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Abstract We study shock statistics in the scalar conservation law d,u 4 9, f (1) =0, x € R,
t > 0, with a convex flux f and spatially random initial data. We show that the Markov
property (in x) is preserved for a large class of random initial data (Markov processes with
downward jumps and derivatives of Lévy processes with downward jumps). The kinetics of
shock clustering is then described completely by an evolution equation for the generator of
the Markov process u(x, t), x € R. We present four distinct derivations for this evolution
equation, and show that it takes the form of a Lax pair. The Lax equation admits a spectral
parameter as in Manakov (Funct. Anal. Appl. 10:328-329, 1976), and has remarkable exact
solutions for Burgers equation ( f (x) = u?/2). This suggests the kinetic equations of shock
clustering are completely integrable.

Keywords Shock clustering - Stochastic coalescence - Kinetic theory - Integrable
systems - Burgers turbulence

1 Introduction

‘We consider the scalar conservation law
ou+ 0y f(u) =0, xeR, t>0, ulx,0) =uylx), (1)

with a strictly convex, C! flux f and initial data u that is a stochastic process in x. The ba-
sic model of this type was introduced by Burgers in his study of turbulence. He considered
f(u) = u?/2 and white noise initial data [14, 44, 46]. While this model fails to describe tur-
bulence in incompressible fluids, it still serves as a widely useful benchmark for theoretical
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methods and computations in turbulence. It also has fascinating links with combinatorics,
mathematical physics and statistics, some of which we describe below.

Our main contribution in this article is to develop a consistent kinetic theory that de-
scribes completely the clustering of shocks and the statistics of the random process u(x, )
for convex f, and initial data u, that are Markov processes in x with only downward jumps.
Our approach includes exact solutions to Burgers turbulence as an important special case.
In addition to being comprehensive, our approach clarifies the essential features of the prob-
lem, and reveals the role of a Lax pair that describes the shock statistics. In order to describe
these results and place them in the context of past work, let us first describe the structure
of solutions to (1) for deterministic u#(, and then some important exact solutions to Burgers
turbulence that motivated our work.

1.1 The Hopf-Lax Formula

Let us first recall the notion of the entropy solution to (1) [20, 33]. Characteristics for (1)
are lines in space-time along which u is constant. If a unique characteristic connects (a, 0)
to (x, t) then u(x, t) = ug(a). However, there may be many characteristics that pass through
(x,1). Well-posedness is resolved by adding a small dissipative term gu,, to the right-hand
side of (1) and passing to the limit ¢ | 0. This was first carried out by Hopf in his pioneering
work on Burgers equation [27], and later generalized to convex f by Lax [32]. Let f*(s) =
sup, (s — f(u)) denote the Legendre transform of f and call Uy(s) = fos uo(r)dr the
initial potential. We define the Hopf-Lax functional

I(s;x,r>=Uo<s)+tf*(x t_s) ©)

The ‘correct’ characteristic through (x, #) is given by the variational principle
a(x,t):sup{se]R:I(s;x,t):inﬂlgl(r;x,t)}. 3)
re

We will always assume that U, has no upward jumps and [ satisfies the growth condition

lim I(s;x,t)=oo0. “4)

|s|]—o00
This ensures the infimum of / is a minimum, and that a(x, ) is finite. We write

a(x,t):arg+miﬂgl(s;x,t). 5)
NS

This is the Hopf-Lax formula for the inverse Lagrangian function a(x,t). The T in (5)
denotes that we choose a(x, t) to be the largest location if / is minimized at more than one
point. Of particular importance is Burgers equation with f(u) = u?/2. In this case, (5) is
called the Cole-Hopf formula, and takes the form

(x —s)?
2t

x—a(x,t)

a(x,t):arg*miﬂg{Uo(s)—i- } u(x,t) = 6)

For fixed t, a defined by (5) is non-decreasing in x. If x is a point of continuity of a(-, t),
the velocity field is given implicitly by

x —a(x,t)
. .

fllux, )= @)
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u(x,t) is well-defined because f’ is continuous and strictly increasing. In particular, if
a(x,t) is constant for x in an interval, we obtain a rarefaction wave. a may also have up-
ward jumps. These arise if the minimum of [/ is attained at more than one point. Jumps in a
give rise to shocks in u. The left and right limits u+ = u (x4, t) exist and the velocity of the
shock is given by the Rankine-Hugoniot condition

fu) = flus) _

u_ —uy

ux, 1) = S T ®)

We stress that the entropy solution u(x, t) has only downward jumps in x. This will play a
key role in our analysis.

1.2 Exact Solutions for Burgers Turbulence

Let us now suppose u is a stochastic process in x. The solution develops shocks that are
separated by rarefaction waves (see for example, the computations in [40]). The shocks
move with speeds given by the Rankine-Hugoniot condition, and cluster when they meet.
The Lax equation we derive describes this process. In order to explain this, we first focus on
two exact solutions for Burgers turbulence.

1.2.1 Lévy Process Initial Data on a Half-Line

We assume f () = u?/2 and

0, x <0,
uo(x) = X x>0 9

where X is a Lévy processes with only downward jumps (a spectrally negative Lévy
process). A particularly interesting case is when X is a standard Brownian motion (that
is, a Brownian motion with E(X2) = x). This problem was solved formally by Carraro
and Duchon [15, 16] and rigorously by Bertoin [9]. The key to their solution is a closure
property of (6): if ug(x), x > 0 is a Lévy processes with only downward jumps, then so is
u(x,t)—u(0,1), x > 0. These processes are characterized by their Laplace exponent v (g, t)
defined by

E(eq(u(x,t)fu(oﬁt))) — eﬂ//(q,f), x,q,t>0. (10)

Thus, the problem is reduced to determining the evolution of 1. Remarkably, ¥ (¢, t) satis-
fies Burgers equation in the new variables ¢, t!

WY +¥d, b =0, ¥ (q.0) = Yo(q). an

If X is a Brownian motion, /() = ¢2, and we obtain the self-similar solution

1 1 [ 1
w(q,t)=t—21/f*(qt), I/f*(q)=q+§— q+Z. (12)

Various explicit formulas are summarized in [38].
The interpretation of (11) in terms of shock clustering is as follows. i satisfies the cele-
brated Lévy-Khintchine formula

v(g,t) = /oo(e"” —1+4+gs)A;ds), ¢q=>0,t>0, (13)
0
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where A,(ds) is the jump measure at time ¢. The evolution of ¥ by (11) also induces evo-
lution of the jump measure A;. But the jumps in the process u(-,t) are the shocks, which
evolve in a simple manner: shocks move at speed given by the Rankine-Hugoniot condition
(8) and stick, conserving momentum, when they meet. Equation (11) captures this process.
It is equivalent to the fact that A, satisfies a kinetic equation, Smoluchowski’s coagula-
tion equation with additive kernel, which describes the evolution and coalescence of shocks.
A derivation of the kinetic equation from this perspective may be found in [38]. An excellent
survey of several links between stochastic coalescence and Burgers turbulence is [11].

1.2.2 White Noise Initial Data

Here we must characterize the law of u(x, t) when the initial velocity is white noise. Pre-
cisely, let us suppose that the initial potential Uy(x) = o B, where B is a standard two-sided
Brownian motion pinned at the origin and o a fixed scale parameter. This problem also
arises in statistics, and it was in this context that Groeneboom first characterized the law of
the process u(x,t), x € R [26]. He showed that for every t > 0, u(x, 1), x € R is a Markov
process with only downward jumps (a spectrally negative Markov process) that is stationary
in x. He then computed the generator of this Markov process explicitly in terms of Airy
functions. Here is a brief summary of his solution.
By (6) and the scaling invariance of Brownian motion, we see that

a ) E @) ax(o) 3,1, w0 E0i u(xoni 1), (14)

where £ denotes equality in law and the subscript o refers to the variance of Uj. It is
simplest to state the formulas under the assumption that o> = 1/2. Let u, denote the process
u,-12(x, 1). The generator of u, is an operator defined by its action on a test function ¢ in
its domain as follows:

Ey(p(uy)) — @(y)
—

Ap(y) = hg)l (15)

where E, denotes the law of the process with uy = y. Groeneboom showed that A is an
integro-differential operator of the form

y
Afﬂ(y)=¢/(y)+/ (0p(2) —()n.(y,2)dz. (16)

The jump density 7, of the integral operator is given explicitly as follows.

