arXiv:1502.04795v2 [math.PR] 1 Mar 2015

SCALAR CONSERVATION LAWS WITH MONOTONE
PURE-JUMP MARKOV INITIAL CONDITIONS

DAVID C. KASPAR AND FRAYDOUN REZAKHANLOU

ABSTRACT. In 2010 Menon and Srinivasan published a conjecture for the sta-
tistical structure of solutions p to scalar conservation laws with certain Markov
initial conditions, proposing a kinetic equation that should suffice to describe
p(z,t) as a stochastic process in x with ¢t fixed. In this article we verify an
analogue of the conjecture for initial conditions which are bounded, monotone,
and piecewise constant. Our argument uses a particle system representation of
p(z,t) over 0 < z < L for L > 0, with a suitable random boundary condition
at x = L.

1. INTRODUCTION

We are interested in the statistical properties of solutions to the Cauchy problem
for the scalar conservation law

pr=H(p)z inRx(0,00)

p==¢ on R x {t =0} (1.1)

where £ = £(x) is a stochastic process. In the special case

H(p) == (1.2)

(1) is the well-known inviscid Burgers’ equation, which has often been considered
with random initial data. Burgers himself, in his investigation of turbulence B],
was already moving in this direction, though it would be some time before problems
in this area were addressed rigorously.

Several papers, including M, ﬂ @ﬂ, @}, have developed a theory showing a
kind of integrability for the evolution of the law of p(-,t) for certain initial data.
This article is concerned with pushing stochastic integrability results beyond the
Burgers setting to general scalar conservation laws, an effort begun in earnest by
Menon and Srinivasan ﬂ2_1|, @] Before stating our main result, we first survey the
major developments in this subject.

This work is adapted from [19].
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1.1. Background. The Burgers case H(p) = —p*/2 has seen extensive interest.
Recall that if

u(z,t) = /j p(x' t) da’ (1.3)

then u(z,t) formally satisfies
1

and is determined by the Hopf-Lax formula [17]:
y )2
u(z,t) = inf {/ &(2!)da" + %} . (1.5)
Y —o0

The backward Lagrangian y(z,t) is the rightmost minimizer in (L), and it is

standard [13] that this determines both the viscosity solution w(z,t) to (L4) and
the entropy solution to p; + pps = 0,

z—y(,t)

pa1) = Z7UED

Groeneboom, in a paper [15] concerned not with PDE but concave majorantsEl

and isotonic estimators, determined the statistics of y(z,t) for the case where £(x)

is white noise, which we understand to mean that the initial condition for u(z,t) in

(T3) is a standard Brownian motion B(z). Among the results of [15] is a density

for

(1.6)

sup{z € R: B(x) — ca?

expressed in terms of the Airy function. It has been observed (see e.g. [20]) that
the Airy function seems to arise in a surprising number of seemingly unrelated
stochastic problems, and it is notable that Burgers’ equation falls in this class.

Several key papers appeared in the 1990s; we rely on the introduction of Cha-
banol and Duchon’s 2004 paper [11], which recounts some of this history, and discuss
those portions most relevant for our present purposes. In 1992, Sinai |26] explicitly
connected Burgers’ equation with white noise initial data to convex minorants of
Brownian montion. Three years later Avellaneda and E [3] showed for the same
initial data that the solution p(x,t) is a Markov process in x for each fixed ¢ > 0.

Carraro and Duchon’s 1994 paper [10] defined a notion of statistical solution to
Burgers’ equation. This is a time-indexed family of probability measures v(¢,-) on
a function space, defined in terms of the characteristic functional

o10.6) = [exp (i [ ptarote)ac) viv.do (18)

for test functions ¢. Namely, v (¢, ¢) must satisfy a differential equation obtained by
formally differentiating 2(t, ¢) under the assumption that p distributed according
to v(t,dp) solves Burgers’ equation. This statistical solution approach was further
developed in 1998 by the same authors |9] and by Chabanol and Duchon [11]. Tt
does have a drawback: given a (random) entropy solution p(x,t) to the inviscid
Burgers’ equation, the law of p(-,t) is a statistical solution, but it is not clear that
a statistical solution yields a entropy solution, and at least one example is known
[5] when these notions differ. Nonetheless, |9, [10] realized that it was natural to
consider Lévy process initial data, which set the stage for the next development.

is maximal} (1.7)

IStraightforward manipulations of ([B) relate this to a Legendre transform.
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In 1998, Bertoin [5] proved a remarkable closure theorem for Lévy initial data.
We quote this, with adjustments to match our notation.

Theorem 1.1 (|5, Theorem 2]). Consider Burgers’ equation with initial data &(x)
which is a Lévy process without positive jumps for x > 0, and £(x) = 0 for x < 0.
Assume that the expected value of £(1) is positive, EE(1) > 0. Then, for each fized
t > 0, the backward Lagrangian y(x,t) has the property that

y(z,t) _y(ovt) (1'9)

is independent of y(0,t) and is in the parameter x a subordinator, i.e. a nondecreas-
ing Lévy process. Its distribution is the same as that of the first passage process

x—inf{z > 0:t&(z) + z > z}. (1.10)

Further, denoting by (s) and O(t,s) (s > 0) the Laplace exponents of &(x) and
y(xv t) - y(ou t)7

Eexp(sé(x)) = exp(z¢(s)) (1.11)
Eexp[s(y(x,t) — y(0,t))] = exp(zO(t, s)), (1.12)

we have the functional identity
P(tO(t,s)) + O(t,s) = s. (1.13)

Remark. The requirement E£(1) > 0 can be relaxed, with minor modifications to
the theorem, in light of the following elementary fact. Suppose that &(x) and
£%(x) are two different initial conditions for Burgers’ equation, which are related by
£%(z) = €Y(x) + cx. Tt is easily checked using (LF) that the corresponding solutions
pt(z,t) and p*(x,t) are related for ¢t > 0 by

P, t) = — [pl( vt )—i—cw] (1.14)

T 14t 14ct’ 1+ct

This observation is found in a paper of Menon and Pego |23], but (as this is elemen-
tary) it may have been known previously. Using (LI4]) we can adjust a statistical
description for a case where E£(1) > 0 to cover the case of a Lévy process with
general mean drift.

We find Theorem [[Tlremarkable for several reasons. First, in light of (LL6]), it fol-
lows immediately that the solution p(x,t) — p(0,t) is for each fixed ¢ a Lévy process
in the parameter z, and we have an example of an infinite-dimensional, nonlinear
dynamical system (the PDE, Burgers’ equation) which preserves the independence
and homogeneity properties of its random initial configuration. Second, the dis-
tributional characterization of y(z,t) is that of a first passage process, where the
definition of y(z,t) following (LI is that of a last passage process. Third, (LI3)
can be used to show [22] that if (¢, ¢) is the Laplace exponent of p(x,t) — p(0, 1),
then

e+t =0 (1.15)

for t > 0 and ¢ € C with nonnegative real part. This shows for entropy solutions
what had previously been observed by Carraro and Duchon for statistical solutions
[9], namely that the Laplace exponent (L.I2]) evolves according to Burgers’ equation!

In 2007 Menon and Pego [23] used the Lévy-Khintchine representation for the
Laplace exponent ([I2) and observed that the evolution according to Burgers’
equation in (T3] corresponds to a Smoluchowski coagulation equation [2, [27],
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with additive collision kernel, for the jump measure of the Lévy process y(-,t). The
jumps of y(-,t) correspond to shocks in the solution p(-,t). The relative velocity
of successive shocks can be written as a sum of two functions, one depending on
the positions of the shocks and the other proportional to the sum of the sizes of
the jumps in y(-,t). Regarding the sizes of the jumps as the usual masses in the
Smoluchowski equation, it is plausible that Smoluchowski equation with additive
kernel should be relevant, and [23] provides the details that verify this.

It is natural to wonder whether this evolution through Markov processes with
simple statistical descriptions is a miracle |22] confined to the Burgers-Lévy case,
or an instance of a more general phenomenon. However, extending the results
of Bertoin [3] beyond the Burgers case H(p) = —ip? remains a challenge. A
different particular case, corresponding to L(q) = (—H)*(q) = |q|, is a problem
of determining Lipschitz minorants, and has been investigated by Abramson and
Evans [1]. From the PDE perspective this is not as natural, since (—H)*(q) = |q|
corresponds to

— H(p) = +o0 1(|p| > 1), (1.16)

i.e. H(p) takes the value 0 on [—1,+1] and is equal to +oo elsewhere. So [1], while
very interesting from a stochastic processes perspective, has a specialized structure
which is rather different from those cases we will consider.

