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The one-dimensional Burgers equation in the inviscid limit with white noise initial
condition is revisited. The one- and two-point distributions of the Burgers field as
well as the related distributions of shocks are obtained in closed analytical forms.
In particular, the large distance behaviour of spatial correlations of the field is
determined. Since higher-order distributions factorize in terms of the one- and two-
point functions, our analysis provides an explicit and complete statistical description
of this problem.

1. Introduction
The Burgers equation for the velocity field u(x,t),

0 0 0* {
&u(x, t) + u(x, t)au(x, t)= vﬁu(x, 1), (1)
has raised much interest because of its multiple connections to a variety of physical
and mathematical problems. Background and references can be found for instance in
Gurbatov, Malakhov & Saichev (1991) and Woyczynski (1998). We cannot do justice
here to the very large literature on the subject and all the physical applications,
but just recall some aspects. On one hand, equation (1) is a version of the one-
dimensional Navier—Stokes equation without pressure and external forces. Although
it can be solved with the Hopf—Cole transformation (to be recalled below), the
determination of the statistics of the velocity field and of its large time asymptotics
leads to non-trivial problems when the initial data are chosen randomly. It provides
an oversimplified, but analytically tractable model of decaying turbulence (Burgers
turbulence) which has been much studied in the last decade. On the other hand, the
Burgers equation (1) is relevant to the propagation of nonlinear acoustic waves in
non-dispersive media. In this interpretation, the role of time and space are inverted;
initial velocity field in the case of turbulence becomes a time-dependent source term
at a point in space. When the source is random, the statistics of the propagating
signal away from the source are of interest (see in particular chap. 13 in Hamilton
& Blastock 1998). Let us also mention that the two- and three-dimensional Burgers
equations occur in connection with the study of surface growth via the deposition
process (it is called the Kardar, Parisi and Zhang (KPZ) equation (Kardar, Parisi
& Zhang 1986) in this context and u(x,t) = Vh(x,t) with h the profile height of the
surface), as well as being a model for investigating the large-scale structure of the
universe (the Zeldovich adhesion approximation (Shandarin & Zeldovich 1989)).
In this work, we come back to the original Burgers problem (Burgers 1974) which
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concerned the statistics of the velocity field u(x,t) and of shock-waves in the inviscid
limit v — 0 when the distribution of the initial velocity field u(x,0) is a d-correlated
Gaussian (white noise). The choice of white noise, although very singular, is natural in
the sense that it corresponds to the assumption of maximal randomness and absence
of correlations in the velocity field at a given time (or to a source with flat power
spectrum in the acoustic case), the problem being then to understand the nature of
the correlations induced by the nonlinearity of the Burgers equation in the course
of the time (or away from the source). In Burgers (1974), a considerable amount
of work was carried out to calculate various moments of these distributions, but
the distribution of the field p;(x,u,t) = Prob{u(x,t) = u} itself was not obtained in
closed form owing to the complexity of the analysis. The question has been addressed
again by Tatsumi & Kida (1972) and Kida (1979). In Tatsumi & Kida (1972), kinetic
equations for the dynamics of shocks are used to derive scaling properties, and in the
second part of Kida (1979), the result of numerical simulations for the distribution
of the strength and the velocity of shocks are presented. Recently, Avellaneda and E
(1995) and Avellaneda (1995) have derived rigorous upper and lower bounds of the
cubic type exp (—C|ul*t) for the tails of the distributions. Such cubic bounds have also
been obtained in Martin & Piasecki (1994) for the distribution of mass in the closely
related problem of ballistic aggregation. In Ryan (1998a), p;(u, t) is expressed in terms
of a certain function satisfying partial differential equations, and more refined bounds
are given for the large field asymptotics. For a short review, see Bertoin (2000).