J
m(%z)z%l((y—z), y >z, (17)

where J and K are positive functions defined on the line and positive half-line respectively,
whose Laplace transforms

(o] o0
j(q)=/ eIy dy, k(q)=/ e PK(y)dy, (18)
—00 0
are meromorphic functions on C given by
(q) ! k(g)=-2 & log Ai(g) 19
=—, = —2——1logAi(g).
Jq Ai(q) q dq? g Allg
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Ai denotes the first Airy function as defined in [2, 10.4]. Our normalization of J and K
differs from [26] in two aspects. First, the above definition of K is suggestive of Dyson’s
formula in the theory of inverse scattering [34, p. 273]. Second, the choice o> = 1/2 helps
avoid several factors of 2!/3 while stating the main formulas.

We shall return to this solution at several points in this article. The one-point and two-
point distribution functions can be computed once the generator is known. For example,
p(dy = P(u, € (y,y +dy)) = J(y)J(—y)dy. The distribution of the shock sizes and
the two-point distribution is given in [23]. Tauberian arguments yield precise asymptotics of
these distributions.

1.3 Lax Equations

Despite the elegance of the solution procedure for Lévy process data, it does not apply to
Burgers equation with broader classes of random initial data (e.g. white noise), or to the
general scalar conservation law (1). Our goal in this article is to develop a kinetic theory
that describes shock clustering for (1). Our work builds on the links between stochastic
coalescence and Burgers turbulence [11, 38], exact solutions to Burgers equations with white
noise initial data [23, 26], and recent work on kinetic equations for Burgers turbulence [17].
We amplify these remarks briefly.

Groeneboom used the variational principle (6) at t = 1/2 to compute the generator as
in (16)—(18). Girsanov’s theorem is crucial in the analysis. Most past work in the turbulence
community is also based on a similar point of view. This begins with Burgers’ analysis which
was eventually completed by Frachebourg and Martin [8, 14, 23, 30]. However, the focus on
white noise initial data and the use of Girsanov’s theorem obscures an understanding of the
dynamic process of shock clustering for general initial data (see for example, the concluding
remarks in [10]).

The idea of seeking kinetic equations for shock evolution can be found in pioneering
early work of Burgers [12, 13], but this approach remained undeveloped for several decades.
More recently, E and Vanden-Eijnden introduced a hierarchy of master equations for the
statistics of velocities and velocity gradients in Burgers turbulence [22]. However, these
equations are not closed, and a sophisticated dimension reduction is needed to extract scaling
exponents from these equations. Frachebourg et al showed that the hierarchy of n-point
functions for ballistic aggregation can be closed at the level of the 2-point function [24].
Most recently, Chabanol and Duchon showed formally that if a statistical solution to Burgers
equation preserves the Markov property, then one can derive evolution equations for the
generator of the Markov process [17]. Moreover, they showed that Groeneboom’s solution
yields a self-similar solution to this evolution equation.

This is the starting point for our work. Our viewpoint is as follows: rather than seek a
specific exact solution to Burgers equation with specific initial data, we look for a class of
natural stochastic processes whose structure in x is preserved by the entropy solution to
the general scalar conservation law (1). Here it is the class of spectrally negative Markov
processes (in x). This reduces the study of shock statistics to an evolution equation for the
generator of the Markov process. Our main results are:

o A closure theorem: Suppose f is strictly convex and C'. If u is a spectrally negative
Markov process in x, so is the entropy solution to (1) (see Theorems 2 and 3). This
provides some rigorous justification for our approach.

e New kinetic equations: We derive kinetic equations that describe the evolution of the gen-
erator of the Markov process for arbitrary convex f. The kinetic equations are equivalent
to a Lax pair. Moreover, the Lax equations admit a spectral parameter as in Manakov’s
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integration of the Euler equations for a spinning top in R” [35]. This provides strong
evidence that the kinetic equations are completely integrable.

e Consistent derivations: We derive the Lax equation from four different perspectives.
Aside from being a stringent test on the consistency of the kinetic equations, this also
provides a unified treatment of disparate methods in the literature on statistical hydrody-
namics.

In order to explain the Lax equation, let us assume that u(x, ¢) is a stationary, spectrally
negative Feller process in x whose sample paths have bounded variation. As in the Lévy-
Khintchine formula, such a process is characterized by its generator .A(¢), which acts on test
functions ¢ € C!(R) via

y
Ap(y) = b(y. D@ () + [ (@2 — p()In(y. dz.1). 20)

For fixed t > 0, b(-,t) € C(R) and n(y, -, t) is a measure on (—oo, y) that satisfies f(l A
ly — z|»)n(y,dz,t) < oo for each y € R. These terms correspond to the drift and jumps
of the process respectively. There is no diffusion term because sample paths are solutions
to a conservation law and necessarily have bounded variation [20]. This expression for A
is a special case of the general form of the generator of a Markov process, as given in
Theorem 3.5.3 in [7] (see also [41], (2.1.13)).

We now introduce an operator B associated to A and the flux function f. This operator
is defined by its action on test functions as follows:

/ f(y) f()

Bo(y)=—f'(nb(y, ¢’ (y) — (@) —o()n(y,dz,1). 1)

One of our main results is that the evolution of A is given by the Lax equation
(A =[A,B]=AB - BA. (22)

An evolution equation for the generator was first derived in [17] for the flux f(u) = u?/2.
However, the equations in [17] were not written in the simple form above, and it was not
clear if such equations could even be derived for arbitrary fluxes f. We show that while
f(u) =u?/2 is certainly special, much of the structure of the problem relies only on the
convexity of f.

We present four different derivations of (22): (1) as a compatibility condition for martin-
gales in x and ¢; (2) from kinetic theory as in [38]; (3) using BV calculus as in [22]; (4) using
Hopf’s functional calculus as in [17]. The shortest (and most heuristic) of these is the first,
and goes as follows.

The main observation is that we have a two-parameter random process, and formally
B may be viewed as the ‘generator’ in ¢. To see this, fix x € R and consider the random
process u(x, t), t > 0. Then the multipliers — f'(y) and —[ f], ; in (21) simply correspond
to the evolution (in ¢) of the drift and jumps. Indeed, if the path u(x,t) is differentiable
at x with u(x,t) =y, 9,u = b, then d,u = — f'(y)b by (1). Similarly, if we have a shock
connecting left and right states y and z, then the shock speed is given by (8).

This may be understood more precisely using It6’s formula for jump processes [7]. For
fixed ¢, the random process u(x, t) satisfies the stochastic differential equation

du(x,t) =b(u(x_))dx + / (z—u(x_)Nu(x_),dz,dx), (23)
R
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where the Poisson random measure N(y, dz, dx) has intensity n(y, dz) dx. We write the
conservation law as du(x, t)dx + df (u(x, t))dt =0, and apply Itd’s formula to obtain

du(x,t) = —f"(u(x-))b(u(x-))dt — /]R[f]uu,),z(z —u(x_))N(u(x-),dz, dr).

This shows immediately that B should have drift —f’(y)b(y) and jump measure
—[f1y,:n(y, dz). This holds rigorously when f is decreasing. In this case, all shocks move
to the left, u(x_,t) = u(x,t_), and u is also Markov in ¢, with generator B given by (21).