The biggest step toward understanding the problem for a wide class of H is
found in a 2010 paper of Menon and Srinivasan [24]. Here it is shown that when
the initial condition & is a spectrally negativeﬁ strong Markov process, the backward
Lagrangian process y(-,t) and the solution p(-,¢) remain Markov for fixed ¢ > 0,
the latter again being spectrally negative. The argument is adapted from that of
[5] and both [5, 124] use the notion of splitting times (due to Getoor [14]) to verify
the Markov property according to its bare definition. In the Burgers-Lévy case, the
independence and homogeneity of the increments can be shown to survive, from
which additional regularity is immediate using standard results about Lévy pro-
cesses [18]. As [24] points out, without these properties it is not clear whether a
Feller process initial condition leads to a Feller process in x at later times. Nonethe-
less, |24] presents a very interesting conjecture for the evolution of the generator of
p(+,t), which has a remarkably nice form and follows from multiple (nonrigorous,
but persuasive) calculations.

We now give a partial statement of this conjecture. The generator A of a sta-
tionary, spectrally negative Feller process acts on test functions J € C°(R) by

Yy

AN =¥ W) + [ () - J) f(0.d2) (1.17)

where b(y) characterizes the drift and f(y,-) describes the law of the jumps. If we

allow b and f to depend on ¢, we have a family of generators. The conjecture of
[24] is that the evolution of the generator A for p(-,t) is given by the Lax equation

A=[AB]=AB-BA (1.18)
for B which acts on test functions J by
B) =~ (e ) - [ EOZEE GG = 1) fep.d2). (129)

2i . without positive jumps
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An equivalent form of the conjecture (LI8) involves a kinetic equation for f. The
key result in the present article verifies that this kinetic equation holds in the special
case we will consider. Before we state this, let us establish our working notation.

1.2. Notation. Here we collect some of the various notation used later in the
article.

Write H[p1,...,pn] for the n*® divided difference of H through py,...,p,. For
each n this function is symmetric in its arguments, and given by the following
formulas in the cases n = 2 and n = 3 where p1, p2, p3 are distinct:

Hipr,ps] = H(p2) — H(p1) and  Hlpi, pa, ps] = H{pa, ps] H[Plapz]'
p2—n b3 —n1
The definition for general n and standard properties can be found in several nu-
merical analysis texts, including [16].
We write d,, for the usual point mass assigning unit mass to x and zero elsewhere.
For C' > 0 and n a positive integer, write

AY ={(a1,...,a,) ER":0<a; < - <a, <C} (1.21)
and AC for the closure of this set in R". We write A for the boundary of the
simplex, and 0;A¢ for its various faces:

2AY = {(a1,...,a,) € OAY :a; =0}
KA = {(a,...,an) €AY 1a; = a1}, i=1,...,n—1 (1.22)
onAS = {(a1,...,a,) € OAY 1 a, = C}.

Write M for the set of finite, regular (signed) measures on [0, P], which is a Ba-
nach space when equipped with the total variation norm || -||;y. Call its nonnegative
subset M.

Let K denote the set of bounded signed kernels from [0, P] to [0, P], i.e. bounded
Borel-measurable mappings [0, P] = M. K is a Banach space when equipped with
the norm on k = k(p_,dp+) given by

[Ell = sup{{[k(p—, )llxv : p— € [0, PI}- (1.23)
Write K for the subset of K with range contained in M.

(1.20)

1.3. Main result. In this section we provide a statistical description of solutions
to the scalar conservation law when the initial condition is an increasing, pure-jump
Markov process given by a rate kernel g. For this we require some assumptions on
the rate kernel g and the Hamiltonian H.

Assumption 1.2. The initial condition & = £(x) is a pure-jump Markov process
starting at £(0) = 0 and evolving for x > 0 according to a rate kernel g(p—,dpy).
We assume that for some constant P > 0 the kernel g is supported on

{(p—,p+): 0<p_ <pi <P} (1.24)
and has total rate which is constant in p_:
A= /g(p—,dp+) (1.25)
forall0 < p_ < P.

Assumption 1.3. The Hamiltonian function H : [0, P] — R is smooth, convex,
has nonnegative right-derivative at p = 0 and noninfinite left-derivative at p = P.
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Our statistical description consists of a one-dimensional marginal and a rate
kernel generating the rest of the path. The evolution of the rate kernel is given by
the following kinetic equation, and the evolution of the marginal will be described
in terms of the solution to the kinetic equation.

Theorem 1.4. Suppose Assumptions [[.F and [[.3 hold. Then there are unique
positive kernels

f:[0,00) = K4 (1.26)
£:]0,00) = M4 (1.27)
satisfying the initial conditions
[0, p—.dpy) = g(p-,dp+) (1.28)
£(t, dpo) = do(dpo) (1.29)
and solving, in an integral sense, the equations
fi=L"f and 4 = L%, (1.30)

where the operators L5 and L° are as follows, with integration over p. only:

LEf(t, p-dps)

- /(H[p*,p+] — Hlp—, p]) f(t, p—, dp:) f(t, ps, dp+) (1.31)

- UH[m,p*]f(t,m,dp*) —/H[p,p*]f(t,p,dp*)} f(t, p—, dps)

and

£26(t,dp0) = [ Hlps ol dp.) . prspo)

_ [/H[po,p*]f(t,po,dp*)} £(t,dpo). (1.32)

Furthermore, the total integrals are conserved:

A= [ fit.p-dos) (1.33)
1= /ﬂ(t,dpo) (1.34)

forallt >0 and all 0 < p_ < P. Finally, if
9(p—.[0,p-]U{P}) =0 (1.35)

for all0 < p_ < P, then f(t,-,-) has the same property for t > 0.

The kernels described by the Theorem [[.4] are precisely what we need to describe
the statistics of the solution p, which brings us to our main result:

Theorem 1.5. When Assumptions and 1.3 hold, the solution p to

{pt =H(p), (x,t) €R x(0,00)

p=¢& (x,t) e Rx {t =0} (1.36)

for each fizedt > 0 has x = 0 marginal given by £(t,dpy) and for 0 < x < oo evolves
according to rate kernel f(t,p—,dpy).
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1.4. Organization. The remainder of this article is organized as follows. In Sec-
tion 2 we show that Theorem will follow from a similar statistical characteri-
zation for the solution to the PDE over z € [0, L] with a time-dependent random
boundary condition at x = L. The latter we can study using a sticky particle
system whose dimension is random and unbounded, but almost surely finite. Ele-
mentary arguments are used to check that our candidate for the law matches the
evolution of the random initial condition according to the dynamics. Next in Sec-
tion Bl we show existence and uniqueness of the solutions to marginal and kinetic
equations of Theorem [[.4] which are needed to construct the candidate law. The
concluding Section M indicates some desired extensions and similar questions for fu-
ture work. To keep the main development concise, proofs of selected lemmas have
been deferred to Appendix [Al

2. A RANDOM PARTICLE SYSTEM

As functions of x, the solutions p(x,t) we consider all have the form depicted in
Figure [l From a PDE perspective this situation is standard—a concatenation of
Riemann problems for the scalar conservation law—and we can describe the solution
completely in terms of a particle system. Each shock consists of some number of
particles stuck together, and the particles move at constant velocities according to
the Rankine-Hugoniot condition except when they collide. The collisions are totally
inelastic.

0
A
DA~ —
P —
O —
L ‘ 5
Po i
= .
: : ‘ ‘ » T
X T T3 T4

FIGURE 1. For each t > 0, the solution p(z,t) is a nondecreasing,
pure-jump process in z. We will see that for any fixed L > 0, we
have a.s. finitely many jumps for = € [0, L] and that p(-,t) on this
interval can be described by two (finite) nondecreasing sequences

(xlw"axN;pOa"'apN)'



8 KASPAR AND REZAKHANLOU

The utility of this particle description is lessened, however, by the fact that
the dynamics are quite infinite dimensional for our pure-jump initial condition
&(z), © € [0,400). To have a simple description as motion at constant velocities,
punctuated by occasional collisions, we might argue that on each fixed bounded
interval of space we have finitely many collisions in a bounded interval of time, and
piece together whatever statistical descriptions we might obtain for the solution on
these various intervals. Inspired by those situations in statistical mechanics where
boundary conditions become irrelevant in an infinite-volume limit, we pursue a
different approach. We construct solutions to a problem on a bounded space interval
[0, L], and choose a random boundary condition at z = L to obtain an exact match
with the kinetic equations. The involved analysis will all pertain to the following
result.

Theorem 2.1. Suppose Assumptions and hold. For any fizted L > 0,
consider the scalar conservation law

Pt = H(p)z :E,t) € (OvL) X (0,00)
po¢ 2 e [0, L] x {t = 0} (2.1)
p=C (2,t) € {& =L} x (0,00)

with initial condition & (restricted to [0, L]), open boundarfl at x =0, and random
boundary ¢ at x = L. Suppose the process ¢ has ((0) = £(L) and evolves according
to the time-dependent rate kernel H[p p+]f(t, p,dp+) independently of & given §(L).
Then for all t > 0 the law of p(-,t) is as follows:

(i) the x =0 marginal is £(t,dpo), and

(ii) the rest of the path is a pure-jump process with rate kernel f(t,p—,dp4).

