9(’770 = 9(7/51&) = @O(Bv'%t) = SOG(Bv'Ylat)v B e B(W)

If (76) holds, then (74) determines the distribution function pg (B x [y,1)), y € [0, 1], on [0, 1], so
that p (B X [a,b]) is determined, and eventually pp; is determined as a probability measure on
the product space W x [0, 1].

Assume that 6(,t) = 0(v/,t) for v = (yo,t0) € I't and v = (y;, ty) € Ty Since (I, =) is a totally
ordered set, we may assume without loss of generality that v > 4/. Then (48) implies to < ¢t[; <t
and yo = y,. Non-decreasing property of the point process Ny, .(t) in t and monotonicity of
measures imply with the definition (53),

(77) vo(B,7',t) Z p(B,7,t), and ¢g(B,7',t) 2 @a(B,7,1),
for any B € B(W),
On the other hand, the assumption G(0) = 6 and (70) and 6(~,t) = 0(+/,t) imply

¢9(B777t) + @Q(Bcvfy?t) = QOG(W Vvt) =1- G(Q)(’th) =1- 9(77t)
=1-0(7,t) = ¢a(B,7,t) + @a(B, 7, 1).

Hence

(78) vo(B,7',t) = wo(B,7,t) = —(09(B, 7, t) — @p(B*, 7, 1))

Combining (77) and (78), we see that (76) holds, which implies (74).



16

Next to prove (75), we first prove

(79) / 88—?(377’%) dy' = po (B x [0(7,1),1)), (v.t) € Ar, B e B(W).
vy

In fact, note that (53) implies
(80) SOG(Ba(laO)at) =0, BEB(W)7 t=0.

Then, if v = (y9,0) € I';, The explicit formula (42), with the definitions (53) (55) (57), implies

000, 1y 1y 1 09
Y2 By t)dy =— | Z2UB,(2,0),t)d>
[ G ma el == [ 5.0

= @(37 (yo,O),t),

where we used (80) in the last line. If v = (0,tg) € T', the explicit formula (42) similarly implies

/ %(B,%t) dy
ey OF
1 to
= [ %9B (20),0)dz +/ 920 (B, (0,u), 1) du

0 0z 0 ou
= _(@O(Ba (1,0),t) - SOG(Ba (an)at)) + (SOG(Bv (Oat0)7t) - (PO(Ba (an)at))

= 90(37 (Oato)at)7

hence (79) follows from (74).
Define a measure vp; on W x I'; by

0
vou(dw x dy) = 8—“,;9<dwm,t> dy.

Then (79) implies

vor(B x {7 | v =7"}) = pos(B x [0(7,1),1)), v € T;.

This implies that, if we put Xy, = (idw,¢), where idy is the identity map on W, then pyg; is the
image measure of vy, with respect to the map Xg;: W xI'y = W x [0, 1]:

-1
Mot = Vot © X(;,t .

Therefore (75) follows. O

Theorem 6 Assume that G in (73) has a fized point, and denote the fized point by yo € Or;

(81) yc = G(yc)

Put ¢ = @y, and p = [y, where g and pgy are defined by (53) and (74) with 0 = yc . Then
the so defined yo and uy satisfy all the properties stated in Theorem 1. <&
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Remark. With (53) and (74), the theorem implies an expression

fyot(dw X [yc(7y,t),1)) =/ [ )P[ Nyew,z(t) = Ny w,z(to) ] po(dw x dz),
Z€[Yo,

Y= (y05t0) € Fta

(82)

for the solution to Theorem 1.

The properties of the solution claimed in Theorem 1 are mostly contained in the previous propo-
sitions and explicit formulas. The remaining point is the Lipschitz continuity of s If w(y,t) =0
for certain time interval for all w € W, then the characteristic curve yo will remain constant for
the interval, and a small change in y = yo(7,t) may result in a large change in v and hence in p; .
It turns out that the situation causes no problem, because then the change in the quantity ¢ and
eventually p; are small in the time interval, hence continuity follows. <&

Proof of Theorem 6. By definition (70), we have

(83) yo(v,t) = Gyc)(v,t) =1 — oy (W7, ),

for which monotonicity properties stated in Theorem 1 are direct consequences of (53). Proposi-
tion 3 and Proposition 4 with explicit formula (71) and (72), or (53) and (56), imply that yo and

C . . .
is continuous in (7, t).