If A and B are generators, then the one-point distributions satisfy Kolmogorov’s forward
equations

ap=A'p, and 9p=8Bp. (24)

We now seek martingales in x and ¢. To this end, fix (xo, #y), and consider the processes
@(u(xg+s,1)) and @(u(xp, ty +s)) with s > 0. These processes are formally martingales
if ¢ solves Kolmogorov’s backward equations

dxg + Ap =0, d¢ + By =0, (25)

in the domain (x, t) € [xg, 00) X [y, 00), and y, z € R. If the compatibility condition ¢,, =
¢r» holds for a sufficiently rich class of functions ¢, we obtain the general Lax equation

0 A—0,B=[A, B]. (26)

If the process is stationary in x, 9,13 vanishes and we obtain (22). In the form (26), the Lax
equation is akin to zero curvature conditions in integrable systems.

1.4 Kinetic Theory

When we expand the commutator in (22), and separate the evolution of the drift b and
the jump measure n we obtain a kinetic equation that describes shock clustering. The drift
satisfies the differential equation

Wby, 1) =—f" (N>, 1). 27)

Note that the drift does not depend on the jump measure. The jump density n(y, z,t)dz =
n(y, dz, t) satisfies the kinetic equation

an(y,z,t) +0,(nVy(y, z,1) + 9. (nV:(y, 2, 1))
= 0@n,n) +n(([fly.. — f' N b —bf" (). (28)
Here the velocities V,, and V, in (28) are given by
Vi(r,z,0)=([fly. = OB, D), V.20 =((fly.: = f'@)b(z. 1), (29)

and the collision kernel Q is
Qn.m)(y.2.1) = / U by — [ lwdn (s w, Dn(w, 2. 1) dw
- / (U Nys = [ lew)n (2. D0z w, ) dw

°
- / (U Ty — L1, 00y 2 Oy w, 1) dw. (30)
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We have assumed for convenience that the jump measure has a density, but the above equa-
tions extend naturally to general jump measures.

In the next section we derive these equations from the perspective of kinetic theory. We
consider single shocks and rarefaction waves as building blocks, and use this to derive a
natural Boltzmann-like equation. This will yield the equations above. We then show that
these kinetic equations are equivalent to the Lax equation (22). That calculation reflects the
fact that operators of the form (20) formally constitute a Lie algebra.

1.5 The Broader Context of Our Work

We conclude this introduction by connecting our work with some other problems in math-
ematical physics and statistics. We pay particular attention to connections with integrable
systems.

1.5.1 The Spectral Curve and Complete Integrability

We first point out the role of a spectral parameter in analogy with Manakov’s treatment of
the Euler equations for geodesic flow on so(n) with a left-invariant metric [35]. Let M and
N denote multiplication operators acting on the domain of A, defined by

Mo(y) = yp(y), No(y) = fMe). (3D

It is clear that M and A are diagonal operators. We now use the definitions (20), (21) and
(31) to find

[A,N]—[M,B]=0. (32)

This observation allows us to introduce a spectral parameter u € C in the Lax equation. We
use (22) and (32) to obtain

(A —pM)=[A—uM,B+uN], pneC (33)
If A, B were n x n matrices, it would follow that the spectral curve (Riemann surface)
I'={(, p) € C?det(A— Ald — uM) =0}, (34)

is fixed by the evolution. In Manakov’s work, this is the crucial observation that yields the
existence of additional integrals for Euler’s equations in so(n), n > 4. These integrals are
simply the coefficients of the characteristic polynomial above.

More broadly, the observation that (22) admits a spectral parameter reveals a close re-
lation with a large class of completely integrable systems (including KdV, the Toda lattice,
geodesic flows on so(n) and ellipsoids, and the integrable PDEs of random matrix theory).
The complete integrability of all these flows may be obtained in a unified way via a general
splitting theorem for Lie algebras [3]. This connection also sets the stage for the application
of powerful methods from algebraic geometry to integrate (26) explicitly for every convex
f [4]. We will address this in later work.
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1.5.2 Burgers Turbulence and Random Matrices

The solution to Burgers turbulence with spectrally negative Lévy process data (see
Sect. 1.2.1) is obtained from (22) as follows. Suppose u(x,?) — u(0,1), x > 0 is a spec-
trally negative Lévy process with bounded variation and mean zero. If we denote the jump
measure A,, then b(t) = fooo sA,(ds), and the generators A and B take the form

Ae(y) = /0 (p(y —5) —o(y) +5¢' (M)A (ds),

| e (35)
Be(») =—yAne() + 5 /0 (p(y =) —@(y)s A (ds).
In particular, when ¢(y) = e?”, Re(g) > 0, we have
A)e? =y (g, e”,  B()e® = —(yllf(qy 1+ %%W)eqy- (36)

‘We substitute (36) in (22) to obtain (11).

We next note that the solution (12) can be mapped to Wigner’s semicircle law in the
theory of random matrices. Dyson observed that the eigenvalues of a standard matrix valued
Brownian motion M, in the group of n X n symmetric, hermitian or symplectic matrices
satisfy the stochastic differential equation [21]

dx E dt + de 1<k< (37)

= P — - ) =Kk=n,

K= Y ; k
J#k

where By, 1 <k < n are independent Brownian motions, and 8 = 1, 2 or 4 for the ensembles

above. That is, the eigenvalues behave like repulsive unit charges on the line perturbed by

independent white noise. The law of large numbers for this ensemble is as follows. As
n — oo the spectral measure of n~!/2 M, converges to Wigner’s semicircle law:

L (dx) = %m\/mczx, x| <27 (38)
Moreover, the Cauchy transform of p,,
8z, 1) =/Z%xm(dx), z € C\[-2v/1,2/1], (39)
solves Burgers equation with a simple pole as initial data [5, §4.3.2]. That is,
dg+gdeg=0, g0)= % (40)

More precisely, g solves (40) in the slit plane C\[—2+/7, 2+/], and has the form

g(z,t)zﬁg(%), g*(z)zé(z—¢12—4), |z > 2. 41

It now transpires that the self-similar solution (12) can be transformed to (41) by a simple
change of variables.

1
gz, Y@ 'q,1)
12 g

Vi)
q

1
=8(), z=2+ L (42)
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In his beautiful thesis [29], Kerov found a deeper interpretation of (40) based on the rep-
resentation theory of the symmetric group. He introduced a Markov process for the growth
of Young diagrams (Plancherel growth), and derived (40) in a mean-field limit. More gen-
eral initial conditions may also be included in (40) and he showed that the evolution of g
by Burgers equation is equivalent to a kinetic equation for u, [29, Chap. 4.5]. Thus, the
transformation (42) links u, to A,, and Plancherel growth with Smoluchowski’s coagula-
tion equation (see (13)). We do not have a deeper (i.e. stochastic process) explanation of this
relation yet.

Airy functions and the Painlevé transcendents arise in the scaling limit of fluctuations
from Wigner’s law at the edge of the spectrum. The fluctuations are given by the celebrated
Tracy-Widom distributions involving a solution to Painlevé-II [42]. We now point out that
the function [ = j’/j (j as in (18)) solves the Riccati equation di/dg = —q +1* and is there-
fore an Airy solution to Painlevé-II [1, Chap. 7]. This is used to verify that Groeneboom’s
solution satisfies the kinetic equation (22) in Sect. 6.