To prove our main result we can send L — oo, applying Theorem 1] on each
[0, L], and use bounded speed of propagation to limit the respective influences of far
away particles (unbounded system) or truncation with random boundary (bounded
system). The argument is quite short.

Proof of Theorem[LA Fix any t > 0. We will write p(z, t) for the solution to (I.36))
over the semi-infinite z-interval [0, +-00) with initial data £(z). We take the right-
continuous version of the solution. For L to be specified shortly, write p(x,t) for
the solution and £(z) for the initial data corresponding to (Z.1I).

Fix any z1,...,zr € [0,+00), and let X = max{z1,...,zx}. Choose L >
X + tH'(P). We couple the bounded and unbounded systems by requiring

él[O,L] :ga (22)

allowing the random boundary ¢ to evolve independently of € given &(L)
Recall [13] that the scalar conservation law has finite speed of propagation. Our
solutions are bounded in [0, P], so the speed is bounded by H'(P). Since p(z,0)

and p(z,0) are a.s. equal on [0,L], we have also p(z,t) = p(z,t) as. for x €
[0,L —tH'(P)] D [0, X]. From this we deduce the distributional equality

. . d

(D1, s A1) & (1) Pl 1), (2.3

3Using Assumption [[3] and &,¢ > 0, the shocks and characteristics only flow outward across
z = 0. Any boundary condition we would assign, unless it involved negative values, would thus
be irrelevant.
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By Theorem 211 the latter distribution is exactly that of a process started ac-
cording to £(t,dpo), evolving according to rate kernel f(¢, p—,dps). This process
is killed deterministically at x = L, which does not alter finite dimensional distri-
butions prior to x = L. Since p(z,t) is right-continuous and has the correct finite
dimensional distributions, the result follows. [l

2.1. The dynamics. Our work in the remainder of this section is to prove Theo-
rem [2.J] We begin by describing precisely those particle dynamics which determine
the solution to the PDE.

Figure [1 illustrates a parametrization of a nondecreasing pure-jump process on
[0, 4+00) with heights pg, p1, p2, ... and jump locations 1, s, .... Our sign restric-
tion on the jumps excludes rarefaction waves, and we have only constant values
separated by shocks. Going forward in time, the shocks move according to the
Rankine-Hugoniot condition

& = —Hlpi—1, pi] (2.4)

until they collide. We say that each shock consists initially of one particle moving
at the velocity indicated above. Then result of a collision can be characterized in
two equivalent ways:

(i) At the first instant when x; = 2,41, the ith particle is annihilated, and the
velocity of the (i + 1)*® particle changes from —H [p;, pi+1] to

Tip1 = —Hlpi—1, pit1]- (2.5)

In the casd] where several consecutive particles collide with each other at
the same instant, all but the rightmost particle is annihilated. Since we
only seek a statistical description for x > 0, we annihilate the first particle
when z; = 0, replace pg with p1, and relabel the other particles accordingly.

(ii) When z;—1 < & = xi41 = -+ = xj_1 = &; < T;41, the particles ¢ through
j all move with common velocity —H [p;—1, p;]. Following Brenier et al |6,
7] we call these a sticky particle dynamics. We can additionally take the
position x = 0 to be absorbing: #; = 0 whenever x; = 0.

We adopt the first viewpoint for convenience, as this is compatible with [12] (see
the text following Definition 23] below), but a suitable argument could be given for
the second alternative as well.

Definition 2.2. For L as in Theorem 2] the configuration space @ for the sticky
particle dynamics is

Q = |_| Qnu Qn = Aﬁ X Afj—i—l' (26)
n=0

A typical configuration is ¢ = (z1,...,%n;p0,---,pn) € @n when n > 0, or ¢ =
(po) € Qo ={po: 0< py < P} when n =0.

Definition 2.3. Our notation for the particle dynamics is as follows:
(i) For 0 < s <t and g € Q, write

PLq = b5 °q (2.7)

4which will almost surely not occur for the randomness we consider
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for the deterministic evolution from time s to ¢ of the configuration ¢ ac-
cording to the annihilating particle dynamics for the PDE, without random
entry dynamics at x = L.

(ii) Given a configuration ¢ = (x1,...,Zn, po,...,pn) and py > pp, write €,, q
for the configuration (z1,...,Zn, L, p0,- - Pns P+ )-

(iii) Write ®q for the random evolution of the configuration according to de-
terministic particle dynamics interrupted with random entries at * = L ac-
cording to the boundary process ¢ of (Z1]), where the latter has been started
at time s with value p,. In particular, if the jumps of { between times s
and t occur at times s < 71 < --- < 7 < t with values pp4+1 < -+ < pPpti,
then

‘I’iq = Ifrk Epn+k¢:z,lepn+k71 T '¢2€Pn+1¢?q' (28)
Proposition 2.4. For any s, q, the process ®q is strong Markov.

This assertion follows after recognizing ®%q as a piecewise-determisitic Markov
process described in some generality by Davis [12]. Namely, we augment the config-
uration space @ to add the time parameter to each component @),, and then have
a deterministic flow according to the vector field

(15 _H[p07p1]7 R _H[pnfla pn]a 07 R O) (29)

With rate [ H|pn, p+]f(t, pn,dps) we jump to the indicated point in @41, and
upon hitting a boundary we transition to @Qj for suitable k¥ < n, annihilating
particles in the manner described above.

2.2. Checking the candidate measure. Our goal is to take ¢ distributed ac-
cording to the initial condition and exactly describe the law of ®1'q for each T > 0.
Using the kinetic (IL31)) and marginal equations (L32]), we construct for each time
t > 0 a candidate law u(t,dq) on @ as follows. Take N to be Poisson with rate AL,
T1,...,zx uniform on A%, and po, ..., py distributed on AJIZH according to the
marginal ¢ and transitions f independently of the x;:

6_>\L Z 671 (dN)Mn (tu dQ)u (210)
n=0
where 110(t, dq) = 1,¢(0,p] £(t, dpo), and

/J’n(tu dQ) = 1A£ (:I:la s 7xn) dxy---dz, e(ta de) H f(tu pj—ludpj)u (211)
j=1
for n > 0. When we have verified (I33), it will be immediate that the total mass
of this is one.
We decompose the mapping from configurations ¢ to solutions (as functions of
x over [0, L]) into the map from ¢ to the measure

(g, dz) = podo+ ¥ _(pi — pi-1)6r, (7€ Qn) (2.12)
i=1
and integration over [0,z]. Our claim is that when ¢ is distributed according to
w(0,dgq), the law of the measure m(®}q, ) is identical to that of 7(¢/,-) where ¢ is
distributed according to u(t,dq’).
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We now describe the structure of the proof of Theorem 21l Fix some time 7' > 0
and consider F(t,q) = EG(®}q) where G takes the form of a Laplace functional:

6 =exp (~ [ @) nta. ) = exp (-POJ(O) ~S o - p“w(xi)) (2.13)

i=1

for J > 0 a continuous function on [0, L]. We aim to show that

d
— [ BG(®} q)ult,dg) =0 (2.14)

for 0 < t < T, from which it will follow that

[ G u0.do) = [ Gla (.o (2.15)

for all G of the form in (2I3). Using the standard fact that Laplace functionals
completely determine the law of any random measure [18], this will suffice to show
that law of 7(®] q,dx) for ¢ distributed as u(0,dq) is precisely the pushforward
through 7 of u(7T,dq), and obtain the result.

We might verify ([2I4) by establishing regularity for F(t,q) = EG(®Iq) in t
and the xz-components of g. We speculate that it should be possible to do so if
J is smooth with J’(0) = 0 and we content ourselves to divide the configuration
space into finitely many regions, each of which corresponds to a definite order
of deterministic collisions in ¢. On the other hand, the measures pu(t,dq) enjoy
considerable regularity (uniformity, in fact) in 2, and we pursue instead an argument
along these lines. Here continuity of F'(¢,q) in ¢ will suffice.

Lemma 2.5. Let G take the form of (ZI3). Then F(t,q) = EG(®]q) is a bounded
function which is uniformly continuous in t uniformly in q:

w(d) = sup{|F(t,q) — F(s,q)| : s,t €[0,T], [t—s| <d, g€ Q} =0 (2.16)
as § — 0+.

To differentiate in (ZI4) we will need to compare EG(®1¢q) and EG(®]q) for
0 < s <t<T. Our next observation is that when the ¢ — s is small, we can
separate the deterministic and stochastic portions of the dynamics over the time
interval [s,t]. The idea is that in an interval of time [s, t], the probability of multiple
particle entries is O((t — s)?), and a single particle entry has probability O(t — s)
which permits additional o(1) errors.