Y
ot
Let h : W — R be a measurable function satisfying (20). For (y,t), (v',t) € [0,1] x [0,T],
choose v € Ty and 7/ € T'y such that y = yo(v,t) and v’ = yo (7', t). We may assume v = +'. Then
monotonicity of y¢ implies y < ¢/, hence h(w) < 1 and (24) imply

/ h(uw) e (dw x [y,1)) — / h(w) e (dw x [y, 1)) = / h(w) e (dw % [y,4)
w %% w
S (W x [y,v) =y — .

Next, for (y,t), (y,t') € [0,1] x [0,T], choose v € Iy and v € I'y such that y = yo(v,t) and
y = yc(7,t). Then, since, by definition (53), ¢(B,~,t) is monotone also in t,

\ [ wwpnta <51 = [ hwhie(aw x 1))]

~| [ htw) (olawn.) - w(dw,v’,t’»\

< (W, 7,t) — (W, 1) + lo(W, 5, t) — (W, ~',t)]
yo(v,t) —ye (Vs )1+ lye (V' ) — yo (7', 1)
=2ly —yc (¥, t)|

=2lyc(v',t") —yo (v, 1)

0
<2 sup ﬂ(w",t”)] i~
(’Yl/,t”)EAT 8t

Using Proposition 4, monotonicity, and Proposition 3, with (83), we have

B B
yc v, t / / w(yc(y',t) )a—so(d At dy
=y
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which proves (21).

The initial conditions (22) and surjectivity for yo € Or is contained in the definition (49) of
©r, and the initial condition (17), for for y is in the definition (53) with Proposition 5.

For t > 0 and B € B(W), (74), (53), (17), and (19) imply

pe(dw x [0,1)) = p(dw, (0,t),t) = po(dw x [0,1)) = A(dw),

which proves (23).
For (y,t) € [0,1] x [0,T] choose v € Ty such that y = yco(v,t). Then (74) and (70) imply

pe(W x [y,1)) = o(W,7,t) =1 = G(yc)(v,t) =1 —yc(v,t) =1 -y

which proves (24).
To prove evolution equation (25), Proposition 5 implies, for v = (yo,tg) € I'¢,

N’t(dw X [yC(’Vvt% 1)) - Mto(dw X [y07 1)) = (P(dw77vt) - (P(dw77vt0)7

for which Proposition 4 and (75) further imply

fue (dw Xt [yo(v,t),1)) — “to(dwax Y0, 1))
— w ,S S _SO w ,S / s
=~ [ w0 G w5 yar ) a

t T
= —/ (/ w(z, s) ps(dw x dz)) ds,
to yc (7,8)

which proves (25). O

5 Fixed point and existence of solution.

In Theorem 6 we assumed existence of a fixed point § = y¢o of a map G defined in (70). To complete
a proof of existence of a solution for Theorem 1, we prove that (70) has a fixed point. In fact, the
assumptions (12) and (13) on W imply that that the fixed point is unique. This is the core of the
existence proof for Theorem 1, and we heavily rely on the explicit formulas (71) and (72).

Theorem 7 The map G : © — O in (73) has a unique fized point yo € O, namely, there is a
unique yc which satisfies (81). &

Proof. For t 2 0 and # and ¢’ in O define

(84) d(0',0,t) = sup |0/ (v,t) — 0(7,1)].
vyel't

We first accumulate basic formulas for evaluating wy ., . in (51) and €y ,, - in (52). In the following
lemma, we write gy, .(s,1) also for s > 0 in (52) whenever it becomes notationally simpler, though
the quantity is actually independent of z for s > 0. Recall the notation Q,(s,t) in (61).