1.5.3 Shell Models of Turbulence and Their Continuum Limits

It is also of interest to consider (1) on the half-line x > 0 with random forcing at x = 0. This
problem arises as a continuum limit of shell models of turbulence [36, 37]. Shell models are
lattice equations of the form ¢ = J,_; — Ji, k =1, 2, .... Here ¢; > 0 models the energy in
the k-th Fourier mode (shell), and J; the flux from shell &k to k + 1. Jj is expressed in terms
of ¢, and its nearest neighbors by a suitable constitutive relation. The main question is to
understand how randomness spreads through the system under the assumption that Jj is a
prescribed random forcing (a stationary Feller process, for example). In particular, it is of
interest to understand whether the system has a unique invariant measure. In the continuum
limit, these questions may be treated by our approach. We note that the derivation of (26)
does not depend on assumptions of stationarity and is independent of boundary conditions.
Therefore, (26) holds in the domain x, ¢ > 0 and must be augmented with a boundary con-
dition on the line x = 0. In particular, as t — oo, invariant measures are solutions to

—0.B=[A,B], (43)

with a boundary condition at x = 0 matching B and the generator of the forcing.

In contrast to a time-correlated boundary forcing, it is also possible to consider a white-
in-time forcing in the bulk (a Feller process in x and §-correlated in ¢) which is independent
of the initial data. For Burgers’ equation, this is a particular case of forced Burgers tur-
bulence. The generator F of the forcing simply appears as an additional term in the Lax
equation

o A—93.B=[A B]l+ F. (44)
An interesting exact solution to (44) for Burgers equation forced with a two-sided Brownian
motion in space has recently been obtained in [18].

1.5.4 Applications to Statistics

In statistics, (6) with U, a two-sided Brownian motion first arose in the following estimation
problem [19]. Suppose X1, ..., X,, are independent, identically distributed (iid) samples
from a distribution with a smooth unimodal density p with mode m and finite variance.
Let us consider a naive ‘binning’ strategy to estimate the mode m. We fix a bin width w
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and count the number of samples N, (s) = #{X; € (s — w, s + w)} in the bin centered at
s. We estimate the mode by m, = argtmax; N, (s). Chernoff observed that the fluctuations
m, —m are O(n~'/3). Precisely, for suitable c(p,w) > 0, the rescaled random variables
cn'3(m, — m) converge in law to Chernoff’s distribution

Z=arg" max{Up(s) — s2). (45)

The quadratic term —s? arises from the Taylor expansion of p around m — the first order
term vanishes since m is the maximum of p. By the symmetry of Brownian motion, it is
clear that Z has the same law as a(0, 1/2).

This is not an isolated result: ‘cube-root’ fluctuations appear naturally in a wide class of
estimation problems [6]. Kim and Pollard proved functional limit theorems for several such
estimators, with the law of the limit characterized by argtmax, ga{Uo(s) — |s|>} where
Up(s) is a continuous Gaussian process in R? pinned at the origin [31]. These correspond to
solutions to Burgers equation in R? with random initial data Uy, but this connection has not
been explored in the literature.

1.6 Outlook

Let us conclude by pointing out some significant shortcomings in our work. Much of this
article relies on formal calculations. But these calculations are often interesting, and it seems
more fruitful to present them in a transparent and suggestive manner, rather than as rigorous
statements burdened by technicalities. The most significant gap is that we do not prove
(22). This is because our closure theorem is not strong enough. We only establish that the
entropy condition preserves the Markov property. In order to rigorously establish (22) it is
necessary to prove that the entropy condition preserves Feller processes. This is an assertion
of regularity, whereas we only establish measurability. This is closely tied to establishing
a satisfactory well-posedness theory for (22), and will be addressed in forthcoming work.
A suitable well-posedness theorem would also yield a probabilistic proof of the existence
of a two-parameter family of self-similar solutions to (22). These solutions are generated
by considering the flux functions f(u) = |u|”/p, 1 < p < oo and an initial potential that is
an a-stable spectrally negative Lévy process. It seems challenging to prove this analytically
starting with (22).

Also, while our work yields a deeper understanding of Groeneboom’s solution, it does
not, as yet, constitute an independent proof of his results. We have only been able to verify
that his solution satisfies (22). We have been unable to derive it using (22) alone. We hope
to address this in future work using techniques from integrable systems.

The rest of this article is organized as follows. We first derive (27) and (28) from the
standpoint of kinetic theory in the next section. This is followed by the rigorous closure
theorems. We then derive the Lax equations by BV calculus and by Hopf’s method. Finally,
we consider Groeneboom’s self-similar solution for Burgers equation in Sect. 6.

2 Kinetic Equations
2.1 Introduction

In this section, we assume the velocity u is a stationary Feller process in x, and derive the
kinetic equations of Sect. 1.4. We use the evolution of a single shock and rarefaction wave

@ Springer



1206 G. Menon, R. Srinivasan

to derive a Boltzmann-like equation for the evolution of the density of shocks. We conclude
this section by showing that the Lax equation (22) is equivalent to the kinetic equations
(28)—(30). The main observation is that the space of operators of the form (20) is formally a
Lie algebra.

2.2 Conservation of Total Number Density

Let p(y, t) denote the stationary 1-point density, i.e. p(y,#)dy = P(u(x,t) € (y,y +dy)),
and F(y, z, t) denote the total number density, i.e. the expected number of jumps per unit
length from states y to z. Then

F(y,z,t)=p(y,n(y, z,1). (46)

The total number density changes because of a flux of shocks and shock collisions, and we
have the general conservation law of Boltzmann-type

O F +3,(FV,) +8.(FV.) = C(F, F). A7)

Here V, and V; denote ‘velocities’ in the (y, z) ‘phase space’, and C is a binary collision
kernel. This is the general structure of the equation. We now derive the evolution equation
for b, the velocities V,, V., and the collision kernel C, based on elementary solutions to the
scalar conservation law (1).

2.3 Decay of the Drift

First consider how affine data evolves under (1). Let u(x, ¢) solve (1) with ug(x) = oo+ Box.
For x, t =0, we have to leading order u(x, t) ~ «a(t) 4+ B(t)x, so that

dura+px, A fw fl@p+ f@)px. (48)
‘We now balance terms in (1) to obtain
a=—f@p, B=—f"@p" (49)

The second equation expresses the decay of rarefaction waves when By > 0. The connection
between this elementary solution and the generator of the process is the following. The drift
coefficient b(y, t) corresponds locally to an affine profile as above with « =y and 8 = b.
Thus, the second equation above is simply (27).

2.4 Decay of Shocks and V,, V.,

The ‘velocities’ V,, and V. in (y, z) space arise because of the decay of shocks. In order to
derive these velocities, we fix #_ > 1 and consider piecewise affine initial data

) u_+b_x, x<0, (50)
ug(x) =
0 ur+bix, x>0.

Let s(¢) denote the path of the shock. Then by (8), for small ¢

$(t) = [flu_uy € +0(0)). (S
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s is also given by the kinematic condition
s(t) =ax(t) + f'(us)t 4 o(1), (52)
where ay denotes the left and right inverse Lagrangian points at time ¢. Thus,
ar(®) = [ fluus — f @)t +0(). (53)

Since u_ > u4 and f is convex, we see that [ f1,_,, — f'(u—) <O0. Similarly, [ fl._ ., —
f'(uy) > 0. As a consequence, a shock initially connecting states u. decays to a shock
connecting states

Ut + (Ui s — [ @))bat +o(1). (54)

This decay gives rise to a flux of F. To first approximation, the flux is linear in F, and of
the form (47) with the drift velocities given by (29).

