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Probability measures on the path space
and the sticky particle system

RYAN HYND

Abstract. We study collections of point masses which move freely along the
real line and stick together when they collide via perfectly inelastic collisions. We
quantify the way particles stick together and explain how to associate a probability
measure on the space of continuous paths to such a collection of evolving point
masses. These observations lead to a new method of designing solutions to the
sticky particle system in one spatial dimension which have nonincreasing kinetic
energy and satisfy an entropy inequality.

Mathematics Subject Classification (2010): 35L03 (primary); 35Q86 (sec-
ondary).

1. Introduction

The sticky particle system (SPS) is a system of PDE that governs the dynamics of a
collection of particles that move freely in R and interact only via perfectly inelastic
collisions. Using p to denote the density of particles and v as an associated velocity
field, the SPS is comprised of the conservation of mass

9 p + dx(pv) =0 (1.1)
together with the conservation of momentum
3 (pv) + By (pv*) = 0. (12)

Both of these equations hold in R x (0, co). The SPS was first considered in three
spatial dimensions by Zel’dovich in a model for the expansion of matter without
pressure [15]. While this theory stimulated a lot of interest in the astronomy com-
munity, there is still much to be understood about solutions of the SPS even just in
one spatial dimension.
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One of the fundamental problems regarding the SPS is to find a solution that
satisfies a given set of initial conditions. Experience has shown that it makes sense
to study this problem aided with the concept of a weak solution. In particular, our
examples below show that the density p will typically be measure—valued and the
local velocity v will be discontinuous. As we expect the total mass to be conserved,
it makes sense for us to consider the space P(RR) of Borel probability measures
on R. We recall this space has a natural topology: (ox)reny C P(R) converges
narrowly to o € P(R) if

lim gdoy =/ gdo
R R

k— 00

for each g belonging to the space Cp(R) of bounded continuous functions on R.

Definition 1.1. Suppose po € P(R) and vy : R — R is continuous. A narrowly
continuous p : (0, 00) = P(R); t — p,; and Borel measurable v : R x (0, o0) —
R is a weak solution pair of the SPS with initial conditions

Pli—o=po and v|,9=1o (1.3)
provided
x
/ /(zw + v ¥)dpdt +/ ¥ (-,0)dpo =0 (14)
o JR R
and
o
/ f(vazw + 020, )dpdt +/ ¥ (-, 0)vodpo =0 (1.5)
0o JR R

for each € C°(R x [0, 00)).

Remark 1.2. Conditions (1.4) and (1.5) are the integral formulations of the con-
servation of mass (1.1) and momentum (1.2), respectively.

In the seminal works of E, Rykov and Sinai [5] and of Brenier and Grenier [2],
it was established that there is a weak solution of the SPS which satisfies given
initial conditions in one spatial dimension. Natile and Savaré subsequently unified
and built considerably on these works [11]; see also the paper by Cavalletti, Sedjro
and Westdickenberg [3] which shortens some of the proofs in [11]. In addition,
we mention that Huang and Wang deduced the uniqueness of weak solutions which
satisfy an additional entropy condition [7], and Nguyen and Tudorascu used optimal
transport methods to extend these existence and uniqueness results to a general class
of initial conditions [12,13].

Let us denote

I' :=C([0, 00))

as the space of continuous paths y : [0, 00) — R endowed with the topology of
local uniform convergence. In this paper, we will reinterpret a weak solution of the
SPS as a Borel probability measure 1 on I' which we will denote by n € P(I"). That
is, we will consider measures 1 which are supported on the trajectories of particles
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that move freely along the real line and undergo perfectly inelastic collisions when
they collide. To this end, we will employ the evaluation map

eI >Ry y()

and the push forward measure e,4n € P(R) defined via

/fd(et#n) :=/f(y(t))dn(y)
R r

foreach ¢t > 0.
The central insight of this paper is as follows:

Proposition 1.3. Assume pg € P(R) and vg : R — R is continuous with

/ v%d,oo < o0.
R

There is n € P(I") which satisfies the following properties:

(i) po = eosn;
(i) Foreach0 < s <tandy,& € supp(n),

1 1
LIy —E0I = Iy () —E@)l; (1.6)

(iii) For n almost every y € I', y : [0, 00) — R is absolutely continuous;
(iv) There is a Borel v : R x (0, 00) — R such that

y(t) =v(y@),t) ae.t >0

for n almost every y € T';
(v) For almost every Q0 <t < 0o and each h € Cp(R),

/r)?(t)h(y(t))dn(y)=/Fvo()/(0))h()/(t))d77(y); (1.7)

(vi) For almost every() <s <t < o0,

/F?(t)zdn(y) S/F)}(s)zdn(y) < 0.