Lemma 8 Let 0 € Op and §' € Op. Then for (v,t) € Ar with v = (z,s), we have
(Z) w(lat) - Cw g w(e(’%t)vt) g w(lat) + Cw,

(ZZ) 0< e_QH,w,z(svt) é e_Qw(svt)'i'CW (t_s)’
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(iii) [w(0'(y,1),t) —w((, 1), )] = Cw d(0,6,1),

- t
(iv) |e 2wz (1) _ = Qou s ()| < Oy g5 40w (t—S)/ (o', 6,v) dv.

S

<&

Proof. The first estimate is an elementary consequence of (13) and the mean value theorem, if one
notes that 6(v,t) € [0,1]. This and the definitions (52) and (61), and non-negativity of w € W
leads to the second estimate. With the definition (84), the third estimate is similarly proved as the
first one. The last estimate follows from these estimates and

|e—m’ _ e—a:’ _ |6 (z'vz) _ 6—(m’/\r)| — 6—(m’/\z) (1 _ e—\m’—:ﬂ|) é 6—(m’/\z)|x/ i $’
|
Lemma 9 It holds that
t
(85) d(G(#),G(9),t) < 2Cw e2CWT/ d(0',0,v)dv, 6,60¢cOr, tclo,T).
0
&

Proof. If v = (y0,0) € T';, then applying Lemma 8 to (71), we have

G(O)(7,1) = G(O) (v, )]

N t
< Cw eCWt/ e O g (w, 2)\(dw) dz / d(0',0,v)dv, yeT; tel0,T].
W x[yo,1] 0

Non-negativity of €, and (18) and the fact that A is a probability measure further leads to
t
(86) sup |G(0") (v, t) — G(O) (7, 1)] £ Cyy e T / d(0',0,v)dv, te[0,T].
€L 0

The rest of the proof is for the case v = (0,t9) € Iy N T',. On applying Lemma 8 to each term of
(72), we use an elementary equality
ai) )
1

n

(87) gbi—}jaizz:(r[b) (bj — aj) <_f[

7j=1 t=j+

where, and in the following, we adopt a notation

H Hal—l

=1 i=n+1

to simplify the formulas. We apply (87) to the difference of (72) and its analog, with 6 replaced by
0’, where b;’s are the factors depending on #’, and a;’s the factors depending on 6. We then apply
the last 2 estimates in Lemma 8 to the factor of the form b; — a;, and apply the first 2 estimates to
other factors. We have

(88) |G(0')((0,20),t) — G(0)((0,20),t)| < I1(to,t) + Ia(to, 1),
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where

Li(to,t) = Cyew! / e~ (0) (1
w

(89) + /

k>1

t
X / d(0',0,v)dv,
0

k k
( (1,u;) + Cw) H dui> A(dw)

and i
I(to, t) :cwecwt/ ~u(01) Z/ Z(d(e’,e,uj)
w k>1 <u1§...§uk§to j=1
(90) k
X H (w(1,u;) + Cw) > Hdul (dw).
i; 1<i<k, i#j =1

We apply (47) to (89), to find

N N t
I (to, t) = Cwecwt/ e~ w0 Quw0t0)+Cw o ) (qu) x [ d(#,0,v) dv
w

0
t
(91) = Cyyew (o) / w(tot) )\ (dw) / d(9',6,v) dv,
0
< Cw eQCWT/ d(¢',6,v)dv.
0

To evaluate (90), we first change an integration variable u; to v and change the order of summation
for j and k, to find

Ix(to,t) .
_C’WeCWt/ —wat)/od(e’,e,v)

<2/<u1< <uyi< ﬁ( (1’“i)+cw)ﬁdui>

Uii=1 i=1
k

k
x (Z/ I (w@w)+cw) T dw) Mdw) dv.
k> U§Uj+1§"'§uk§t0 i=j+1

i=j+1
We apply (47) to the summation in j and to the summation in k, to find
Ix(to, 1)
- to
— CWeCWt/ e—Qw(O,t)/ d(el 0 U) w (0, ’U)-l-Cw’U Q (v,t0)+Cw (to—v) )\(dﬂ]) dv
w 0