2.5 The Collision Kernel C(F, F)

Binary collisions of shocks occur at a rate determined by the Markov property (in x) and
the relative velocity of shocks given by (8). In order to simplify notation, we suppress the
t-dependence for the process u and write u, for u(x, ). We also denote a shock connecting
states u_ and u by {u_, u}. Shock clustering involves the following events:

growth: {y,w}+{w,z}={y,z}, z<w<y, (55)
decay: {y.z}+{z,w}={,w}, —oc0o<w<zg, (56)
decay: {w,y}+{y,z}={w,z}, y<w<oo. &7

The computation of rates for these events is similar. To be concrete, let us first consider (55).
Fix z < w < y and consider small Ax; > 0, Ax; > 0. Then formally, by the Markov prop-
erty

dP(up=y,uny, =2) = p(y)n(y, z2)dydz Axy, (58)

and similarly,

APy =Y, Ury =W, UAx;+Axy =2)

~ pn(y, wn(w, z) dy dzdw Ax; Ax,. (59)

The relative velocity of these shocks is [ f 1y, — [ f]w,; to leading order. We thus set Ax, =
([f1y,w = [f]w,z) At to compute the number of collisions in time At. We now sum over w
in the range 7 < w < y to obtain the growth term in C(F, F):

)
C = / PO, W, (U0 — Lo dw. (60)

The computation for the events (56) is similar. We now find the decay terms
Cri= —/ pOIn(y, Dn(z, w)([fly.: — [flew) dw, (61)
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and

Cyim — / p)n(w, )n(y, ) f oy — [f1y.) dw. (62)

2.6 Kinetic Equations for n
We have now defined all the terms in (47). In order to obtain an equation in terms of n
alone we use Kolmogorov’s forward equations to eliminate the 1-point distribution p(y, t).
The first equation in (24) is now 0 = A" p since the process is stationary in x. The second
equation in (24) implies

pMIn(y,2) =03, F(y,2) —n(y,2)B p(y), (63)
where

B p(y) = 3,(f' Mb)p() — /R(p(w)n(w y) = pn(y, w)[flywdw. (64)

(It is convenient to denote the domain of integration by R, noting that it is actually a half-line
because n(y,z) =0fory < z.)

To isolate the main cancellations on the right hand side of (63), we note that the integral
term in C3 — n(y, 2)B p(y) is

n(y,z) <[f]y,z /}R pwin(w, y)dw — p(y) /Rn(y, W)L flyw dw>. (65)
The first integral above can be simplified further. Since A p = 0, we also have
/R paIn(w, ) dw = p(y) /R n(y, w)dw + 0, (b)) (66)
Therefore, we may rewrite the expression in (65) as
pome.2) [ ':o([f]y.z [l n (s Wy dw + 0, DLy By BOPGY.  (67)

We now collect all terms on the right hand side of (63) using (47), (29), (60), (61), and (67).
‘We then have

p()on(y,z) = p(y)Qn,n)(y,z) (68)
+n(y, 2 ([f1y.:0, () p(y)) = 3, (f (b P () (69)
—0,(F(y,2)Vy(y,2)) — 0.(F(y,2) V.(y,2)), (70)

where Q(n, n) denotes the collision kernel in (30). Finally, we use (46) and (29) to obtain
the sum of (69) and (70):

=pWM @ fly. = F N =bf"(¥) = 3, (nVy(y,2)) = 9,(nV.(y,2)).  (71)

Under the assumption that the Markov process u has a strictly positive stationary density,
we may cancel p(y) on both sides of (67). We then have the kinetic equations (28).
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2.7 Equivalence of the Lax Equations and Kinetic Equations

The equivalence of the Lax equations (22) and the kinetic equations (28)—(30) follows from
the algebraic structure of operators of the form (20) and (21). The space of operators of the
form

Aw(y)Zb(y)w/(y)+/Rn(y,z)(<p(z)—so(y))dz, (72)

with b, n smooth, n satisfying appropriate integrability conditions, and the bracket [, -] is
formally a Lie algebra. That is, if A;, i =1, 2, 3 are operators as above, then [A4;, A;] is an
operator of the same form, and the following Jacobi identity holds:

[[A1, Azl A3+ [[ Az, A3l Al + [[A3, Ail, A2l = 0. (73)
‘We do not assume that b and n are positive or that their support is a half-line. Both assertions

rely on tedious, but direct calculations. We will omit the proof of (73), and simply summarize
the calculation for [A;, A,]. We have

LA Ao (y) = (i — B b)e/ () + / 0+ 0) () — 9(3)) dz. (74)
R

with
v(y,2) = b1(y)dyny — ba(y)dyny + 3:(b1(2)nz2 — ba(z)ny), (75)

and

o(y,z)=/(nl(y,w)nz(w,z)—nz(y,w)nl(w,z))dw
R
+/nz(y,z)n1(z,w)—nl(y,z)nz(z,w)dw
R

+ / 11 (s D2 (3 w) — a2 (ys 2y (v, w) dw. (76)
R

We apply (74) to (22) as follows. Let A; = A and A, = B, with A and B as in (20) and (21).
We then find immediately from (75) that the drift coefficient of [ A, B] is

—b() (' Wb + ' (MbODY (y) = —f" (b () (77
as in (27). Similarly, we use (75) to obtain the second, third and last term in (28). Finally,
we substitute the jump measures in (76) to obtain the collision kernel Q(n, n).

3 Closure Theorems

3.1 Introduction

In this section we show that the entropy solution to (1) preserves the class of spectrally
negative Markov processes. The Markov property of u was implicitly used by Burgers, and

made explicit in [8]. Our work is based on previous results by Bertoin [9] and Winkel [45].
We extend these results to general convex fluxes f and a large class of noise initial data.
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3.2 Splitting Times

The main technical tool we need is the decomposition of Markov processes at random times
so that the past and future are conditionally independent. This certainly holds at a stopping
time. However, it also holds for a broader class of splitting times. We use the following
theorem on the preservation of the Markov property at a last-passage time.

Theorem 1 (Getoor [25]) Consider a cadlag strong Markov process X;. Let M C R be a
fixed set and let L = sup{s € R: X; € M} be the end of M. Then the post-L process {X;}s>1,
is independent of {X}s-1 given X .

Furthermore, the transition semigroups of the pre- and post- L processes can be explicitly
determined from that of X. It is an important and subtle fact that these transition semigroups
are different from that of the original process. In particular, the semigroup of the post-L
process is the same as that of X conditioned to never hit M again.

3.3 Closure for Spectrally Negative Initial Velocity

We work within the canonical framework. Let uy = (2, F, F;, uo(s), o) be a spectrally
negative Markov process on the space 2 of cadlag paths on (—oo, co) endowed with the
Skorohod topology. Here, 1 is the law of the coordinate process ug(w;s) = w(s) on
and F; = o (uo(r), r <s) is the natural filtration of u, extended to be right-continuous and
complete. Note that in our work x plays the role of “time” as traditionally used in the theory
of stochastic processes. ¢ acts as a parameter in the following discussion, and will be dropped
from the notation when convenient.
We rewrite the Hopf-Lax functional and inverse Lagrangian function as

I(six.1) = /S<140(”) - (f/)“<x t_r))dr, (78)
0

a(x,t) =arg+mi]é1[(s;x,t). (79)
SE

To ensure that (79) is well-defined and finite, we assume (4) holds a.s. This is certainly
true if u is a stationary random process and f* grows fast enough at infinity. In what follows
we also make use of the fact that for fixed ¢, a(x, t) is an increasing function in x. Since
u(x,t) and a(x, t) are related by (7), in order to obtain the closure property we only need to
show that a(x, t) is a Markov process. We prove the following:

Theorem 2 Let uy be a spectrally negative strong Markov process such that (4) holds a.s.
Under the law o and for any fixed t > 0, the inverse Lagrangian process a(x, t) is a Markov
process. Thus, u(x, t) is a spectrally negative Markov process.

Proof Fix x € R. Without loss of generality it suffices to take t = 1. We also suppress the
dependence on ¢ in the notation for clarity. The proof consists of three steps, the first two of
which are entirely deterministic.