We will call (1.6) the quantitative sticky particle property as it quantifies the fact
that

y(s) =§@) =y () =§@) forr > s (1.8)

for each y, & € supp(n). That is, once particles meet they remain stuck together
thereafter. Moreover, (1.7) is a general interpretation of the conservation of mo-
mentum dictated by the rule of perfectly inelastic collisions among point masses.
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We will see that the family of measures 7 satisfying the above conditions is compact
in narrow topology on P(I") and the properties above are preserved under taking
limits. We will then build an 5 associated with a specific pair of initial conditions
00, Vo by using a certain type of approximating sequence.

Upon setting

0 :(0,00) > P(R); t — e;sn,

we will show that p and v from condition (iv) is a weak solution pair of the SPS
with initial conditions p|,—g = po and v|,—o = vo. This will be an important step
in proving the following existence theorem. As mentioned above, this result was
previously obtained [2,5,7,11,12]. The novelty we offer is in our approach.

Theorem 1.4. Assume pg € P(R) and vy : R — R is continuous with

/ vddpo < 0.
R

There is a weak solution pair p and v of the SPS which satisfies pl;—o = po and
v|l:0 = Vo,

1
((x, 1) —v(y, N)x —y) < ;(x—y)2 (1.9)

for almost every t > 0 and p; almost every x, y € R, and

/ 1v()c,t)zd,ot()c) 5/ 1v()c,s)zd,os()c) < 0 (1.10)
R2 R2

for almost every 0 < s <t < o0.

This approach was inspired by the probabilistic interpretation of solutions of the
continuity equation described in Chapter 8 of the monograph by Ambrosio, Gigli
and Savaré [1]. They showed that any solution of the continuity equation can be
associated with a probability measure on I" using a tightness argument. We were
also inspired by the work of Dermoune [4], who gave a probabilistic interpretation
of solutions of the SPS using a related stochastic differential equation; see also
[10] which extends Dermoune’s approach to include discontinuous initial velocity
functions.

This paper is organized as follows. In Section 2, we consider the dynamics of
finitely many point masses which move freely along the real line and interact only
through perfectly inelastic collisions. We will also use the trajectories of these point
masses to design n when pg is a convex combination of Dirac measures. We will
then take limits of these measures and prove Proposition 1.3 in Section 3. Finally, in
Section 4 we will show how to generate a weak solution pair of the SPS. We thank
Jin Feng, Wilfrid Gangbo, Emanuel Indrei, Changyou Wang and Zhenfu Wang for
engaging in insightful discussions related to this work.
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2. Sticky particle trajectories

In this section we will consider N point masses on the real line that move freely
unless they collide. We will further assume that when any sub-collection of these
particles collide, they stick together to form a particle of larger mass and undergo a
perfectly inelastic collision. For example, if the particles with masses my, ..., mi
move with the respective velocities vy, ..., vr before a collision, the new particle
that is formed after the collision has mass m + - - - + mj and velocity v chosen to
satisfy
myvy + -+ mpvg = (my + - - - + my)v.

In particular, v is the mass average of the individual velocities vy, ..., vk. See
Figure 2.1.
t
v
st © m+ma +my +my

U1 V4
U2 U3
- ~ * -
my ma ms my

Figure 2.1. Four point masses which move freely along the real line and undergo a
perfectly inelastic collision when they collide at time s. The velocity v of the resulting
particle satisfies m vy +movy +m3v3 +mgvs = (m1 + mo +ms3 4+ mg)v. Note that the
particles are drawn with different sizes to emphasize that they are not assumed to have
equal mass.

The proposition below involves trajectories which track the positions of a collection
of point masses as described above.

Proposition 2.1. Suppose my,...,my >0, x1,...,xy € Randvy,...,vy € R
are given. There exist piecewise linear paths

Yi:[0,00) >R (i=1,...,N)

with
vi(0)=x; and y;(0+) =v;

that satisfy the following properties.
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(i) If yi(s) = y;(s). then
i) =y;@)
fort >s;
(i1) Whenever

Vi () ==y, () #yi@) for i g {ir, ..., i}
then (1) & N . (12)
) mi Vi, =) + -+ m; y;, (t—
iy 1) = =00 —
m11++mlk
forj=1,... k.

Proof. We will argue by induction on N. For N = 2, there are two cases. The first
is when ¢t — x| + tv; and t — xp + tvy never intersect. In this scenario, we set

vit) =xi +tv;, t>0 (2.1

for i = 1, 2. Otherwise, there is a first time s > 0 where the paths ¢t > x; + tv;
intersect. In this case, we set

X; +tv;, t €|0,s]
(1) = mivy + mov
vilt) z+(l‘—s)<71 1 22) t € [s,00),
mi +m2

where z := x| + sv; = x2 + sv2.