- to
©2) _ getw 0 [ o=Rutton) \(gu) x / d(0',0,v)dv
. w 0
< C’WeQCWT/ d(@',0,v)dv.
0
The equations (88), (91), and (92) imply
t
(93) sup |G(0)((0,t),t) — G(0)((0,t),1)| < 2CW620WT/ d(¢',0,v)dv.
yelp,NIe 0

The equations (84), (86), and (93) finally imply (85). O
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Let us continue the proof of Theorem 7.
Define 0y € ©1 by

(94) 90((3/0,1‘;0),75) =1%o, ((y07t0)7t) S AT?
and define a sequence of flows 0y € Op, k € Z,, inductively by (94) and
(95) Op+1=G(0r), ke€Zs.

Lemma 9 implies
t
96) AB1,00,1) = (G0, GO-1). ) S C [ (01,601, 0)de,
0
tel0,T], k=1,2,....

where C' = 20y 2w T, Iterating, we obtain estimates which, by induction, is seen to have an
expression

d(Op+1, 0k, t)
¢ : e [
(97) <c / (61, 00,u1) [T dui = C / YW 6y, 00, u) du,
0<ur <...Sup<t ( ) }:[1 o (k—1)! ( )
te0,1), ke Z..
Since 0 € Or takes values in [0, 1], the definition (84) implies

(98) d(0,0,) <1, 0,0 € Or, t € [0,T].
Substituting (98) in (97),

k
(99) 0 00) < C ke,

k!
Since the summation in & of the right hand side of (99) converges to et

E

-1
Or(7,t) = bo(v,t) + ' (Oir1(7,t) — 0i(7, 1))

s
Il
=)

converges uniformly in (v,¢) € Ar. Denote the limit as
(100) yC(’Vvt) = kh—>r<(>lo 9k(77t)7 (77 t) € Ar.

The equations (100), (95), and (99) imply (81). Since 6, € O for all k, yo also takes values in
[0,1], non-decreasing in v for each ¢, and non-decreasing in t for each 7. Since the convergence
(100) is uniform in (v,t), and 6 € Op are continuous, yc is also continuous. Also

ye((yo,to)sto) =vo, (Yo.to) € I'r,

holds. In particular, yo((0,t),¢) = 0 holds, and also (50) implies yc((1,0),t) = 1, hence with
continuity, yc¢ is surjective in « for each t. This proves yo € O7 , namely, existence of a fixed point
of G in Op.

Suppose there is another fixed point §o € O of G. Then (81) and Lemma 9 imply

dw@w:ammﬂ@@gc/%wﬁmw,mmjy
0

where C' = 20y 2w 7T, Gronwall’s inequality implies d(¢’,6,t) = 0, t € [0,7]. Namely, ¢ = 6.
This proves uniqueness of the fixed point of G. a
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6 Uniqueness of the solution.

In previous sections we proved existence of a solution (yc,u¢) in Theorem 1. In this section we
complete the proof of Theorem 1 by proving that the solution is unique. Assume that (yc, u¢) and
(Jc, it) are the pairs which satisfy all the properties stated in Theorem 1.

Fix v = (yo,t0) € T', and let t = ty. Since by assumption (u¢, yo) satisfy equation of motion
(25) with initial and boundary conditions (22) and (23),

pur(dw [yc( ) 1))
- :uto dw >< )

(101) /t /ze[y Vs)l w(l,s) —w(z,s))us(dw x dz)ds

. (1 S)Ms(dw X [yC(’Vv )a 1))d8, 13 2 to .

Note that (23) and (12) do not rule out a possibility that ;; has an unbounded support concerning
|w||p. Therefore, a direct application of Gronwall type inequalities to the last term in the right
hand side of (101) may lead to divergent expression upon integration with respect to w. We work
around this problem by the following.