1. Dependence structure of (a(x)).cr: Since a(x) is increasing, for 4 > 0

a(x+h) = arg+miﬂgl(s; x+h)
NS

=arg” I}i(n){l(a(X);x +h)+ U (s;x +h) —I(alx); x +h))}
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a(x)+s

=a(X)+arg+m>ig{/ (o(r) = (f) " (x —r))dr}~ (80)

(a(x + h) — a(x)),-o therefore depends on u, only through (u0(s))s>a(x). The same argu-
ment shows that (a(x — h) — a(x)),~o depends only on (#0(s))s<a(x)-

2. Downward jumps determine uy(a(x)): If uy has only downward jumps then
051 (a(x); x) =0. That is,

(x)

uo(a) = (f)~'(x = ax)). 81)

This may be seen easily by sketching a picture. Upward jumps in u give rise to a potential
with a corner that is convex, and downward jumps give a potential with a corner that is
concave. In the second case, the minimum of / can never be achieved at the corner. Thus, it
is always obtained at a point of continuity, implying (81).

3. a(x) is a splitting time for uy: It is not obvious that a(x) is a Markov time for u. It is
not a stopping time since the event {a(x) < s} is not F;-measurable. Indeed, a(x) is the last
time (78) is minimized and depends on (u( (7)), as well. a(x) is, however, a splitting time
for a certain functional of u. To see this, first define

m(s;x)=m<inl(r;x), D(s;x) = —m)(s; x).

For simplicity, denote d(s; x) = (f/)~'(x — s). Dropping the explicit dependence on x from
the notation, consider the process (ug, d, D). Since D(s) is entirely dependent on (uo(7)), <y,
(uo, d, D)(s) is Fy-measurable. For any F-stopping time &

mE +5) = m(E) A (Eggn 10))

E+s

= 1©) +{~D@E A min (1 +r) — 1€))}

and
DG +5)= (¢ +5)— 1) = {=DE A min (16 +1) ~ 1€))].

For s > 0 the increment /(£ + s) — I(§) depends on F; only through uy(£) by the strong
Markov property of ug. Therefore, (ug, d, D) is also a cadlag, strong Markov process.

We now show that a(x) is a splitting time for (ug, d, D). By definition (79) and step 2,
a(x) is the last time s that (1, d, D)(s) hits the fixed set {(y, y,0) : y € R}. Thus, we can
use Theorem 1 to split u( at a(x) into

(MU, d7 D)s<a(x) and (u07 d, D)s>a(x)~

Asa consequence,
(MO(S))A'<LI(X) and (MO(S))s>a(x)

are conditionally independent given d(a(x))—that is, since d is invertible, given a(x).
This shows that a is a Markov process (note that the law of the increments of the process

may vary with x). Therefore, u(x) = (f')~'(x — a(x)) is a spectrally negative Markov

process. a
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Remark 1 Theorem 2 reduces to Bertoin’s closure theorem [9, Theorem 2] if f(u) = u?/2
(Burgers flux) and u is a spectrally negative Lévy process. To see this, use (81) in (80):

a(x)+s

a(x+h) —a(x) =arg” Hgg{/ (uo(r) —uo(a(x)) +r — a(x))dr}

(x)

=arg" miél{/x(uo(a(x) +7) —upla(x)) + r)dr}.
> 0

Since u, has independent increments, the integrand above is independent of (#o(5))s<a(x)
and has the same law as u((r) — uo(0) 4+ r. So, the law of a(x + h) — a(x) is independent of
a(x —h) —a(x))y>0 and does not vary with x. Note that it is necessary to use f(u) = u?/2
to obtain this result, and to show that the increments of a(x) are identical in law to those of
the first hitting process 7' (x) = inf{s > 0: uo(s) +s > x}.

3.4 Closure for Noise Initial Data

We now prove the analogue of Theorem 2 for noise initial data. Recall that the Hopf-Lax
functional and inverse Lagrangian function satisfy

x—s
I(S;XJ)=U0(S)+f*(T), (32)
a(x,t) =argt miﬂgl(s; X, ). (83)

We prescribe the law of the potential as follows. Let

Y ., x<0,
Up(x) = : y (34)

s x >0,

where Y, Y are independent copies of a spectrally negative additive process starting at 0 and
x_ denotes the limit from the left. We denote by M, the law of U, on the space of cadlag
paths. If X has stationary increments it is a Lévy process, but it is not necessary to assume
this. In addition, assume the growth condition (4) holds almost surely.

Theorem 3 Suppose Uy = (2, G, G;, Uy(s), My) is a two-sided spectrally negative process
with independent increments and satisfies (4) a.s. Then under My and for all t > 0, u(x, t)
is a spectrally negative Markov process.

Proof Again, we fix x € R, take r = 1, and drop the ¢-dependence in our notation.
1. Dependence structure of (a(x)).er: As before, for h > 0

a(x +h) = arg*miﬂgl(s;x +h)
RS

=a(x)+arg” n_li(r)l{l(a(x) +s;x+h)—I(a(x); x+h))

Let X, denote the strong Markov process I(s;x 4+ h) and let a = a(x). The increment
a(x + h) — a(x) therefore depends on U, only through the increment X, ; — X,.
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2. Spectral negativity of X: Since U is spectrally negative, so is the process X,. Explic-
itly,

X, ANXs=X;.

3. Markov property of X at a: The inverse Lagrangian a is the last time X, A X hits
its ultimate minimum m = X,. Using spectral negativity, we need only consider X. Let
M, = min,<; X,. Then a(x) is the last time s that (X, M,) hits the fixed set {(y, y) : y € R}.
Theorem 1 then implies (X;),>, is independent of (X;);~, given m.

We now make use of the particular form of the semigroup of the post-a process, for
which we refer to [25, Theorem 2.12] (see also Theorem 5.1 in [39] and the subsequent
remark). Precisely, given a and m, the law of (X;),>, is identical to that of an independent
copy of X started at a with X, = m and conditioned to live above m. By the invariance
of Uy under translations in state space (due to the property of independent increments) this
implies that (X);>, is identical in law to a copy of X, started at a with value X, =0
and conditioned to live above 0. To summarize, although the post-a process no longer has
independent increments, the increment X, — X, is still independent of m given a.

By steps 1 and 3, the increment a(x + &) — a(x) is independent of (a(x —h) — a(x))n>0
given a and m. Since a(x 4+ h) — a(x) only depends on X through the increment X, — X,
given a it is independent of m as well. Therefore, a(x) is a Markov process and u(x) is a
spectrally negative Markov process. Notice that if Uy is not spectrally negative or does not
have independent increments, then a(x + h) — a(x) depends on Uy(a_) or Uy(a) in addition
to a, destroying the Markov property. O

4 BV Calculus and the Lax Equations

In this section, we derive the Lax equation (22) using the conservation law (1) and the
Vol’pert chain rule for BV functions. This calculation is similar in spirit to [22]. We assume
that for every ¢ > 0, u(x, t) is a spectrally negative, stationary Feller process. The generator
of u is given by (20) and the operator B is defined by (21). In addition, we define one and
two-point operators as follows. We associate a linear functional P to the stationary one-point
distribution p(y, t) via

Plp) =E(p(u(x, 1)) = /qu(y)p(y)dy. (85)

(Here and in what follows, it is convenient to suppress ¢ in the notation.) Similarly, given
h > 0 we denote the transition kernel for the process u by ¢, and define the associated
transition operator

(Qnp)(y) = /th(y, 2)p(2)dz. (86)

4.1 The 1-point Function

We recall that the entropy solutions to (1) are in BV,,.(R; x R). Vol’pert showed that one
may extend the chain rule to such functions in a natural manner. Let v+ = u(x4, t) denote
the right and left limits of u(x,#) and for any test function ¢, consider the composition
@(u(x,t)) and set

1
o] = / Qi+ Blus — u_))dp. 87)
0

@ Springer



1214 G. Menon, R. Srinivasan

Then for every smooth test function with compact support, the entropy solution to (1) satis-
fies [43, p. 248]

oo (x,1)=—[pllflou(x,t), xeR,t>0. (88)

The law of the 1-point function is determined by E(¢(u(x, t))) for arbitrary ¢. We use (88)
to obtain
0 E(p(u(x, 1)) = —E(le][ f10.u(x, 1)). (39)

The left hand side of (97) is (9; P)¢. We must determine the right hand side. To this end, fix
x € R and for & > 0 let us denote u_;, = u(x — h, t). Our calculation relies on the following
unjustified interchange of limits:

1 - _
E(lp]Lf19,u(x. 1)) = limJE<—<<p<u+> - go(ufh»M). (90)
70 h Uy —U_y
We assume (90), and show that
1 — _
,gir%E(Ew(m —so(u_h»M) — _P(By). 1)
— Uy —U_p
AS a Consequence,

(%,P)g = PBg, 92)

which is the formal forward equation (24).