Now suppose the claim holds for some N > 2 and suppose mj, ..., myy1 >
0,x1,...,xy+1 € Rand vy, ..., vy+1 € R are given. If none of the paths (2.1)
intersect, then we define y; by these linear trajectories fori = 1,..., N + 1. If

there is at least one intersection, let s > 0 denote the first time that the trajectories
(2.1) intersect. Let us also initially assume that a single subcollection of trajectories
intersect for the first time at s

=X Fsv, ==X +sv, =x + sy for @& {iy, ..., ik}

(k > 2) and set
v = Ml + - mi Uy
ml-] + e + mik '
Now consider the N + 1 — (k — 1) masses

{mitizi;, and mj +---+m,
initial positions
{xi +svi}izi; and z,

and initial velocities
{vi }i;ﬁl‘j and v.
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By induction, this data gives rise to N + 1 — (k — 1) trajectories {y;}i%i; and y
from [0, c0) — R, respectively, which satisfy the conclusion of this proposition.
We then set

xi+tv; tel0,s]
vi(t) =1 -
Yi(t —s) t€l[s,00)
fori #i; and

4ty tel0
yi (0 = | i F 1oy 1€ 105)
y(—s) tel[s,00)

for j = 1,..., k. It is immediate from construction that this collection of N + 1
paths satisfies the desired properties. Finally, we note that a similar argument can

be made in the case that more than one subcollection of (2.1) intersect for the first
time at s. We leave the details to the reader.

O

t :
T Vi ‘.l
i N
- - '
§a! -
Yi
. —— 1T
ml .« . ml o o o mN

Figure 2.2. A schematic of the trajectories yy, ..., yn in R x (0, co) which track the
motion of the respective point masses labeled m1,

..., my. The trajectories y1, y; and
yn are shown with dashed line segments to highlight that they track m, m; and my,
respectively.

Any collection of trajectories yi,

,¥n - [0,00) — R as specified in the con-
clusion of Proposition 2.1 are sticky particle trajectories associated with the re-
spective masses m, ..., my, initial positions x, ..., xy € R and initial velocities
vy, ..., Vy. Moreover, we interpret y; (¢) as the location of point mass m; at time
t > 0; this mass could be by itself or a part of a larger mass if it has collided with
other particles prior to time 7. The other two properties in the proposition represent

the rules of inelastic collisions: particles stick together and their velocities average
when they collide. See Figure 2.2 for a schematic.
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For the remainder of this section, we suppose that masses my,...,my > 0
satisfy

N
i=1

initial positions xp, ..., xy € R and initial velocities vy, ..., vy € R are given and
fixed. We will denote y1, ..., yn as a corresponding collection of sticky particle
trajectories and prove various important features of these paths. The first of which
is an averaging property.

Proposition 2.2. Assume g : R — R. Then

N N
Y migi)vi+) =Y mig(yi())yi(s+) 22)
i=1 i=1
for0 <s <t.
Proof. 1f the none of the trajectories 1, ..., yy intersect, then y1, ..., yn are each
constant and (2.2) trivially holds. Alternatively, some of the trajectories yy, ..., yn

intersect and there are at most finitely many times when at least two of them agree
for the first time. We will call these times first intersection times and use 0 < t| <
- < ty < 00 to denote this collection of times. We will also set 7 = 0.
As each [0, 00) 2 t — y;(t+) is constant on the intervals [1, 1), [t1, 12), ...,
[te—1, te), [te, 00), it suffices to show

N N
> migi)vilte+) =Y mig(yi(t)vi(te+), (23)
i=1 i=1

where #, is the largest of 7, . . ., fp thatislessthanf and k = 0, ..., r. We will prove
(2.3) by induction. For k = r,(2.3) is immediate. So we will assume that it holds for
some k € {1, ..., r} and then show how this assumption implies the assertion holds
for k — 1. At time #, let us initially suppose that one sub-collection {y; j};le C

{yl-}f.V: | of paths intersect for the first time. Observe that these trajectories also
coincide at time ¢ as t > f;; we will call this common path ¥ : [#, c0) — R. We
also note that

mi, Vi, (k=) + - +m, v, (t—)
mi] + P _|_ mi,,

Vi, (tet) = vk =

for j=1,...,nand y;(tr+) = yi(tx—1+) fori #i;.
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Taking these observations into account and the induction hypothesis, we find

N N
> migi)Vilt+) =Y mig(vi(0)yi(t+)

i=1 i=1

=Y migi)yitt) + Z mi; g(vi; ()7, (te+)
i#i;

=Y migri®)yit14) + <Z m) g7 (0))v

i#i; J

= Zng()’l @)yi(tr—1+) + g7 (@) (Zm11>

i

> migyi ()il 1+)+g<y<r>)Zml,yl (t—)
i#i; j=

> migyi ()il 1+)+g<y(r>>2ml,y, (1)
i#i; Jj=

= > migi)yit1+) +Zml,g<y, )i, (tr—1+)
i#i; Jj=

= Zmig(m(t)))?i(tk—ﬁr)-

This argument is readily adapted to the case where more than one sub-collection
of y1, ..., yn intersect for the first time at #;. Therefore, we conclude (2.3) and
consequently (2.2). O

Using this averaging property, we can derive an elementary inequality involving the
velocities y; at different times. To this end, we set

Yit+) x =y (@)

v(x,t) := )
0 otherwise.