Lemma 10

paldw x [ye (7,), 1)) = e 0Dy (duw x o, 1)

102 A
(102) s [t [ O $)ias(dw x [y, 5), 2)) dir ds,
to zefyo(r.s).1) 0%
where QU (s,t) is as in (61). &

Proof. Iterating (101) and using Fubini’s Theorem, we have

pe(dw X [ye (v, 1), 1))k

1 ~
- /’Lto dw X y07 E - t07 )e
Z:O
t k 1 ~
(103) + / i (— Qw(s,t))g/ (w(l,s) —w(z,s))us(dw x dz) ds
t i ‘o 2€lyc(7,5).1)
1 ~
- [ wlt8) g (<l ) i x ety 5). 1) ds.

. !

t>ty, k=0,1,2,....
Since w € W are non-negative valued, so are Qw(s,t) for s £t and
(104) 0 Qu(s,t) S lwlly T, 0Ss<tET.

Taylor’s Theorem and (104) imply

k

e 37 (@l )| <

=0
0SsSt=sT, k=0,1,2,....

(Il Y,

1
(105) = (k+1)!
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Note also that (13) and the mean value theorem imply
(106) |w(1a3) - 'LU(Z, S)’ g CWa z € [07 1]a s € [OaT]

Fix a constant M > T (e.g., M = 2T), and let B € B(W). Then, monotonicity of measures,
(103), (104), (105), (106), and (23) imply

e~ M Hw”TMt(dw X [yc(’y,t), 1)) —/ e~M Hw”T e_Qw(t()vt),utO(dw X [yo, 1))

B

t .
—/ / e M [[wllp e_Q’”(S’t)/ (w(l,s) —w(z,s))pus(dw x dz) ds

égkff z€[yc(7,8),1)
< gy A Cw T+ k1) [ eIl it )
~ (E+1)!

(107) (Tk+1) B
< = (Cw T +k +2)\(B) supaFtteMe
: 220

Tk+1
< Cw T +k+2)supz" e M
= ( ) sup

(k_'_ ) 20
t=>ty, k=0,1,2,....

By elementary calculus,

k+1

log supa**1 M« = (4 1) (log = — 1)

>0 M

rk+1
(108) = /0 logydy — (k+ 1) log M
k+1
k+ 1)

<D logl—(k+1)log M = log (Mkﬂ) :

=1

Combining (107) and (108), we have

e M 1wl (dw x [ye(y,1),1)) _/B e M l[wlip =Quttod) (@ x [yo, 1))

// e M llwllp o= St/ (w(l,s) —w(z,s))ps(dw x dz)ds
to z€lyc(vs),1)

k+1
§<M> (CwT +k+2), t=ty, BeBW), k=0,1,2,...,

which implies, by fixing M > T and considering k£ — oo,

/ e M WlTp, (dw x [ye (v, 1), 1) :/B e M l[wllp =Quttod) 4, (dw x [yo, 1))

/ / ~M |||y o~ (s / (w(1, ) — w(z,8))ps(dw x dz) ds
to Ze[yC(’Y’S) 1)
t > to, B € B( )

This implies equality as a measure:

Mt(dw X [yC(’Y:t)v 1)) = e_Qw(t07t)Mto (dw X [y07 1))

1 t ~
(109) +/ e-nw<s,t>/ (w(1,5) — w(z, ) (dw x dz) ds.
to z€[yc(v,8),1)
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Using
w(l,s) —w(z,s) =

with Fubini’s Theorem, we arrive at (102). O

Let us return to the proof of uniqueness in Theorem 1, and suppose there is another pair (f, gc)
which satisfies all the properties stated in Theorem 1. Lemma 10 implies that (fi, §c) satisfies an
integral equation similar to (102),

Mddﬂix[ o(7,1),1)) = =200 g (dw x [yo, 1))

ow

(110) +/ e~ w(sit) —(x, 8)fis(dw < [gc (v, s),x)) dx ds.
o z€ljo(rs),1) 0%

The first term in the right hand side is equal to that of (102), because of the initial and boundary
conditions (23) and (24).