We now establish (91) for a monomial f(u) = u™. Since B depends linearly on f, (91)
then also holds for polynomials and by approximation for C' fluxes with polynomial growth.
For f(u) =u™ we expand the jump term

m—1
flu) = flup) _ Wyl 93)

Uy —u_
+ h =0

Therefore, the limit in (91) is a sum of terms of the form

(@) — pu_p)u", " u]
=u", " pud, — pu_pyu’, — pu_p) @} —u’ ).
The limit of each of these terms is

. 1 m—1—j j
lim —E((p(us) = @ up)u’; u,

ol _ . . _
= lim - P(y (Y ) =y o —e(Qn(y) — ¥))
=PO" T (AG @) — pAG))). %94)
The term A(y’/ @) — ¢ A(y/) may be computed using (20). First the drift term is

Y (b ) — eb(y))) =by" 1y 95)
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Similarly, the jump term simplifies to

y'"*'*j/n(y,z)zj(fp(z) —p()dz. (96)
R
We now sum over all terms in the expansion (93) to obtain

1 — -
lim E(E(w(un - go(u_h»M)

+ —U—p
m—1 .
=Y PO (AN ) — pAy)
j=0

m—1
=7>(Zby'"“<p/+/n(y,z)y’"‘l‘jzj(w(z)—so(y))dz)

j=0 R

m

:P(bmym_l<p/+/Rn(y,z)Z Y ((P(Z)—(p(y))dz) — _PBog.

z—y
4.2 The 2-Point Function

Fix x e R and @ > 0. Let ¢ and ¢ be two test functions. The law of the 2-point function is
described completely by

E(pux, Ny (ux +a,1)) =PleQa¥).
The BV chain rule extends to a product rule as follows
% (@Qu¥) = QuV 8 + 3, Qu¥,
where
Px,1)= %(w(x, 1)+ @(x, 14)).
We combine the BV chain rule and the conservation law to obtain
dpulx, ) = —[pl[f10u(x, 1),
Y ux +a,0) =—[YI[floculx +a,1).
Therefore,
O (pu(x, DY (x +a, 1) = =Yl f18:u(x, 1) =GP 1L f10,u(x +a,1). o7)

We compute the expected value of each of these terms in turn. First, as earlier, the main
assumption is

E@ (@11 10,u(x, 1))
— lim lIE(M(go(m) _(p(u_h))<w>>’ (98)

h—0 h Uy —u_p 2

where ¥, =Y (u(x + o, 1)) and ¥_, =y (u(x +o — h,t)).
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We can do away with the mean value. To be explicit, we write the above expectation as

/ f p(y)qh(y,w(ww(z)—w(y)))Mdzdy. (99)
RJR Z—Yy 2

We see that the last term converges to Q, ¥ (y) as h — 0. Therefore,

EW (@11 f18.u(x, 1))

1 — _
— lim —E(M«o(m —so(u_n)gm(m) (100)
h—0 h Uy —u_yp
1 - —h
= lim —E(M(wgaw(m — Q¥ (u-1))
—0 /’l Uy —u_
—w(w@LW@muu - Qaw(ufh») (101)
+ - —
= —PBPQut) — pBOY), (102)

where we used (91) to compute the limits in (100) and (101).
We now compute the second term on the right hand side of (97). As in the calculation
above, we can do away with the mean value, and we have

E@Y/ 1L 10, u(x +, 1))
— lim f f / p(y)w(y)qa_h(y,zf“(;’ ®) (f ) = @ 4y — w(z))) dwdzdy.
RJRJR w—2z

h—0

As in the computation of (91) we find that the limit of the innermost integral is By (z).
Therefore,

E@y11f 1oxu(x +a, 1) = —P(pQuBY). (103)
We combine (97), (102) and (103) to find
9 (P(pQa¥)) =P(B(9Qu¥) — 9BQuY + ¢ Q. BY). (104)
But the left hand side is simply
0P QuY + P90, Qu V), (105)
and by (92)
(0 P)p Qo =PB(@Qu¥). (106)
We now combine (104), (105) and (106) to obtain
P@d Qu¥) =P(@(QuB — BLu)Y). (107)
This equation holds for all ¢ and v in the domain of .A. Thus, we may write
0 Qo = (QuB—BQy) =[Qu, B, (108)

and in the limit @ |, 0 we have

0, A=[A, Bl (109)
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5 Hopf’s Method

In this section we derive the Lax equation (22) following Hopf’s method [28]. This method
was used by Chabanol and Duchon to derive their kinetic equations. We show that the cal-
culation works for any convex flux f.

Though our calculations are mainly formal, we begin with the canonical framework of
Sect. 3. Recall that the initial data uy has law py on Q. Let u(¢; ug) : [0,00) — Q2 be a
weak solution of (1) with initial data u,, which induces a sequence of probability measures
(11)r>0 on 2. To derive an equation for the flow of measures (u,),-o, make the assumption
that u is differentiable in ¢ so that the conservation law can be written for all ¢ € C2°(R) as

O (u(t:ug), ) — (f u(t; ug)), ¢') =0. (110)

Here, " = 9, and (-, -) is the standard duality pairing. Define the Hopf characteristic func-
tional fi, of the law u;,

[ (p) = / €', (du) (I11)
Q

which evolves according to

8r,at (p) = at/

e““’“’)m(du):af/ ¢! o1 o (dug)
Q

Q

= f (f u(t; uo), ¢'ye “ 09 o (dug)

i
Q

= / i(f ), e " uy(du). (112)

Q
Any set of probability measures (1,);~0 on 2 that satisfies (112) for all ¢ € C°(R) is de-
fined to be a statistical solution of the scalar conservation law—in particular, the flow of
measures generated by the entropy solution is a statistical solution. Assuming that all mo-

ments of u, are finite, the exponential can be expanded in series (denoting dx, = 1'[’1?:, dx;)
as

oo =35 [ TTutepptsa,
n=0 " YR j
Let
E,, []‘[ ¢ (u(x,-))} = /Q [ [ @uw.
i=1 i=1

Substituting the expansion for the exponential into (112) yields the infinite hierarchy

Z%/Rn 9Ky, |:1_!”(xj)(ﬂ(xj)i|dx,l
j=

n=0

X n+l .
= Z ! /R . E,, |:f(u)(p/(x) ]_[u(xj)(p(xj):|dxdxn. (113)
n=0

n!
j=1
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1218 G. Menon, R. Srinivasan

We simplify this hierarchy as follows. If g : R" — R satisfies g(xi,...,x,) = g(Xs1),