2.4)

In view of Proposition 2.1 part (i), y; (t+) = y;(t+) if y; () = y;(¢). As a result,
v: R x [0, 00) — Ris well defined.
Corollary 2.3. For0 <s <t,

1 & 1 Y
5 QM) = 2 ) miyi(s )’
i=1 i=1
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Proof. Employing (2.4) and (2.2), we find

N N
D omiii+)’ = Zm,-y',- i), 1)
i=1

= Zm,y, (S+)U()/l ®),1)

m;yi (s+)yi(t+)

Mz ||M2

IA

( Vi) + < m (t+) )

1

miyi(s+)> + 5 Zml yi(t+)°. O
1 1_1

Il
N —
Mz

i

The last property we will derive is the quantitative sticky particle property. It
follows easily from the next assertion.

Proposition 2.4. For eachi, j € {l,...,N}andt > 0,

1
(it+) —y; )i —y; (@) < ;(Vi(l) — i) (2.5)

Proof. Setty = 0,and suppose ] < --- < ty < 00 are the possible first intersection
times of the trajectories y1, ..., yn. We will focus on an interval (t;_1, #x) where
no collisions occur. Between these intersection times, all trajectories are linear so

yi(t) =a; +tw; and y;() = ajt+tw;

fort € (tx—1, 1), some a;,aj, w;, w; € R. Without loss of generality, we will
assume that y; (¢) # y;(t) fort € (tx—1, t).
If
(ai — aj)(wi — wj) < 0, (2.6)
then the linear paths a; + tw; and a; + tw; will eventually intersect. By our as-
sumption, #; must be less than or equal to this intersection time. That is,

(@i —ap)(wi —wj)

Ik =
(wi —w;)?

As aresult,
Vi) —yi) i) —yj@®) = (w; —wj)(a; +tw; — (aj +twj))
= (wi — w))(a; — a;) + t(w; — w;)*
< (w; —wj)(a; —a;) + te(w; — w;)?
<0

fort € (tx—1, ty).



PROBABILITY MEASURES ON THE PATH SPACEAND THE STICKY PARTICLE SYSTEM 1343

Alternatively, if (2.6) does not hold, then

GO =y Oy —yi (@) = (Wi —wj) @ —aj) +t(w; —w;)>

< 2(w; — w))(@ —aj) +1(w; —w;)?
1

< (@i—a))’ + 20w —w)) (@i — aj) + 1 (wi—w))?
1 2

= ;(lli —aj+t(w; —w;))
1 2

= (@i +1wi — (@ +1w;)))
1 2

= ;(Vi(t) — i)

Thus (2.5) holds for all # € (1, #). It is also not hard to see the argument above

implies that (2.5) holds for (#;, c0), as well. Taking limits in (2.5) as t N\ # for
k=1,...,£,we conclude that it actually holds for all # > 0. O

Corollary 2.5. Foreachi, je{l,..., N}and0 <s <t < 00,
1 1
;|)’i(t) -y = ;I%’(S) =yl
Proof. Observe
d1 2 . .
Eﬁ(yi(t) —yi@®)" = i@) —yi@O))yi@) —yj))
= i@ —yi@) i), 1) —v(y;@),1))
1
= (0 = y;0)°

for almost every ¢ > 0. As a result,

d 1 , 1d , 2 )
Et_z()’i(t)—)’j(t)) =t—2£(yi(t)—yj(t)) —t—3()/i(t)—)/j(t))
2 2 2 2
< t—3()/i(t)—)/j(t)) —ﬁ(yi(t)—yj(t))
=0. O

We can summarize these properties and relate them to Proposition 1.3 as de-
scribed below.