Put
(111) I(t) = sup sup / h(w)jiy (dw x [y,l))—/ h(w)p(dw x [y, 1),
hoyeo,)lJw W
and
(112) J(t) = Sup sup / h(’UJ),[Lt(d’UJ X @C'(’Vvt% 1)) _/ h(w)lu’t(dw X [yC(’Y:t)v 1)) )
h ~velt|lJW w

where the supremum for h in the right hand sides of (111) and (112) are taken over measurable
functions h : W — R satisfying (20). In particular, (26) implies

(113) Sup 9 (7,t) —ye (v 1) = J(1).
yelt

Fix s and x, and put

Then Q,(s,t) > 0 and (13) imply that h; : W — R satisfies (20) with & = hy. The definitions
(111) and (112) then imply

‘/ —Qw (s,t) a&z (x,8) fis(dw x [Go (7, 8),x))

b0 S ) ([l 5).2)

%%
(114) gaﬂ/m>mmxmmxm /mummxmmxm\
%% W
—i—C’W‘/Wh (w)fs(dw x [z,1)) Whl(w ws(dw X [z, 1))‘

< Cw (I(s) + J(s))-

Also, monotonicity of measure implies

w (st dw ~ ~
(115) ‘/ ) — 9z (ai,s)pcs(dw X [yC(77 S),J}))‘
< Cwiis(W x [0,1]) = Cw .
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Substituting (102) and (110) in (112), using (114) and (115), and also (113), we have

t yC('sz)
J(t) = sup sup / ( / Cw dx| + / Cw (I(s)+J(s))‘dm> ds
h ~el: Jio gc(%S) z€[yc(v,8),1)
(116) < Cy sup sup/ (190 (v:s) —ye(y,8)| + 1(s) + J(s)) ds
. h ~el't Jtg
§l/)U(@-+2J($)d&
0

Next, since by assumption, for each ¢, the map v — yco(7,t) is surjective, we have, from (111),

(117) I(t) = sup sup
h ~el's

/ h(w)fn(dw x [yo(,1),1)) — / h(w)n(dw x [yc (1), 1))].
1%

w

Using Lipschitz continuity (21), the definition (112), and (113), we have

(118) I(t) = Sup sulp(lﬂc(% t) —yc(v, 1) + J(t) = 2J(1).
yelt

The inequalities (117) and (118) imply
t
J(t) §4/ J(s)ds, t € [0,7),
0

which, by Gronwall’s inequality, further implies J(t) = 0, ¢t € [0,7]. This proves o = yc, and
also (118) now implies I(¢t) = 0, ¢t € [0,7], which proves fiy = p; . This completes a proof of the
uniqueness claim in Theorem 1.

A Application of Schauder’s fixed point theorem.

In this section we consider the case where we keep the fundamental condition (12), but replace the
global Lipschitz type condition (13) by a global bound condition on oscillation:

(119) Clyr = sup sup w(y, 1) — w(y )] < oo,
weW (y,t), (v/,t/)€[0,1]x[0,T]

and consider the existence of fixed points to the map G : ©p — Or defined by the explicit formula
(71) and (72), where the notations are introduced in (18), (19), (14), (15), (16), (49), and (52).
Note that G(0) € Or holds with the weaker assumption (119). This can be shown directly from
the explicit expression (72). The only condition for ©p perhaps not obvious from the expression is
the range condition G(0)(v,t) € [0, 1], which can be shown as follows. For k =1,2,... put

Ik = / w(e((’Z?O)?ul)uul)B_ngw,z(oyul)
0=Zur S-S <t

k
X H <w(0((07 ui—l)v ui)v ul) e_Qe'w(uihui))
=2

k
X 6_Qg,w (ukut) H dul
=1
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and
Jk:ﬂ/ w(0((2,0),u1),up) e~ Pow=0u)
OSulgmgukgto
k k
) (e e I O
=2 i=1

Note that non-negativity of Qg ,, implies I, < J,. We can perform the uy, integration in Jj to find
Jr = Jr—1 — I_1, which we can iterate to find

k
ZIZ — Jl — Jk‘ + Ik‘ g Jl =1 e_QG,w,z(OztO)‘
=1

Substituting this in (72), and using monotonicity of Qg -, (19), and A(W) = 1, we have 1 =
G(0)((0,t9),t) = 0. A similar estimate for (71) is straightforward, hence we conclude G(0) € Or.