Lemma 2.6. Let 0 < s <t < T and q € Q. There exist a random wvariable
T € (s,t) a.s., with law depending on s,t, and q only through p,, and a constant
Ch,m(p) independent of q,s,t so that

F(Sv q) - F(tv ¢ZQ) - (t - S) /[EF(t7 6P+¢7S—Q) - F(tv Q)]H[pnap-l-]f(tvpna dp-l-)

< C)\_’H/(p)[(t - 8)2 + (t - S)U}(t - S)] (217)

We proceed to an analysis of the deterministic portion of the flow, ¢!q, where
q is distributed according to u(t,dq). For this we introduce some notation. Given
q € Qn, we write

o(q) =min{r > s : ¢Lq € (0AL) x AT }. (2.18)
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For each fixed n, we consider several subsets of the set of n-particle configurations
Q. In particular we need to separate those configurations which experience an
exit at £ = 0 or a collision in a time interval shorter than t —s. For¢=0,...,n—1,
write:

Ai={g € Qu:0(q) <tand ¢{Wg € (BA]) x AL}

n—1
U=Qn\ iL:JO A; (2.19)
B={q€Qn:xy>L—(t—3s)H[pn_1,pn]}
V= Qn\B

Figure2lillustrates these sets in the case n = 2. We observe in particular that ¢LU
and V differ by a u, (¢, -)-null set, and that the terms associated with the boundary
faces are related to configurations with one fewer particle.

Lemma 2.7. For each positive integer n and with errors bounded by
CrLnx (Pt —8) +w(t — 5)] (2.20)

we have the following approximations:

(t—-s)*lt/"Pwt,¢zq>1Ao<q>un<t,dq>

~ H{p., polt(t, dps) f (L, p«, dpo)
~ [ 7o £(t,dpo)

(t—S)‘l/F(t,Gﬁiq)lAi (@)un(t, dq)

fin—1(t, dg), (2.21)

N (Hlps, pi] = Hlpi—1, p<]) [, pi—1,dps) f(, p«, dpi)
- /F(t’q) f(t, pi—1,dp;) pn—1(F: da)
(2.22)
fori=1,...,n—1, and
(t—s)"" /F(t, ¢Lq)15(q)pn(t, dg)
~ /F(tu€p+Q)H[pn—17p+]f(t7pn—ladp+)/1'n—1(t7dQ)' (2.23)

Remark. Tt is essential that the integral over B can be approximated by an integral
over (1,...,%n-1,L;p0,- -, Pn-1,p+). The measure L*u below does not have any
singular factors like 6(x, = L). In particular, the result of integrating over B will
partially cancel with the term arising from random particle entries.

The final ingredient for the proof of Theorem[2Tis the time derivative of u(¢, dg),
which we now record.

Lemma 2.8. For anyn >0 and any 0 < s < t we have

ln(E,-) = pin(s, ) = (8 = 8)(L7pn) (L, ) [lrv = ot — 5) (2.24)
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FI1GURE 2. The deterministic flow ¢ on the z-simplex is translation
at constant velocity unless this translation crosses a boundary of
AL Tn the case n = 2 pictured above, points in Ag and A; hit the
boundary faces 1 = 0 and x1 = 2, respectively. The remaining
portion of the simplex is mapped to the simplex minus the set B.

where the norm is total variation and (L*uy,)(t,dq) is defined to be the signed kernel

(‘C é t de i t y Pi— ladpz)
£(t, dpo) —  f( t s Pi1,dp;)

>\L1AL (X1, xp)dzy - dxg £(t, dpo) H f(t, pj—1,dp;). (2.25)

Jj=1

The expression for the measure above is to be understood formally; the correct
interpretation involves replacement, not division. All of the “divisors” above are
present as factors of £(t, dpo) [[—, f(t, pj—1,dp;), and the fractions indicate that the
appearance of the denominator in this portion is to be replaced with the indicated
numerator.

So that we know what to expect, before proceeding we note that when we sum
over i in (225), some of the terms arising from £° and £" cancel. Namely, the
bracketed portion of (2:25) expands as

f H{p., poll(t,dps) f(t, p«,dpo)
£(t, dpo) _/H[Po,p*]f(t,po,dp*)

[ [(Hlps, pi] = Hlpi—1, p<)) f(t, pie1,dpe) [ (L, ps, dp:)
* Z |: f(t7 pi—ludpi)

(2.26)

= [l p )1t picdp.) = Hlpir,p.) St picsdp)
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The gain terms associated with the kinetic equations we leave as they are, but note
that the “loss” terms telescope, and the above may be shortened to

f H[p*a po]é(t, dp*)f(ta ) dpo)
g(tvde)

~ [(HIpx, pi]l = Hlpi—1, p:)) (£, pi—1, dp.) f (¢, ps, dpi)

- Z f(t, pi—1,dp;) '

- /H[pmp*]f(t,pmdp*)

(2.27)

We are ready to prove our statistical characterization of the bounded system.

Proof of Theorem[Z1. Consider [ F(t,q) u(t,dq)— [ F(s,q) pu(s,dgq) for times s and
twithO<s<t<T:

/ [F(t,q) — F(s,q)] plt.dg) + / F(t, q){ju(t, dg) — (s, dg)]
= [1F(0) — Fls. )l d) — (s d)] = (1) + (1) + (11) - (2:29

Since F(t,q) is uniformly continuous in ¢ uniformly in ¢ by Lemma and p is
a probability measure, (I) — 0 as t — s — 0. Using Lemma 2.8 and the fact that
|F| <1, (II) > 0ast—s— 0, and in fact

[Pttt —uls,dg) [ P . (2.20)

t—s

as s — t— with ¢ fixed. Using both LemmasZHand 28 we see (III) is o(t—s). Thus
J F(t,q) pu(t, dg) is continuous in ¢; we will show additionally that it is differentiable
from below in ¢ with one-sided derivative equal to 0 for all 0 < ¢t < T". In light of
(229), our task is to show that — [ F(¢,q) (L*u)(¢,dq) approximates (I) up to an
o(t — s) error.

Using Lemma we have the following approximation of the portion of (I)
involving fu,, with error bounded by C g (p)[(t — 5)* + (t — s)w(t — s)]:

/

F(t,q)(15(a) + 1v(a) — F(t, ¢q) < +21A )
(= )P (t.0) [ Hlpnpslf(tpnsdps) (2.30)

_(t - S) /EF(tv €p+¢;Q)H[pn7 p+]f(t7 Pns dp-l-)} Nn(tv dQ)

We have [[F(t,q)1v(q) — F(t,¢%¢)1u(q)] ptn(t,dg) = 0 because the deterministic
flow ¢! maps U to V' (modulo lower-dimensional sets) and preserve the Lebesgue
measure in spatial coordinates. Making replacements using Lemma[2.7land reorder-
ing the terms, we find with an error bounded by Cp, , x g/ (p)[(t — 8) + w(t — s)]
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that
/F(taq)_F(qu)

n(t,
P— tin(t, dq)

z/F(lt,ep+q)H[p7H,p+]f(1t,pnfl,dp+)unf1(lt,dq)
- /]EF(tu €p+¢7s—Q)H[pn7 p+]f(t7 Prns dp"r)un(t? dQ)

n—1 (H[p*7pi] _ H[pi— 7p*])f(t, Pi— 7dp*)f(t7 P dpl) (231)
/F(t,q) (; Jlf(t,piq,dpi)l

N ]{[p*7 po]g(t, dp*)f(tv P dpo)) ,unfl(t7 dq)

f(t, dpo)

- / F(t,q) / H[pn,p+1f<t,pn,dp+>un<t,dq>]

for positive integers n. In the case n = 0, we have ¢'q = ¢, and the approximation
is
F(t,q) — F(s,q
JHEED=EE g = (1RG0~ Pl o poltdo). (222)

We observe that the bracketed portion of ([23T) nearly matches (Z27)), except that
part involves u,,—1 and part involves u,. Furthermore, we have

‘/ EF(t,€p, d5a)H[pn, p+]f(t, pn, dpy)pn(t, dg)
(2.33)

—/F(t,ep+Q)H[pn,p+]f(t,pmdp+)un(t,dq) < Chipyn,n(t —s).

This follows since 7 is conditionally independent of ¢ given p,, and 7 € (s,t) a.s.
so that all but O(t — s) volume of the z-simplex is simply translated by ¢7 to a
region of identical volume. We make the replacement indicated by ([Z33)) in (Z31])
without changing the form of the error.