Proposition 2.6. Define

N
n= m;8y, € P(I')

i=1
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and py = ZlNzl m;8y,, and suppose vy : R — R satisfies
vo(x;) =v;, for i=1,...,N.
Then the following assertions hold:

() po = eosn;
(i) Foreach0 <s <t andy,& € supp(n),

1 1
;|V(t) —§(] = ;|J/(S) — &)

(iii) For eachy € supp(n), y : [0, 00) — R is continuous and piecewise linear;
(iv) Define v : R x [0, 0c0) — R via (2.4). For y € supp(n),

y@+) =v(y@),n, 1=0;
(v) For h : R — R and all but finitely many t > 0

/F?(t)h(y(t))dn()/)=/Fvo()/(0))h()/(t))dn(y);

(vi) Forall0 <s <t < o0,
1. 2 1. 5
Ey(t+) dn(y) < Ey(s+) dn(y).
R R

Proof. For f € Cp(R),

N N
/R f)dpo(x) = mif(xi) =Y mi f((0)) = /F [y ©)dn(y).
i=1 i=1

This proves (i). As supp(n) = {y1, ..., ¥n}, (ii) follows from Corollary 2.5. Part
(iii) is due to Proposition 2.1, (iv) is immediate from the definition of (2.4), (v)
follows from Proposition 2.2 (with s = 0), and (vi) is a consequence of Corol-
lary 2.3.

3. Proof of Proposition 1.3

This section is devoted to the proof of Proposition 1.3. To this end, we let py €
P(R) and suppose vp : R — R is continuous with

/ v%d,oo < 00.
R
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By Lemma A.1, there is a sequence (,o(l)‘)kEN such that each ,o(/)c € P(R) is a convex
combination of Dirac measures, ,06‘ — pp narrowly, and

lim [ vidpk = / v3dpo. (3.1)
R

k—oo JRr

We also recall that since p(’)‘ — pp narrowly, there is a function 0 : R — [0, 00)
with compact sublevel sets for which

sup / 8dps < oo (3.2)
keN JR

[1, Remark 5.1.5].
As ,og is a convex combination of Dirac measures, Proposition 2.6 implies

there is n¥ € P(I") which satisfies:

@) py = eonn”;
(b) ForeachO <s <tandy,& € supp(nk),

1 1
Sy () = EO] = <ly () — £ (33)
(¢) For i : R — R and all but finitely many ¢ > 0
/F yOh(y ©)dn*(y) = /F o (y O)h(y ()dn* (v); (34)

(d) For all but finitely many ¢ > 0,
/ y(6)2dn*(y) < fR vadpf. (3.5)
r

We will show that (nk )keN has a convergent subsequence.

Lemma 3.1. There is a subsequence (n%i) jen and n®° € P(I") such that

lim [ Fodn o) = / Fodn™ () (3.6)
j—oo Jr r
for each bounded, continuous F : I' — R. Moreover,

lim ly () — y@)ldn*(y) =0 3.7)
R=00 J|y 1)~y (t)|=R
foreach ty, t; > 0 and
lim o (¥ (0)|dn*(y) =0
R—00 Jjug(y(0))I=R

uniformly in k € N.
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Proof. 1. First we define
X:={yel“|y:[0,oo)

n
— R absolutely continuous and / y()2dt < oo foralln € N}
0

and set -
0y (0) + —/ p()’dt yeX
d(y) = ,;2" 0 (3.8)
+00 y ¢ X.
Using (3.5) gives
1 n
[ owana) = | [e(y<0>)+25 | y’(ﬂzdt} dnt ()
r r =1 0
1 n
= | 6y O)dn*(y) + —/(/ 2d)d"
/F(J/())n(y) ;2,1 A, rode ) i)
1 n
= [ 6dpk + —,,/ </ J?(t)zdnk(y)>dt
/R ’ ;2 0 Ar (3.9)

1 n
< | 6dok + —/ (f vzd,ok)dt
| east i ) ([ w3anb
n
= [ 6dpt+) — / vedpk
JLoark + 35 [ vhand
- / (6-+203) ot
R

In view of (3.1) and (3.2),

sup / d(p)dnf(y) < oo,
keNJTIT

By the Arzela-Ascoli theorem, the sublevel sets of ® are compact within I". Here

we recall that I" is a complete, separable metric space when equipped with the
distance

max |y (f) — ¢(1)]
0<t<n

1
d(y,o.:’%z—n T+ gmax 17 )~ <) (.6 €l)
<t<n

[8, Proposition A.2]. As a result, Prokhorov’s theorem [1, Theorem 5.1.3] asserts
that (7*)xcn has a narrowly convergent subsequence. That is, there is a subsequence
(n*7) jen and > € P(I") such that (3.6) holds.
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2.Fort; <1,

1
f ly (r2) — y () |dn* (y) < = / ly (r2) — v () dn* (v)
ly(t2)—y(t)I=R r

_ t
Ehnil / ( / zy'(z)%zr) dnt ()
R r 1
. t
_h-h f < f V(t)zdnk()/)> dr
R 51 r

(tr — 11)?
T g ), e
R

Again appealing to (3.1), we conclude that the limit (3.7) is uniform in & € N.
Likewise

1 1
/ lvo(y O)ldn* () < — / vo(y (0))%dn*(y) = — / vgdpf§ — 0
oo (y (0)|=R R Jr R Jr

A

as R — oo uniformly in k € N. O

Proof of Proposition 1.3. We will now show 1 satisfies conditions (i)-(vi) in the
statement of Proposition 1.3.