... Xg () for all permutations o of {1, ..., n}, then
/ g(xla-“»xn)an:n!/ g(x1, ..., x,)dx,. (114)
" X]<Xp<--<Xp
‘We choose
1 n+1
8Orr - Xu) = - > E,, [f(u(xk))fﬂ (Xk) l_[u(xj)fﬂ(xj)],
k=1 ik
in (114) and substitute in (113) to obtain
i / OB, | [ Jutepetx)) |dx,
n=0 X <-<Xp j=1
oo n+1
= i / > Eu [f(u(xk»w/(xk) Hu(x,—)w(x,»)]dxn. (115)
n=0 HS Il =] j#k

Re-indexing the 1.h.s. of (115) and subtracting the r.h.s. gives

Zin/ :B,Em |:1_[u(xj):|1_[<p(xj)
n=1 X <:<Xp

j=1 j=1
- E, [f(u(xk» Hu(x,)]so’(xk) ]‘[go(x,-)]dxn =0. (116)
k=1 JFk Jj#k

Finally, the statistical hierarchy (116) can be considerably simplified with the closure
assumption that (u,),¢ is the law of a stationary Feller process with the one and two-point
operators P and (Q;);-0 defined in (85) and (86). With h; = x; — x;_; and Q; = Q,, for
i=2,...,n,

E,, []‘[ ¢ (u(xo)}
i=1

:/p(dulvt)gal(ul)/qhz(ulvdMZ»t)(pZ(uZ)"'fth(un—l»dun;t)‘pn(un)
R R R
= 7)§01 szﬂz e Qn‘pn-

Assume the transition measures ¢, are differentiable in /. Transferring the derivative on the
test function ¢’ (x;) onto gy, (ux—1, duy) in (115) and using integration by parts, the statistical
hierarchy is

Zi"/ {3:]Em |:1_[u(x,~):|
n=1 X]<:<Xp j=1
+) 0yE,, [f(u(xk)) I1 u(x,a] } [ [etpdx, =o.

k=1 j#k j=1
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Note that the boundary terms in the previous equation vanish due to cancellation of terms
and the fact that ¢ € C2°(R) has compact support. The density of tensor products of the
form ¢ (x1,...,x,) = I—[;f:l @(x;) in the space of test functions on {x = (xy,...,x,) e R":
X; < --- < x,} implies that for n € N and x; < x; < -+ < x,,, the following infinite set of
equations hold:

UE,, [Hu(m} =—> 0,E, [f(u(xk)) ]'[u(x;)] (117)
j=1 k=1 ik
In terms of the operators Q; = 9, Q; (denoting h; = x;, Q| =P, Q,4 = 1) this is

OE,, []‘[u(x,-)} = (PuQuu- - Quf ) Q-+~ Quu

j=1 k=1

—PuQou -+ Q) f () Qyyru -+ Quul,

or equivalently, in terms of the generator A (using Q) = AQ;)
UE,, []‘[u(x,—)} =D PuQuu--- Qulf W), A1Qesu--- Quu.
j=1 k=1

One obtains the evolution equation for the 1-point function by taking #; — O for all i
(i.e., Q; = I for all i), or the equation for the 2-point function by taking h;,; = « for
le{l,...,n—1}and h; -» Oforalli #/+1 (ie., Q1 =9y, and Q; =1 foralli #[+1):

B [ () 1= Y Pub ' f (), Al (118)

k=1

B, [ue) w(xy + )"

1 n
=Y PY AL A QT+ Y PY QL) Al R (119)
k=1

k=I+1

Using the expression (20) for the generator A, (118) and (119) simplify:

B Py ==Y Pyt {b(y)f/(y)y””‘ + /}R n(y,d2)(f () - f(y))z"*k}

k=1
:—P{b(y)f/(y)(y")”r / n(y.d LE =IO —y”>}v
R =y
3a(Py'Qy" ™

1
=—> Py {b(y)f/(y)yl”‘ Q" + /l; n(y,d2)(f(2) — f(m™ Qaz"*l}

k=1

-2 Py’Qay"*“*“{b(y)f’(y)y"*" + f n(y,d2)(f(z) — f(y))z"”‘}
R

k=I+1
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f (z) f (62)

=—P{b(y)f/(y)(y’)’Qay"*’+/n(y,d ) @ —y)Quz" }
R

—plea{b(y)f/(y)(y"*’w / n(y,d>7f © =S o yH).}

In terms of the operator 3 defined in (21) the above expressions read

9, Py" = PBy",
H(PY Quy"™) =PBH Quy" ™) — ¥ BQuy" ™ + ' QuBy" ™).

Since B is a linear operator, we approximate ¢, ¥ € C°(R) by polynomials to obtain the
evolution equation for the 1- and 2-point operators:

0Py =PBy, 3 (PpQu) =P(B(9Qu¥) — 9B +¢QuBY).

Therefore we have the evolution 9,.4 = [A, B] exactly as in Sect. 4.

6 Groeneboom’s Solution

In this section we verify that the generator
v 1/3 _.1/3
AD)e(y) = —rp ‘O + mn*(yt S2t ) (e(2) — () dz (120

satisfies the Lax equation (22) when f(u) = u?/2 and n, is given by (17)-(19). In this case,
the evolution of the drift (27) is simply b = —b?. It is clear that b(y, ) = ¢t~ is a solution.
The equation for the jump density now takes the form

1
on(y,z,t) — Z(y —2)(0yn — 9;n) = Q(n, n) (121)
with the collision kernel

y—z [’
Q(”lan)(% Zat) = T/ ”(y, w,t)n(w, Zst)dw

—n(y,z,t)/‘~ Y

— wn(z, w,t)dw

—n(y,z, t)/ n(y,w Hn(y, w,t)dw. (122)
‘We substitute the ansatz
u=yi'3, v=zt'3,
(123)
S=u—v, n(y,z,t) =t""n,(u,v),

in (121) and collect terms. We must then verify that
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2 < v) J'(v) (u ) J'(w) 4sK'(s)
3 3) J(v) 3 J(u) 3 K(s)
KxK J*(xK)(U))+(J*(xK) KxJ

K 7 7 W5

KxJ
=5 (s) — (s 7 )+ (u)). (124)
Here x plays the role of a dummy variable in the convolutions J * (xK). Explicitly, J *
xK)u) = fR J(u — x)xK(x)dx. Note also that the terms in (124) are evaluated at the
arguments u, v or s = u — v respectively. The functions J and K are related by the following
identities:

X2I=KxJ+J, (125)
3
EJ*(xK):x(K*J)—i—J, (126)
K =3x(K *K)+4xK' +2K. (127)

(The argument of each function in these identities is x). We substitute these identities
in (124), and collect the three terms corresponding to the arguments u#, v and s and find
that (remarkably!) each of them reduces to a polynomial, and the sum of these three poly-
nomials vanishes.

The identities (125)—(127) are proven using the Laplace transform, (18), and the defini-
tion Ai”(q) = gAi(q). First, we observe that/ = j'/j = —Ai’/Ai solves the Riccati equation

I'=—q+1. (128)
As a consequence of the definition of k in (18) we have
I'=k/2. (129)
Therefore, we also have
K=2I"=-=2+4=-2(1 —lk). (130)

Thus, / and k solve an autonomous system. Equation (128) may be rewritten in terms of j
and k as

"= (q+k)j=0. (131)

This is equivalent to (125). Next, if we rewrite (130) in terms of j and k, we find immediately
that

3., ..
Ejk =(jk)' —j. (132)

This is equivalent to (126). Finally, we differentiate (130) twice and use (128) to eliminate /
to find

k' =k* =4l — k), (133)
K" =3(k*) +4qk’' + 2k, (134)

which is equivalent to (127).
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1222 G. Menon, R. Srinivasan

Here is the Painlevé property: differentiate (128) to find I = 21 — 2Iq — 1. Now rescale
T =—q2"3, w(r) =27'71(q) to see that w solves the second Painlevé equation with para-
meter 1/2 [1].
d*w

1
— =2} —. 1
1 w +w1’+2 (135)
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