In this paper we provide closed analytical forms of the statistical distributions for
the field and the associated distribution of shock-waves. One of our main contributions
is a simple formula expressing the shock strength distribution p;(u, t) in terms of Airy
functions Ai(w) (equations (75), (76) and (55))

pi(pt) =t pi(ut™7),  pi(p) = 2d’nI (W) H (n)
with .
A= Yen = [ ans )
2in [ i, Aif(w)

k=1

where —wy, (o > 0) are the zeros of the Airy function, and a is related to the intensity
of the initial white noise. The corresponding asymptotic behaviour for large p reads
(equation (78))

a3
pi(p) = 2/ma’? 1’ exp <—12 - wlau> . p— . (3)

This non-Gaussian behaviour is of course compatible with the bounds found in the
above-mentioned works and is illustrated in figure 4. Similar formulae are obtained
for the distribution p(u,t) of the Burgers field itself and a detailed study of the
clustering behaviour of the two-point distribution is presented (§5). At any positive
time, the initially uncorrelated white-noise field acquires correlations over the whole
space, but these correlations are strongly suppressed at large distance by a factor
exp (—a’x?/12t?), x — oo. Moreover it turns out that the higher-order distributions
obey a factorization property in terms of the one- and two-point functions (§6).
Hence, our results give in fact a complete solution to the Burgers problem with initial
white noise distributed data.

Our analysis closely follows the spirit and the methods of Burgers (1974). In §2,
we recall the Hopf—Cole transformation together with well-known facts about the
Burgers equation in the inviscid limit, with the purpose of introducing the notation
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and the definition of the one- and two-point distribution functions. In §3, using the
notion of first hitting time, these distributions are expressed in terms of the basic
propagator for Brownian motion constrained by parabolic barriers. This propagator
can be explicitly constructed by solving the Airy eigenvalue problem. It appears then
that all statistical properties of the Burgers problem are embodied in the knowledge
of three functions called here I, J and H. The functions I and J are calculated in
§4 and the one-point distributions of fields and shocks are discussed. These results
have already been announced in Frachebourg (1999) in the equivalent language of
ballistic aggregation. Section 5 is devoted to the study of the large distance behaviour
of the two-point distribution (the function H). Since the analysis is somewhat heavy,
technical parts have been relegated to appendices. Finally, the factorization of higher-
order distributions is demonstrated in § 6.

One key new ingredient in comparison to Burgers’ analysis appears in §4 in
the calculation of the function J (the function I appears in Burgers (1974)). The
use of contour integral representation of this function leads to considerable sim-
plifications when a number of remarkable identities between Airy functions are
introduced (see e.g. equation (65)). Also the study of the function H, which is needed
to determine the long distance behaviour correlations, cannot be found in Burgers’
book. The expressions in (2) as well as the function H (89) apparently cannot be
made more explicit, but allow for extracting numerical values and exact asymptotic
properties.

The situation considered in this paper is particularly relevant to the non-equilibrium
statistical model of ballistic aggregation: it is known (Burgers 1974; Kida 1979) that
the dynamics of shocks in Burgers’ turbulence is closely related to the dynamics of
the aggregating particles. White noise initial distribution of the Burgers velocity field
corresponds to Maxwellian initial velocity distribution of the particle undergoing
aggregation. Hence, our results also solve this statistical mechanical model. A precise
connection between the two problems can only be made in a proper scaling limit
since ballistic aggregation always retains the discrete nature of particles whereas the
Burgers velocity field describes a continuous medium. This connection is discussed in
a companion paper (Frachebourg, Martin & Piasecki 2000) where it is also shown
that our solution verifies the hierarchy of kinetic equations that govern the dynamics
of the aggregation process.

Comparison with decaying Burgers turbulence arising from other classes of stochas-
tic initial data will be given in the conclusion. The forced Burgers equation under the
action of external random forces (see Polyakov 1995; Yakhot & Chechlov 1996; E et
al. 1997) is not discussed in this paper.