Proof of (i) : As eg : I' — R is continuous, it follows from the narrow convergence
of n¥i — » in P(T") that

po = lim eosn"i = en™.
j—0o
Proof of (ii): Suppose y, £ € supp(n™). Then there are sequences (y-) jen and
(£7) jen such that y/, &/ € supp(n*/) forall j € Nand y/ — y and &/ — £ in
I' [1,Lemma 5.1.8]. Combining with (3.3), we have

1 1 .
;Iy(t) —E@)| = J_lggo ;ij(t) — &)

IA

1 . .
lim —[y/(s) — &7 (s)]
j—oo §

1
;IV(S)—S(S)I
forO <s <t.

Proof of (iii): Recall that ® : ' — [0, oo] defined in (3.8) has compact sublevel
sets and is thus lower semicontinuous. By narrow convergence and (3.9),

/¢(y)dn°°(y) Sli,rggf/ @ (y)dni(y)
) a (3.10)
< lim inf/ <9 +2) o}’ <o,

R

j—o00o
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In particular, ®(y) < oo for n> almost every y € I'. Asaresult, y : [0,00) - R
is absolutely continuous for n° almost every y € I'.

Proof of (iv): For each (x, ¢, s) € R x (0, 00) x (0, o0) with s < ¢, define

f(x,t,8) = inf{é(t) + §|X —&@)|: €€ supp(noo)} . (3.11)

If x = y(s) with y € supp(n®™) and s < ¢, we can choose £ = y in the above
infimum to get f(y(s),t,s) < y(¢). By part (ii) of this proof, £(¢) + §|y(s) —
E(s)| = y () for all £ € supp(n°°). It follows that

fly@s),t,s) =y(@)

for y € supp(n*°) and s < r.
Forn € N, set

vp(x,t) :=n(f(x,t+1/n,t) —x)

for (x,#) € R x (0, 00). As f is upper semicontinuous, v, is Borel measurable.
Moreover,
va(y (@), 1) =n(y (@ +1/n) —y(1)

for y € supp(n*°) and t > 0.
It is routine to verify that

D ={(y,t) eI x (0,00) : p(t) exists}

is a Borel subset of I x (0, oo). Furthermore,

y(@) (y,1)eD
D =
.0 0 otherwise

is Borel measurable as y (¢) = limy,—oon (y(t + 1/n) — y(t)) for (y,t) € D. We
also set
Y = DN (supp(n™) x (0, 00))

and note that the collection of Borel subsets of T is
{(YNA: Borel ACT x (0,00)}.
Observe that for every (y,t) € T,
D(y,n=y@=lim n(y+1/n) —y®)=lim v,(y (@), )= lim v, o E(y,1).

Here
E:T x(0,00) > R x (0,00); (y, 1) = (y(),1)
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is continuous, SO

G:={"TNE"'(B): Borel BC R x (0,00)]
is a sub-sigma-algebra of the Borel subsets of Y. In particular, any G measurable
function on Y is of the form g o E for some Borel g : R x (0, c0) — R [9, Lemma
1.13].

Since D restricted to Y is the pointwise limit of G measurable functions, it is
G measurable [6, Proposition 2.7], [9, Lemma 1.10]. That is,

Dy =voE
for a Borel v : R x (0, oo) — R. In particular, for y € supp(n®°) N {P < oo}
y()=v(y@),t) ae.t > 0. (3.12)

Proof of (v): Suppose & € Cp(R) and set g(z) = foZ h(w)dw. Fort; <1,

193 i d
[ [roneanan o= [ < / d—g(y(z))dr) dnti ()
n Jr r \Jny at

= /F (8(y (1)) — g(y (1)) dn"i ().
Also note that y — g(y(t2)) — g(y(#1)) is continuous on I" and

18(y(2)) — g(y tD)| = llhllooly (12) — ¥ (11)].

The previous lemma asserts that y > |y (12) — v (11)] is uniformly integrable, so
jlirr;o/tll2/F)?(t)h(y(t))dn"f(y)dtzjlirrgofr(g(y(tz))—g(V(tl)))dn"f(y)
=/F(g(y(tz))—g(y(tl)))dn"o(y)
- / ’ /F PO O™ ()dr

[1,Lemma 5.1.7].
We also note that

5]
y / vo (Y (0)h(y(1))dt
131
is continuous on I" and

< 1l (22 — 1) [vo (¥ (0)].