Theorem 11 . Under the condition (12) and (119), the map G : ©1 — Or has a fized point. <

Remark. Since the proof relies on Schauder’s fixed point theorem, our proof has no control of unique-
ness of fixed points. &

The map G maps O into itself, and O is a subset of a Banach space (with the supremum norm)
of continuous functions C°(Ar;[0,1]) taking values in a finite interval [0,1] C R. The domain Ay
is homeomorphic to a rectangle, since its parameterization in the definition (16) is homeomorphic
to a trapezoid.

The Schauder fixed point theorem states [1, (2.4.3)] that a compact map of a closed bounded
convex set in a Banach space into itself has a fixed point. (The notational correspondence between
here and [1, §2.4] is given by X = C°(Ap; [0,1]), K = U = Or, and f = G.) We have shown
G(O7) C Op at the beginning of this section.

Concerning the required properties for the domain ©7 of the map G, we have noted that
C°(A7;]0,1]) is a bounded set. For a sequence of continuous and monotone functions, the limit
function with respect to the supremum norm also is continuous and monotone, and since for § € O,
0((0,t),t) = 0 and 6((1,0),t) = 1 holds, these properties are also preserved in the limit. This and
continuity imply surjectivity of the limit function. Therefore O is a closed set. The continuity,
monotonicity, the properties 6((0,t),¢) = 0 and 6((1,0),t) = 1 are also preserved by convex linear
combination, hence Or is also convex. Thus O is a closed, bounded, convex set.

It remains to prove compactness of G. Since C°(Ar; [0,1]) is a bounded set with respect to the
supremum norm, the Arzela-Ascoli theorem implies that it is sufficient to prove (i) that the map
G : Op — O is continuous, and (ii) that the functions in the image set G(O7) are equicontinuous,
which we prove in Lemma 13 and Lemma 14, respectively.

Note first that non-negativity of w € W obviously implies

(120) 0<e Pl <1 5<t,

where Q,,(s,t) is as in (61).

Proposition 12 For 6 and 0’ in O, and (v,t) € Ap with v = (z,s), we have
(i) w(l,t) = Cyy S w(0(v,1),t) = w(l,t) + Cy = |Jwllp + Oy,

7 —Q w,z 7t _Qw ,t Cl t—
(ii) 0 < e=%0m(58) < = Qu(s+Cyy (t=9),
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(i) ez (50) — e=P0az(58)| < = huls)+Ciy (=) /t |w(0 (v, u),u) — w(O(y,u), u)| du,
where Cyy, is as in (119), and ||w|| is defined by (11). &
Proof. (119) implies
w(y,t) —w(Lt)] = Cyy, w e W, (y,t) €[0,1] x [0,T7,

WhiCh further 1mphes
—Qg w2 (s — [Fw(1,u) dutCly, (t—
0 < e Wwzlst) < o= [y wlu) w (t=s)

These estimates imply the first 2 estimates. The last estimate follows from these estimates and

|€—a:’ o e—a:| _ ’e—(I/VI) o e—(:r:’/\:z:)| _ e—(:r:’/\:z:)’ (1 o e—\z’—x|) < e—(x’/\x)|x/ o $|
O
Lemma 13 G : Op — Op is a continuous map. &
Proof. Let 0,0 € ©r, and put (v,t) € Ar and v = (yo, to)-
If v = (yo,0) € I'; (to = 0), (71), Proposition 120 (120), and (19) imply
sup sup |G(0')((y0,0),t) — G(0)((30,0),1)]
yo€[0,1] te[0,T] ,
< sup sup [ 00T [ uE((2,0), ), ) ~ w(B((20),u),u) du
y0€[0,1] t€[0,T] /W x[yo,1) 0
(121)
X o(w, z) Mdw) dz
STWT [ sup sup wl((2,0). 0.0 — w(B((2,0), ), 0)| A(dw).
Wx[0,1) u€[0,T] z€[0,1]
Concerning the rightmost hand side, we have
Sup  Sup |w(9/((z, 0)7 U), u) - w(@((z,O), u)? u)| é 2 ”wHT ’
u€[0,T] z€[0,1]
while (12) implies / |w||p A(dw) = Mw < oo. Hence the integrand in the right hand side
W x[0,1)

of (121) is bounded, pointwise in w € W, uniformly in ¢ by an integrable function. Therefore,
thanks to dominated convergence theorem we may interchange the order of integration and the
limit 6’ — 6 in the right hand side of (121).