For any positive integer N we define

N
Cult) = [ Flt.) Y ot do) (2.34)
n=0

Summing (Z3T)), (Z32), and our approximation for p,(¢,-) — pn(s,-) from (Z27)
gives

FN(t) — FN(S)
t—s
N
—~ (H[p*7 pl] - H[pi—lu p*])f(ta Pi—1, dp*)f(t7 Py dpz)
~ /F(t, q) <Z f(t7pl—17 dpz)

H[p*a po]g(tu dp*)f(t7 P de)
é(tvde)

—/F(ta€p+Q)H[PN,P+]f(f=PN,dp+)MN(fadQ)

i=1

(2.35)

+ ) KN (tv dQ)
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with an o(t — s) error. Call the right side yx(¢), so that the left derivative of T'y is
vn. Since I'y is a Lipschitz function, we deduce

T
Tw() - T (0) = [ (e (2.36)
0
We have vy (t) bounded uniformly in ¢ by
3H/(P)LN)\N+1
< — 2.37
and thus vy — 0 uniformly in ¢. It follows that

as N — oo. Recognizing the limits of T'n(7T") and To(T) as [ G(q)u(T,dg) and
JEG(®§ q)p(0, dq), respectively, we have verified (ZI4) and completed the proof.
([

Having shown the candidate measure p(t,dq) constructed using the solutions
0(t,dpg) and f(t,p—,dpy) given by Theorem [[4 our next task is to verify the
latter, which we undertake in the next section.

3. THE KINETIC AND MARGINAL EQUATION

The primary goal of the present section is to prove Theorem [I[.4] concerning the
kernel f(t, p—,dp+) and marginal £(¢, dpg), so that the candidate measure (¢, dg) in
the previous section is well-defined and has the properties required for the argument
there.

While we introduce our notation, we also discuss the intuitive meaning of the
terms of our kinetic equation, comparing with that of Menon and Srinivasan [24].
Let us write L for the operator on K given by the right-hand side of (L3Tl),

(LR p-rdps) = [ (Hlpesps) = Hlp-pu (o dp.(pes dps.)

- UH[m,p*]k(m,dp*)—/H[p,p*]k(p,dp*) k(p—,dp+),

(3.1)
so that the kinetic equation is f; = L" f.
The first term, which we call the gain term, corresponds to the production of a
shock connecting states p_ and p4 by means of collision of shocks connecting states
p—, p« and py, p4. Such shocks have relative velocity given by

Hlps, p+| = Hp—, p] = Hlp—, ps, p+](p+ — p-). (3.2)

In the Burgers case, the second divided difference H[-, -, -] is constant, and the
above is proportional to the sum of the increment p; — p_, analogous to mass in
the Smoluchowski equation.

The second line of (B1]) we call the “loss” term, though this need not be of definite
sign. To better understand this, note that when we have proven Theorem [[L4] we
will know that f(t, p—,dp4) has total mass which is constant in (¢, p—). In this case
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the loss term may be rewritten equivalently as

[ [l = Hlp o 50 )

- /(H[p—up*] - H[p_,p+])f(t,p_,dp*) f(tvp—adp-i-)v (33)

which corresponds precisely with the kinetic equation of [24]. The meaning of the
first line of (B3) is clear: we lose a shock connecting states p_, p4 when a shock
connecting p, p« collides with this, and the relative velocity is precisely H[p, p«] —
Hlp—, p+]-

The second line of (B3] is less easily understood. One would expect to find
here a loss related to a shock connecting p_, p1 colliding with p., p_ for p. < p_,
particularly if we were viewing f as a jump density as |24] views its corresponding
n(t,y,dz). Viewed as a rate kernel, it is not clear that f should suffer such a loss:
in some sense we must condition on being in state p_ for f(t,p_,-) to be relevant
at all. At this point we cannot offer an intuitive kinetic reason for the second line
of (B3), but in light of the rigorous results of this article we can be assured that
this is correct for our model.

We return to the task at hand, showing existence and uniqueness of f(t, p—,dpy).
The argument proceeds through an approximation scheme for exp(AH'(P)t) f (¢, -, ),
where we can easily maintain positivity. To avoid endowing K with a weak topology,
we show directly the approximations are Cauchy, rather than appealing to Arzela-
Ascoli.

Proof of Theorem[I]), part I. Write ¢ = AH'(P) and consider for each positive
integer n the continuous paths A" : [0,00) — K defined by h™(0) = g for all n and
R (t) = e LR (G /n) + b (j/n),  tE (j/n, (5 +1)/n). (3.4)
We claim the following properties of h™:
(a) h™(t) > 0 for all t > 0,
(b) for each ¢ > 0 the total integral [ h"(t, p_,dpy) is constant in p_ € [0, P),
(c) forallt>0
[A™(8)]] < AA + ¢/n) ™ < AectHD = M (1), (3.5)
and
(d) r™(t,p—,[0,p_] U{P}) =0 for all t and all p_ € [0, P).
Since h™ is piecewise-linear in ¢ and the properties above are preserved by convex
combinations, it suffices to verify this at t = j/n for all integers j > 0.
We proceed by induction. Abbreviate h = h"(j/n). The j = 0 case holds by

the hypotheses on g. Assume now that the claim holds for j, and consider j + 1.
We have

n(h},, — h}) = e /" U(H[p*7p+] — Hlp—, p )b} (p—, dp< )R (ps, dpy)

+ (/H[P,P*]h?(PadP*)) hj(p—, dp+) (3.6)

- (/H[m,p*]h?(m,dp*)) h?(f’vdf”)}
+ ch}(p—,dpy).
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In particular, for any p; we have

e eI [ Hipop W (ps.dps) 2 e = 9B (P) 1|
>c— e 9MH (P)A(1 4 ¢/n)’ (3.7)
—c[1—e 14 e/m)] 20,
using property (c) for case j; thus n(h} ; —h}) > 0. This and (a) h} > 0 give

R 1 > 0, property (a) for case j + 1. Furthermore, the total integral of the right-
hand side of (B8] is exactly

e [ 150-dps) =l (35)

since (b) implies the bracketed portion integrates to 0. Also using (b) for case j,
the change in the total integral from A to h7,, is independent of p_, verifying (b)
for case j 4+ 1. Using (c) for case j we find

IRG ol < IRF 1+ en™HIRG ] = (1 +¢/n)[R7] < A +¢/n), (3.9)
so that (c) holds for case j+ 1. Finally, we observe that property (d) for h’} implies
LG (p—, [0, p-] U{P}) =0, (3.10)

and thus (d) holds for case j + 1.
We now consider the matter of convergence. Pairing £* with any k1, ks € K and
measurable J(py) with |J] < 1, we find that

I1L7ky — L || < BH'(P) (k|| + lk2l) [ 51 — 2. (3.11)
In particular £ is Lipschitz on bounded sets in . For brevity write
Ehk(su P— dp+) = e—csznk(p_, dp+) + Ck(p—7 dp-i—) (312)
We compute for any m < n and ¢t > 0

[P () = R (B[] < /O 1h™ (s) = LB ()] + 1" W™ (5) — L*R"(s))

+ |IL"h™ (s) — h™(s)|| ds.  (3.13)
Observe that
1A™(s) = £"B" (s)| = |£"B"™ (0" [ns]) — L"R"(s)]|
< Jlemen T s LR (0 s ) — e LERM(s) | (3.14)
+c|[h"(n " ns]) = A" (s)|

where

lemen "Il Lot (0! s ) — em LR (s)|
< e ||Lr R (n ns]) — L7 (s)]|
+(emen el —eme) | £ (0 s )|
< e 6H'(P)M(s)|h" (n~" [ns]) — h"(s)|
e e n T 3H(P)M(s)?
< 6ce’||h™ (n" Y ns|) — h™(s)|| + 3ehe® T3t

(3.15)
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We have also
k" (0™t [ns]) = k™ ()| < n™H[LLR™ (0™ s ])|
<n (e “3H'(P)M(s)* + M(s)) (3.16)
= n"1(3hcets T2 4 \eols D).
Combining these, there is a constant C; so that
|A"(s) — LhA™(s)| < Cin~tecs (3.17)

for all positive integers n and times s > 0.
The remaining term in the integrand of BI3) is

IL"R™ (s) = LR ()| < e[ L7h™ (5) — LB" (5)| + e[ (s) — h" (s)]]
< (e *6H'(P)M(s) + c)||h™(s) — h"™(s)]| (3.18)
= (6e° + c) [ (s) = h"(s)[| = Ca[[h"™(s) — h"(s)]|.
All together,

IR () — h™(t)|| < /0 Co||h™(s) — h™(s)|| + C1(n~' +m ™ 1)e™ ds, (3.19)

and by Gronwall

ct _
™) = Br(@)]] < Cy(n +m~1)eCrt & — L (3.20)

c

From this we see that h™ is Cauchy, hence convergent to a continuous h : [0, 00) — K
satisfying