15}
/ vo(y (0)h(y (1))dt
4l
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As y +— |vo(y(0))] is uniformly integrable,

15}
lim/ /Fvo(y(O))h(y(t))dn"f(y)dt
131

j—oo

n
= lim (f vo(V(O))h(y(t))dt>dnk-"(y)

Jj=oo Jr \UJy
-/ ( /f ) vo(y(onh(y(z))dr) ™)
- / ) /F 00y OD Ay ()™ ().
Thus we can integrate (3.4) from #1 to £ and send k = k; — oo to conclude
fn ’ /F P OhG O)dn™ ()t = /t ) /F 00y O)A(y (1) dn™ (y)dr.

Since t1, tp are arbitrary, this proves part (v).

Proof of (vi): By (3.10),

/ ( / y‘(z)zdn“’(y)) dr <2 f S()dn™ () < 00
0 r r

for all n € N. As a result,
/ V(0. D3 () = / PO () < o0
r r

for almost every ¢+ > 0. We can also use part (v) of this theorem and the function f
defined in (3.11) to find

/F POy )™ () = /F 00y ODA(y (1)dn™ ()
_ /F w0y ODACF (r (5), £, $)dn™® ()
_ /F YA (7 (5), 1, $)dn™ ()

= /F YRy ()dn™(y)

for almost every ¢, s € [0, o0) withs <t and h € Cp(R).
By approximation, we also have

/F?(t)h(y(t))dnoo()/) =/ij(s)h(y(t))dn°°(y)
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for almost every ¢, s € [0, oo) with s < ¢ and each Borel 2 : R — R with

/F h(y (1)*dn™(y) < oc.

See for instance [6, Theorem 7.9]. Consequently,
/F?(t)zdnoo(y) = /F y@Ou(y (), Hdn™(y) = /F y(©)v(y @), )dn™(y)

= /F Y )y (©dn>(y)

1 . 2 00 1 . 2 00
< E/J/(S) dn (y)+§/y<r) ()
I I

for almost every s < ¢. O

4. Solution of the SPS

We will now show how to use a measure n € P(I") from Proposition 1.3 to generate
a solution of the SPS for given initial conditions.

Proof of Theorem 1.4. Let n°° € P(T") be the probability measure we constructed
in our proof of Proposition 1.3. Recall that n°° fulfills conditions (i)-(vi) in the
statement of Proposition 1.3, which we will refer to as (i)-(vi) throughout this proof.
We set

p:(0,00) > PR); t > e;yn™

and proceed to show that p and the function v : R x (0, oo) — R from part (iv) is
the desired weak solution pair.

l.Let y € C°(R x [0, 00)). In view of conditions (i), (iii) and (iv),

/ /(311ﬂ+v3x1/f)d,ozdt=/ /(aﬂlf()/(t),t)
0o JR 0o Jr

+u(y (@), DY (y (1), 1))dn™ (y)dt

=f /(aw(z), 0
0 r

+ YO0y (y @), 1)dn™ (y)dt

0 4 ~
=/F/O Ew(y(t),t)dtdﬂ )
__ /F ¥ (0, 0)dn™ ()

= —f ¥ (-, 0)dpo.
R
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We also have by condition (v),

/OOO/R(Uatw—f'U28xl/f)dptdt = /wary(t)(azw(y(t),t)
+ vy @), DY (v (1), 1))dn™ (y)dt
zfooofrvo(y(o))(anlf(y(t),t)
+ oy (), Do Y (v (1), 1)dn> (y)dt
=/Ooofrvo(y(0))(8ﬂ/f(y(t),t)
+ Y (v (1), 1)dn™ (y)dt

o0 d
_ / / 0y O) Sy (0, D ()
0 r t

*d
=/vo(y(0)) (/ d—l/f(y(t),t)dt) dn®(y)
r 0 t

__ /F 20 (y O (v (0), 0)dn™()

= —/ vov (-, 0)dpo.
R

Consequently, p and v is a weak solution pair which satisfies p|;=90 = po and
v]r=0 = vo.

2. By part (ii) and (3.12),

d (y@) — £(1))?
dt 12

) | 4.1)
=3 ((v()/(t), N —vE@), D)y ) —§@1) — ;(V(t) - S(t))z) =0

foreach y, & € supp(n®*°)N{P < oo} and almost every ¢ > 0. Here @ was specified
in (3.8), and we recall that

nC{® < oo} =1,

which followed from (3.10).
We also note

ei({® < 00} Nsupp(n™)) = | J{y (@) € R:y € supp(™), ®(y) < m}

meN
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is a Borel subset of R since {y(t) € R : y € supp(n®°), ®(y) < m} is compact
for each m € N. Moreover,

pi(e;({® < oo} N supp(n™)))

1™ (e (er(1® < 00} N supp())) )
> 1™ (1 < o0} N supp(y™))
1

In view of (4.1),
1
@, ) = v(y, NE =) < ~(x =)’
holds for almost every ¢ > 0 and for p, almost every x, y € R.
3. By (iv) and (v),