W c CY([0,1] x [0,T);[0,00)) and [0,1] x [0,7] is compact, hence each w € W is uniformly
continuous. Hence for any € > 0, there exists § > 0 such that

(Vy.y' € 0,1]; [y —yl < 8)(Vu € [0,T]) [w(y,u) —w(y',u)| <e
If the supremum norm of 6’ — @ is less than ¢ we have

sup sup |9/((Z,0),U) - 9((2’,0),U)‘ < 6)
u€[0,T] 2€[0,1]
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which further implies

sup sup [w(6'((2,0),u),u) —w(0((2,0),u),u)| =€
u€[0,T] 2€[0,1]

hence (121) implies

lim sup sup |G(#)((y0,0),t) — G(0)((v0,0),t)| < T eCw Te.
0'—=0 yoe[0,1] te[0,T)

Since € > 0 is arbitrary,

(122) lim sup sup |G(6')((v0,0),t) — G(0)((40,0),t)| = 0.
0'=0 yoel0,1] te[0,T]

Next if v = (0,t9) € Ty NTy (yo = 0), we proceed as in exact analogy to the proof of Lemma 9,
to find

sup sup |G(6')((0,t0),t) — G(8)((0,t0),1)|
t€[0,T) to€[0,t]

é TBQC(/VT sup |U}(0/(’}/,U),U) - UJ(H(’}/,U),U)‘ )‘<dw)
W (v,u)EAT

Therefore, as in the same reasoning as we derive (122) from (121),

(123) lim sup sup |G(0)((0,t0),t) — G(0)((0,t0),t)| = 0.
0'—=0 1[0, 7] toc[0,]

Finally, (122) and (123) imply

lim  sup |G(6')(v,t) — G(0)(,1)] =0,
6’ —0 (v,H)EAD

which proves the continuity of G: © — O. a

Lemma 14 The functions in the set G(Or) are equicontinuous. &

Proof. We see from elementary calculus using the mean value theorem and triangular inequality that
the following uniform estimates on the derivatives of G(#) imply equicontinuity:

(124) 0= - GO) (000 =1, w0 € [0.1) 1€ [0.7]
0
(125) 0 é &G(Q)((yO,O),t) g MW + CI//I/7 Yo € [07 1]7 te [07T]7
(126) 0 é _%G(Q)((Oat())?t) é (MW + CI//V) 620"/VT7 ty € [Oaﬂa te [O>T]7
0
< 2 < / 2C1,, T
(127) 0= 8tG(a)((o,to),t) < (Mw + Cyy)e™wh |ty €[0,t], t €[0,T].

The remainder of the proof is devoted to proving these estimates.
To prove (124), differentiate the explicit formula (71) by ¢y and use (120) and (18). We have

0 ——G(0)((y0,0),t) = /W e 00300 5 (w, yo) Mdw)

< /W o(w,yo)A(dw) =1,
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which proves (124).
To prove (125), differentiate (71) by ¢, and use (52), Proposition 12, (120), (19), and (12), to
find

0< %G(G)((yo,o),t) - / w(0((2,0),t),t) e 0wz 5 (w, 2) \(dw) dz
WX[y(),l)

< [ (lully + Civ) ow,2) Ndw) dz = My + Ciy.
W x[0,1)

which proves (125).

Proofs of (126) and (127) are similar. We differentiate (72) by to and ¢, respectively, and follow
a similar line. The only new point is that we apply (47) in a similar way as in the proof of Lemma 9.
This completes a proof of Lemma 14. O

As discussed in the beginning of this appendix, Lemma 13 and Lemma 14 prove Theorem 11.
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