¢
h(t)=yg —|—/ [e™“*(L7h)(s) + ch(s)] ds (3.21)
0
for all ¢ > 0, having properties (a,b,d) above and [|h(t)| < M ().
We define f(t) = e~ “*h(t), and find using [BZI) that f solves f = L~ f with

f(0) = g. Using the local Lipschitz property of £*, the solution is unique. Proper-
ties (a,b,d) hold for f, and (b) in particular gives for each fixed p_

d K
G [ oo = [ nitp-don —0. (3.22)
Thus [ f(t,p—.dpy)=Aforallt>0,0<p_ < P. O
We now turn to £(¢, dpo), which is intended to serve as the marginal at = 0 for

our solution p(z,t) for fixed t > 0. We define a time-dependent family of operators
L0 acting on measures v(dpg) in M by

(L), dpo) = / H{p.. pol(dp.) (£ por dpo)

- [/H[po,p*]f(t,po,dp*) v(dpo). (3.23)

Again the integration is over p, only, and for each t we have (L%v)(t,-) € M. Our
evolution equation for £(t,dpy) is the linear, time-inhomogeneous ¢; = £°¢.
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Proof of Theorem[I]), part II. Note that (B.23)) is exactly the forward equation
for a pure-jump Markov process evolving according to a time-varying rate ker-
nel H[po, p+]f(t, po,dp+), so we could obtain existence and uniqueness of solutions
along these lines. We outline an argument similar to that employed for f, for the
sake of completeness.

Define for each n the continuous path A" : [0, 00) — M with A" (0) = o and

WP (t) = e LOR(j/n) + ch™(j/n),  tE (j/n, (G +1)/n). (3.24)
Proceeding as in the proof for f we verify that for each j the A = h"(j/n) are

nonnegative and, since £L°h"(j/n) has total integral zero, [|h7] < (1 + c/n)lmtl,
Observing that £0 is linear and bounded uniformly over ¢,

i I(LO)(t, )llev < 2AH'(P)[[V]|xv, (3.25)

we easily show h"™ is Cauchy on bounded time intervals, with limit & : [0, 00) — M4
satisfying

h(t) = 6o + /O e~ (L) (s) + ch(s)] ds. (3.26)

Take £(t) = e~ “*h(t) to find that £(t) > 0 solves

((t) = 0o + /Ot(cof)(s) ds. (3.27)

Uniqueness follows using (3.25). Finally, since £V as zero total integral for any v,
we find that [£(¢,dpo) =1 for all ¢. O

We close this section with a remark concerning the kinetic equation f; = L*f
without the assumption that the initial kernel g has bounded support [0, P]. When
the initial condition £(z) is unbounded, growing for example linearly in the case
of quadratic H, the solution to the scalar conservation law p; = H(p;) on the
semi-infinite domain should blow up in finite time. We likewise expect that the
solution f to the kinetic equation will blow up, but control of certain moments
prior to this blow up may allow us to run the argument of Theorem [21] with only
superficial changes. At the moment we lack the sort of estimates one obtains in the
Smoluchowski case (e.g. coming from a closed equation for the second moment),
but we hope to revisit this in future work.

4. CONCLUSION

We review what has been accomplished: using an exact propagation of chaos
calculation for a bounded system with a suitably selected random boundary condi-
tion, we have derived a complete description of the law of the solution p(z,t) to the
scalar conservation law p; = H(p), for x,t > 0 when p(x,0) = &(z) is a bounded,
monotone, pure-jump Markov process with constant jump rate. Notably, we have
recovered the Markov property of the solution and a statistical description of the
shocks simultaneously. This may be regarded as both a strength of our present
analysis and a shortcoming of our present understanding (a soft argument for the
preservation of the Markov property in the particle system would be illuminating).

We emphasize how our approach using random dynamics on a bounded interval
has made things considerably easier: by constructing a bounded system which has
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exactly the right law, we are relieved of the burden of determining precisely how
wrong the law would be with deterministic boundary.

Our result lends additional support to the conjecture of Menon and Srinivasan
[24] and we hope that the sticky particle methods described herein will provide
another approach, quite different from that of Bertoin |5], which might be adapted
to resolve the full conjecture. One of the authors is attempting a similar particle
approach in the non-monotone setting, and hopes to report on this in future work.

APPENDIX A. PROOFS OF LEMMAS

Proof of LemmalZ.3. Boundedness of G is obvious from its definition as a Laplace
functional. For continuity, we begin by considering G(¢f q) with ¢ fixed. As ¢ varies,
¢hq varies continuously, with p-values unchanging and z-values changing with rate
bounded by H'(P), except for finitely many times when collisions occur. Since
G(¢hq) depends on ¢fq via 7(¢hq,-), the former varies continuously across these
collision times. More concretely, because J € C([0, L]), J is uniformly continuous,
and so

wy(8) = sup{|J(z) = J(y)| : x,y € [0, L], [z — y| < &} (A.1)
has the property that w;(d) — 0 as 6 — 0+. Using the above,

|log G(¢pa) — log G(q)| < Z(pi = pi-1)wy (tH'(P)) < Pw(tH'(P)).  (A.2)

Since the exponential is uniformly continuous for nonpositive arguments, we find
that G(¢}q) is continuous at ¢t = 0 uniformly in q. Write

we(0) = sup{|G(¢hq) — G(g)| : ¢ € Q,0 < t < 6}, (A.3)

and observe that wg(6) — 0 and 0 — 0+.

Suppose now that 0 < s < ¢t < T; we compare EG(®q) and EG(¢! q). Write
0 =t—s. We have G(®Tq) = G(®L_,8T%) a.s., coupling the random entry
processes on matching intervals. Then

]E|G(‘I’§—9‘I’Z_GQ) - G(QS::?—G‘I’Z_G‘J” < C/\.,H’(P)ev (A.4)

because the random entries occur at a rate bounded by AH'(P) and |G| < 1. Using
the time homogeneity and continuity for the deterministic flow,

E|G(67_¢®. ~"q) = G(®7"q)] < we (). (A.5)

So, at the cost of an error bounded by C\ g (p)f + wg(0), we compare EG(®Tq)
with EG(®T-%¢) instead. Now the configuration ¢ is flowed on time intervals of
equal length, but with random entry rates that have been shifted in time.

The random entry rate is given by H|[p,, p+|f (7, pn, dp+) and f is TV-continuous
in r; we have

If(r, pnsdps) — f(r =0, pnydpy )| = ’ /_G(ﬁif)(ﬂ Py dpy)dr

< Cx nm/(p)f-

(A.6)
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Let us define three kernels for r € [0,T — t] according to

f(?”,p_,dp+) = f(s"i_rup—udp-l‘) /\f(t+T,p_,dp+)

A

fs(ra P—> dp-i-) = f(S + 70—, dp+) - f(ru P— dp+) (A7)
ft(ra p—vdp-i-) = f(t + p—vdp-i-) - f(ra p—vdp-i-)u

where the minimum (A) of two measures is defined as usual by choosing a third mea-
sure with which the former two are absolutely continuous, and taking the pointwise
minimum of their Radon-Nikodym derivatives. That this extends measurably to
the parametric case (i.e. involving kernels) is immediate from a parametric version
of the Radon-Nikodym theorem [25, Theorem 2.3].

Using the above we construct a coupled random entry process for times r €
[0, T —t], namely let (¢%,¢*)(r) be the pure-jump Markov process started at (pn, pn)
from ¢ and evolving according to the generator £* acting on bounded measurable
functions J(y, z) defined on [0, P]? according to

PN

(C)r2) = Uy =2) [1(p.p) = T2} Hly. p2) £, dps)
1y =2) [((04.2) = T Hlp i) 02
1y =2) [U02) = J0 2 Hlzupi)f (1,2, p2)
1y #2) [1o42) = T2 Hlyps)(F + ) o)

Ty #2) / (I, ps) — T, 2} Hlz pa) (F + 1), 2, dpy).

(A.B)
Taking J(y, z) which does not depend on z we find that (*(r) for r € [0,T — ¢] has
the same law as the random boundary for ®7~%¢, and likewise taking J which does
not depend on y we find the ¢*(r) has the same law as the random boundary for
®T'q, verifying the coupling.
On the diagonal y = z, the rate at which £* causes jumps that leave the diagonal
(the second and third lines of (A.8)) is bounded by

Cxu (P9, (A.9)

and the probability that such a transition never occurs in a time interval of length
T —t is bounded below by

exp[—Ch i (p) (T — 1)0] = exp[=C u/(p)TH). (A.10)
So, coupling the random entry dynamics, we find that ®7~%¢ = ®7¢ with proba-
bility at least exp[—C) g (p)T'0]. Putting the above pieces together, we find
[EG(®7 q) — EG(®] q)|
< Cxurp)(t —s) +wa(t —s) + (1 —exp(Cr mp)T(t - 5))), (A.11)
and the proof is complete. (Il

Proof of Lemma[2.6l Using the Markov property of the random flow ®, we have a
functional identity:

F(s,q) = EG(®{ ®q) = EF (t, Dyq). (A.12)
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Let ¢ be fixed, and consider the following events, whose union is of full measure for
computing the final expectation above:
& = {no entry at x = L in (s,t)}

A.13
&1 = {at least one entry at « = L in (s,t)} ( )

Observe that on & we see only the deterministic flow ¢ over the time interval (s, t):

F(tv ‘I’EQ)lso = F(tu ¢EQ)1807 (A'14)
and this occurs with probability
t
P(&o) = exp (—/ /H[pn,m]f(h pn;dp+)d7’> : (A.15)

We prefer an expression evaluating f at only a single time, and Taylor expand the
exponential around zero.