/ v(x, 1)dpy (x) = f y (O dn™(y) < / v (v ) 2dn™(y) = / vgdpo < o0
R r r R
for almost every ¢ > 0. Employing part (vi), we also find
1 2 1 24,00
svx, 1)7dp(x) = | vy (@), )%dn~"(y)
R 2 r2
l.
= / SO (y)
r
1.
< / AQRZIN2)
r

1 2
Z/Riv(x,S) dps(x)

for almost every 0 < s < t. [

Appendix
A. Approximation lemma
This is a variation of a standard method used to show that P(R) is separable. See

for the instance Proposition 4.4 of the notes by Onno [14]. The main point is the
function g is not assumed to be bounded.

Lemma A.1. Suppose u € P(R) and g : R — [0, 00) is continuous with

/ g()du(x) < oo.
R
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There is a sequence (W) ren for which each u* € P(R) is a convex combination of
Dirac measures, u* — narrowly and

/g(x)dM(X)= lim /g(X)de(x)- (A.)
R k—oo Jr

Proof. 1. Fix € € (0, 1) and choose R > 0 so large that
[ s gdue <e (A2)
R\[-R,R)

As g|[—r, Ry is uniformly continuous, there is § € (0, €) such that

lg(x) — gV <€

provided x, y € [—R, R] and |x — y| < &. Let us also select a natural number N
for which

2R
— <.
In addition, we set
‘=—R+j 2R =0 N
yj = J N j=0,...,
and choose any x; € [y;j_1,y;) for j = 1,..., N. Moreover, we may select

z € [—R, R) such that
inf > — €.
R\[l_n& R = g(z) —e€
Now define
mj = u(yj-1.y;)) j=0,...,N

and
m:=Y mj=pu(—R,R)).
=1

J

Finally, we set

v

N
D mibe, + (1 —m)s;
j=1
and note v € P(R) is a convex combination of Dirac measures.

2. Suppose f : R — R satisfies | f(x)| < 1and | f(x) — f(y)| < |x — y| for each
x,y € R. As f is continuous, there are z; € [y;j_1, y;) with

fzjmj = / J@)du(x)

[yj—1.55)
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for j =1,..., N. Observe

/Rfdv—/Rfdu'

N
=\ mapra-mi@- [ fan- [ fau
R\[-R,R) [-R,R)

mfxg) — f fdu
[-R.R)

+ (1 =m)f @) +/ \fldu
R R)

(m,f(x,) - /[ )fdu>
Yji-1,Yj

mjlf(xj) — f@)I+2uR\ [-R, R))

IA
= T

IA

+ (1 —m)+u@®\[-R, R))

—_

IA
MZ T

~.
Il
_

Mz

mjlx; —z;|+2e <ij5+26 < 3e.
j=1

~.
Il
_

3. We may also choose w; € [y;_1, y;) such that

glwjym; =/ g(x)du(x)
Yj—1 )’j)

for j =1,..., N. Doing so gives

o
R R

N
=D mjgtp) + 1 —myg) - / gdu — / gdu
= R\[~R,R) [-R.R)

N

> (mjg(xj) —/ gdu) + (1 —m)g(2) —/ gdu
i [yji-1,y;) R\[-R,R)

Jj=1

mjlg(x;) —g(w;)| + ‘M(R\ [=R, R))g(2) — /

gdu‘
R\[—R,R)

IA

Il MZ Il MZ

- 6+‘M(R\[ R.R)g(2) - / gdu‘

R\[-R.R)
<e+ 'M(R\ [-R, R)g(z) — / gdu' .
R\[—R,R)



1356 RYAN HYND

As g > 0 and by our assumption (A.2),

LR\ [-R, R)g(2) — f du > —e.
R\[—R,R)

And by our choice of z,

LR\ [=R, R)g(2) — / gdy

R\[-R,R)

= //L( \ [ )) (R\[I_HRVR) § + E) /]‘R\[—R,R) san

<u@®\[-R,R)) inf g-— dp + €*
< nRA[ ))R\[IPR,R)g /R\[_R’R)g n+e

<€2

€.

IA

Thus,

< 2e.

o[

4. Foreach k € N, we can then find v = uk € P(R) which is a convex combination

of Dirac measures and
' / fdut - / fdu
R R

foreachk € Nand f : R — R with |f(x)] < land |f(x) — f()| < |x — ]
for x, y € R. It is well known that this type of convergence implies that uf —
narrowly [1, Remark 5.1.1]. Since each ,uk can be chosen so that

|
'/Rgdu"—ngdu‘S% (k € N),

we conclude (A.1), as well. O

1
< =
Tk
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