/ /H[pmp+]f(73pmdp+)dr— (t—8)/H[pmp+]f(t,pn,dp+)

t T
= / / /H[pn,p+](£“f)(r’,pn,dp+)dr’dr SCA’H,(p)(t—s)Q, (A.16)
s t

so that
P(Eo) =1 (t —s) / Hlpu pi ) (b pudpy) + O((t — 5)%) (A17)
and by exhaustion
PE) = (=) [ Hlpup)f(pmdpr) O =9, (A18)

with both errors bounded uniformly over Q). On &; write 7 for the first time a
random entry occurs for ®%, and p, for the new boundary value, noting that the

CRl

distribution of 7 depends only on ¢ through p,, and that the law of p, is determined
by f(7, pn,-). We have T € (s,t) so that
F(t, @ZQ)L‘A = F(tv (I)frEPJr(b;—Q)l&' (A'lg)
Using the strong Markov property for the random boundary at the stopping time
T?
EF(t, CI)tTep+ bsq)le, = EF (7, ¢, d5q)1e,. (A.20)
Since P(£1) = O(t — s), we can afford to make o(1) modifications to this. Write
w(d) for the modulus of continuity of F(t, ¢) in time, according to Lemma Now
T € (s,t) a.s. on &, S0
|EF(T, €0, d5a)1e, — EF(t €5, 07a)1e,| < P(E1)w(t — s). (A.21)
Next we modify the distribution from which p; is selected; at present, py is
selected according to the random measure
H[pn7 p+]f(7—7 Pns dp-‘r)

f H[pn, p+]f(7—7 Pns dp+) '
Since T € (s,t) a.s. on &, the total variation difference

1£(7, prsdpy) = f(t, pnsdpy)|| < Cxmrpy(t—s)  as. (A.23)

Let us write g4 for an independent random variable distributed as
H[pnvar]f(tvpnader)v (A24)

(A.22)
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(note t instead of 7), normalized to have unit mass. Then
|EF(t,ep, 05q)1e, — BF(t, €5, 07q)1e, | < Cx () (t — 8)P(E1). (A.25)

Note that P(£;) cancels with the normalization in (A:22]), up to an O(t — s) error,
and that py is independent of £ . With error bounded uniformly over ¢ € @ by
C i Pyt —5)* + (t — s)w(t — s)], we have

Eﬂaﬁ@szﬁwO—@—ﬁ/ﬂmmmuw%@mﬁ

4t =) [ BIF (.6 670) | E0HIpns po) 1t pusdps), (420

where the remaining expectation is now taken only over 7 conditioned on &;, which
is therefore distributed over [s, t]. O

Proof of Lemmal[2Z7h. On any of A;, i =0,...,n — 1, we have 0 = o(q) < t. For
such g we have

< |F(t7 (b(ty(bgq) - F(Uu ¢gq)| + |F(Uu ¢gq) - F(t7 (b(qu)l (A27)
The first absolute difference is the error induced by conditioning on zero particle

entries on the interval [s, o], which costs less than AH’(P)(t—s). Lemma[ZH bounds
the second of these by w(t—s). Using (A.27) we can replace the integrand F(t, ¢%q)

over A; with F(t,¢Jq), i.e. the projection of ¢ onto (8;AL) x AP | in the direction
of the velocity.

Write v; = —H|[p;—1, pi] for the velocities. We can integrate over Ay using as a
parametrization for the z-variables
(0,29,...,2,) — (—0v1, 29 — Ova, ..., 2, — Ovy,), (A.28)

which has absolute Jacobian determinant —vy = H[pg, p1]. Namely,

F(t, 67 q)un(t, dq)

Ao
(t=s)A(L=zn)/vn|
/ F(tv(oaxQV"7xn;p07"'7pn))
0

/Aﬁ x A
n

5
1 n+1
Hlpo, p1] df dza - -~ dxy £(t,dpo) [ | £(¢, pi-1.dpi).
i=1
(A.29)
On all but a portion of Ag with z-volume bounded by C,, 1 g/(p)(t — 5)? we have
t—s < |(L—mp)/vn|, and we can extend the upper limit of integration to 6 = ¢ —s
with and error bounded by this. Noting that the configurations

(0,22, ..., Tn; Pos -, pn) and (Ta, ..., Tp;P1,---,Pn) (A.30)

are equivalent under our sticky particle dynamics and relabeling, we obtain the
claimed approximation for the integral over Ay.
The argument for A;, i =1,...,n — 1, is similar. We use the mapping

(1, T, Tiga, ., T, 0) = (1 — Oy, — Qv — Oviga, .. o — Oy,

(A.31)
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with absolute Jacobian determinant v; —v; 11 = H|[p;, piv1]—H|[pi—1, p:], and replace
the upper limit of integration for 6 with ¢ — s at the cost of an O((t — s)?) error.
Relabeling gives the indicated approximation.

The range of

¢§+9($17'"7xn—17L;p07"'7pn) (A32)
where (fL']_, s 7xn—l) S Aﬁfl, ([)0, e ,pn) S A,,ILD_,’_l, and
Z1 T2 — T1 Ty — Tp—1

0<O<(t—s)A (A.33)

fou] " oa =i T Jup — v

is B, modulo sets of lower z-dimension. Using Lemma we can replace F(t,q)
by

F(t, (1, @Tn-1,L;p0y- -5 p0n)) (A.34)
with pointwise error over B bounded by C g (py[w(t —s) + (t — 5)]. For all but an
O((t — s)?) portion of the z-volume, the value ¢ — s is the minimum above, and as
before we obtain the indicated approximation of the integral over B. (I
Proof of Lemmal2.8. Essentially we are verifying the Leibniz rule, but we are un-
able to find a version of this to cite for kernels. We first obtain quantitative control

over our linear approximations of f and ¢. Namely, fix any measurable |J| < 1. We
have

/ Tt p—rdpy) — F(s.p—rdpy) — (¢ — )L F)(E po, dpy)

= [ IO D - dps) — (D)t p-dpp)ldr. (4.35)
The difference of L” f at different times can be expressed in terms of f and H again,
(‘Cnf)(Ta P—> dp+) - (Eﬁf)(tv P—» dp+)
= /(H[p*,p+] — Hlp—, ps]) (/t (E“f)(T’,p—,dp*)dT') f(7, paydp+)
+ [lpeips) = Hom g Do) ([ @D
t
- |:/t /(H[p+ap*](£’{)(7—/7p+adp*) (A36)
~ Hlpo pJEN o)) | D(rip-sdp)
- [/H[p+,p*]f(77p+,dp*)
— Hlp—, p: f(7,p-, dp*)} / (L) p—, dpy)
t
Noting that || L% f|| < 3A2H'(P), we integrate over p,, then p,, and find that (A35)

is bounded by
9H'(P)?N3(t — )% (A.37)
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Next, for any |J| <1,
[ 3ot dpw) ~ £65.dpo) — (¢ = (L)t dpo)

- / T(po)[(£20)(r. dpo) — (£20)(t, dpo)ldr, (A.38)
and
(Eof) (T, dpo) — (Eof) (t, dpo)

= /H[p*,po] (/tT(COf)(TI,dp*)dTI> f(7, pss dpo)

+1/11mhpd€@¢m*)(ZTUWfMTCpmdP®> (A.39)

[ ([ e pndon)) | 6o, )

B [/ " [po’p*]f(tvpo,dp*)] /t (00 (' dpo) d”

We have ||£%]| < 2AH'(P), so by integrating over pg and then p, we find (A.38)) is
bounded by
S5H'(P)2\2(t — )2 (A.40)
Returning to the problem of establishing our Leibniz rule, note that e 1 at(dz)
factors from both u, and L£*u,. It will therefore suffice to obtain a bound on the
(po, - - -, pn) POTtion.
We argue by induction. In the case n = 0, we have only the difference in (A38]),
and the result holds. Now suppose that the result holds for case n, and consider

n + 1. Choose as a test function J(po,...,pn+1), which is measurable and has
|J] <1, and integrate it against

n+1 n+1
0(t,dpo) [ £(t pj—1,dp;) — €(s,dpo) [ ] £(s, pj—1,dp;)
j=1 i=1

/ t de H t y Pj— 17dpJ [f(tapnvdpfﬂ-l) - f(sapnvdpn+1)]

n

+ t dpo H t y Pj— ladp_] Z(Sadpo) Hf(s7p]—ludp]) f(sapnudpn-‘rl)'

j=1 j=1
(A.41)
For each po,...,pn, the function J(po,...,pn+1) is bounded and measurable in
Pn+1, SO f(tu Pns dpn-i—l) - f(S, Pns dpn-i—l) can be replaced with
(t - S) / J(pf)u (R 7pn+1)(£'€f)(t7 Prns dpn-i—l) (A42)

plus an error no larger than 9H'(P)?A3(t — 5)?, which when integrated over the
remaining variables grows by a factor \".

In the third line of (AZIl), noting [ J(po, ..., pn+1)f(S, pn,dpni1) is bounded
and measurable in (po, ..., pn), we apply the inductive hypothesis, replacing the
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bracketed difference by

(EOK) (tu de) - (Eﬁf) (tu Pi—1, dpz) -
t—s + E £(t,dp f(t,pi—1,dp;) (A.43
= it dpo)  f(t,pi-1.dpi) ( O)jl;[l (6 i1, dps) (A43)
plus an o(t — s) error. After doing this, again noting J(po, . - ., pn+1) is measurable

in pp41 for each fixed po, ..., pn, we replace f(s,ppn,dpnt1) with f(t, pn,dpni1) at

a cost of 3A\2H'(P)(t — s), which gets multiplied by the other factor (¢ — s).
Adding the modified versions of these two lines of (A41), we find exactly the

00, - - 5 Pnt1 portion of L*u, 11 plus an o(t — s) error. d

REFERENCES

[1] Joshua Abramson and Steven N. Evans. “Lipschitz minorants of Brownian
motion and Lévy processes”. In: Probability Theory and Related Fields (2013).
ISSN: 0178-8051.

[2] David J. Aldous. “Deterministic and stochastic models for coalescence (aggre-
gation and coagulation): a review of the mean-field theory for probabilists”.
In: Bernoulli 5.1 (1999), pp. 3—48. 1SSN: 1350-7265.

[3] Marco Avellaneda and Weinan E. “Statistical properties of shocks in Burg-
ers turbulence”. In: Communications in Mathematical Physics 172.1 (1995),
pp. 13-38. 1ssN: 0010-3616.

[4] Jean Bertoin. “Clustering statistics for sticky particles with Brownian ini-
tial velocity”. In: Journal de Mathématiques Pures et Appliquées 79.2 (2000),
pp. 173 —194. 1ssN: 0021-7824.

[5] Jean Bertoin. “The Inviscid Burgers Equation with Brownian Initial Veloc-
ity”. In: Communications in Mathematical Physics 193.2 (1998), pp. 397—-406.
1SSN: 0010-3616.

[6] Yann Brenier and Emmanuel Grenier. “Sticky particles and scalar conserva-
tion laws”. In: SIAM Journal on Numerical Analysis 35.6 (1998), pp. 2317—
2328. 1SSN: 0036-1429.

[7] Y. Brenier, W. Gangbo, G. Savaré, and M. Westdickenberg. “Sticky parti-
cle dynamics with interactions”. In: J. Math. Pures Appl. (9) 99.5 (2013),
pp. H77-617. 1SSN: 0021-7824.

[8] J.M. Burgers. “A Mathematics Model Illustrating the Theory of Turbulence”.
In: Advances in Applied Mechanics. Ed. by R. Von Mises and T. Von Karman.
v. 1. Elsevier Science, 1948, pp. 171-199. 1SBN: 9780080575544.

[9] Laurent Carraro and Jean Duchon. “Equation de Burgers avec conditions ini-
tiales a accroissements indépendants et homogenes”. In: Annales de ’Institut
Henri Poincare (C) Non Linear Analysis 15.4 (1998), pp. 431-458. 1SSN: 0294-
1449.

[10] Laurent Carraro and Jean Duchon. “Solutions statistiques intrinseques de
I’équation de Burgers et processus de Lévy”. In: Comptes Rendus de I’Académie
des Sciences. Série 1. Mathématique 319.8 (1994), pp. 855-858. 1SSN: 0764-
4442,

[11] Marie-Line Chabanol and Jean Duchon. “Markovian Solutions of Inviscid
Burgers Equation”. In: Journal of Statistical Physics 114.1-2 (2004), pp. 525
534. 1sSN: 0022-4715.



28 REFERENCES

[12] M. H. A. Davis. “Piecewise-deterministic Markov processes: a general class of
nondiffusion stochastic models”. In: Journal of the Royal Statistical Society.
Series B. Methodological 46.3 (1984), pp. 353—388. 1sSN: 0035-9246.

[13] L.C. Evans. Partial Differential Equations. Graduate studies in mathematics.
American Mathematical Society, 2010. ISBN: 9780821849743.

[14] R.K. Getoor. “Splitting times and shift functionals”. In: Zeitschrift fiir Wahrschein-
lichkeitstheorie und Verwandte Gebiete 47.1 (1979), pp. 69-81. 1ssN: 0044-
3719.

[15] Piet Groeneboom. “Brownian motion with a parabolic drift and airy func-
tions”. In: Probability Theory and Related Fields 81.1 (1989), pp. 79-109.
I1SSN: 0178-8051.

[16] F. B. Hildebrand. Introduction to numerical analysis. Second. Dover Publi-
cations, Inc., New York, 1987. 1SBN: 0-486-65363-3.

[17] Eberhard Hopf. “The partial differential equation u; + uu, = pug,”. In:
Communications on Pure and Applied Mathematics 3.3 (1950), pp. 201-230.
ISSN: 1097-0312.

[18] Olav Kallenberg. Foundations of modern probability. Second. Probability and
its Applications (New York). Springer-Verlag, New York, 2002, pp. xx+638.
ISBN: 0-387-95313-2.

[19] David C. Kaspar. “Exactly Solvable Stochastic Models in Elastic Structures
and Scalar Conservation Laws”. PhD thesis. University of California, Berke-
ley, 2014.

[20] Satya N. Majumdar and Alain Comtet. “Airy Distribution Function: From
the Area Under a Brownian Excursion to the Maximal Height of Fluctuating
Interfaces”. English. In: Journal of Statistical Physics 119.3-4 (2005), pp. 777—
826. 1SsN: 0022-4715.

[21] Govind Menon. “Complete Integrability of Shock Clustering and Burgers
Turbulence”. In: Archive for Rational Mechanics and Analysis 203.3 (2012),
pp. 853-882. 1sSN: 0003-9527.

[22] Govind Menon. “Lesser known miracles of Burgers equation”. In: Acta Math-
ematica Scientia 32.1 (2012), pp. 281 —294. 1SSN: 0252-9602.

[23] Govind Menon and Robert L. Pego. “Universality Classes in Burgers Turbu-
lence”. In: Communications in Mathematical Physics 273.1 (2007), pp. 177
202. 18sN: 0010-3616.

[24] Govind Menon and Ravi Srinivasan. “Kinetic Theory and Lax Equations for
Shock Clustering and Burgers Turbulence”. In: Journal of Statistical Physics
140.6 (2010), pp. 1-29. 1SSN: 0022-4715.

[25] D. Novikov. “Hahn decomposition and Radon-Nikodym theorem with a pa-
rameter”. In: ArXiv Mathematics e-prints (Jan. 2005).

[26] Ya.G. Sinai. “Statistics of shocks in solutions of inviscid Burgers equation”.
In: Communications in Mathematical Physics 148.3 (1992), pp. 601-621. ISSN:
0010-3616.

[27] M.V. Smoluchowski. “Drei Vortrage iiber Diffusion, Brownsche Bewegung
und Koagulation von Kolloidteilchen”. In: Zeitschrift fur Physik 17 (1916),
pp. b57-585.



REFERENCES
D1vISION OF APPLIED MATHEMATICS, BoX F, BROWN UNIVERSITY, PROVIDENCE, RI 02912
E-mail address: david_kaspar@brown.edu

DEPARTMENT OF MATHEMATICS, UNIVERSITY OF CALIFORNIA, BERKELEY, CA 94720-3840
E-mail address: rezakhan@math.berkeley.edu

29



	1. Introduction
	1.1. Background
	1.2. Notation
	1.3. Main result
	1.4. Organization

	2. A random particle system
	2.1. The dynamics
	2.2. Checking the candidate measure

	3. The kinetic and marginal equation
	4. Conclusion
	Appendix A. Proofs of lemmas
	References