2. General setting

For convenience, we briefly recall the construction of solutions of the Burgers
equation in the inviscid limit (see Burgers 1974; Woyczynski 1998 and references
therein). Introducing the potential 0¥ (x,t)/0x = u(x,t) together with the Hopf—Cole
transformation

W(x,t) = —2vIn0(x,1), (4)

it is found that the function 60(x, t) satisfies the linear diffusion equation

0 02
50050 = v 0(x.1). (5)
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It can be readily solved, leading to the explicit solution

« — 1
/ dyx Y 24 <—F(X, Vs t))
© t 2v

u(e,t) = 1= 1 (6)
/ dyexp <—F(x, v, t))
e 2v
where
Y
Fooyn =225 ), )
with
P() = —P(7.0) = — / "4y u(y',0), (8)
0

which depends upon the initial condition. Burgers turbulence corresponds here to the
situation where the initial velocity field u(x, 0) is a white-noise process in space ({u(x,0)
u(y,0)) = (D/2)6(x — y)), or equivalently y(y) is a two-sided Brownian motion with
diffusion coefficient D/2 pinned at y(0) = 0.

In the inviscid limit v — 0, the only contributions of the integrals in equation (6)
come from the minima of the function F(x, y, t), which depend on the initial condition
through y(y),

E(x,t) = min F(x, y,1), ©)

and we obtain
x — &(x,1)
; .

Owing to the scaling properties of the solution u(x,t), it is trivial to take into
account the time dependence of the problem. Indeed, the scaled Brownian motion
t*2p(yt*) is equivalent in probability to y(y), so that, from (9) and (10) with o = 2/3,
23¢ (x/1*3,1), is equivalent to &(x,t) and t~'3u (x/t*3,1) is equivalent to u(x,t). We
study from now on the fixed time ¢ = 1 solution u(x, 1) = u(x). It will then always be
possible to recover the time-dependent solution through this scaling property as we
shall see in the concluding section.

The minimum &(x) = &(x, 1) as a function of x can be found with the help of a nice
geometrical interpretation of the solution. Consider a realization of the Brownian
motion y(y) and a parabola centred at x of equation (x — y)?/2 + C (see figure
1) and adjust the constant C in order for the parabola to touch y(y) without ever
crossing it. The coordinate of the contact point is the minimum &£(x) leading thus to
u(x) = x—&(x). Then, glide the parabola on the graph of y(y) by a continuous change
of its centre x and C until it touches it for x = x; on two contact points &; and & ;.
Thus, at x = x;, the function F(x,y, 1) has two minima leading to a discontinuity of
u(x), called a shock, where lim._,o u(x; —€) = x; —&; and lim._¢ u(x; +¢€) = x;—&;41. To
make u(x) single valued at a shock, we define it to be continuous from the left-hand
setting u(x;) = x; — &;.

A shock is characterized (see figure 1) by its location x; and two parameters which
can be taken as

u(x,t) = (10)

wi =&y — & Cstrength’, v, =x;—¢&  ‘wavelength’. (11)

(At time ¢, the strength is usually defined as the discontinuity p;/t = (&1 — &)/t of
u(x,t) at a shock.)
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FIGURE 1. Geometrical interpretation of the solution u(x) = x — &(x) for a given realization of the
Brownian motion (y) which stays below a parabola of equation s(y) = (y — x;)*>/2 + C but on two
contact points (&) = (& — x;)?/2 + C and (&) = (Eip1 — Xi)?/2 + C. A shock is located at x;
with strength w; = &1 — & and wavelength v; = x; — & while n; = 12/2 — wv.

Instead of v; it will also be convenient to use the parameter #;

2
ni = %_ﬂivia Vi=%—%-

The quantities of interest to be computed are on one hand the joint distribution
densities p,(xq,u1; X2, Ua;... ; X, u,) for the Burgers velocity field to have values be-
tween u; and uy+duy, ..., u, and u,+du, at points xy,..., x,, when the average is taken
over the realizations of the initial condition u(x,0). On the other hand, we will also
consider the joint distribution densities of shocks p,(x1, tt1, 713 X2, 2,25+« 5 Xy s Hn)-
We shall obtain the joint distribution for the Burgers velocity field u(x) from that
of the variable x — &(x). At time t = 1, these two sets of variables coincide and we
identify both distributions.

Consider first the one-point distribution density p;(x,u) where u(x) = x — &(x) = u.
Because of translation invariance, py(x,u) = p1(0,u) = p;(u) and u(0) = —¢£(0) = u.
Hence, p;(u) is the measure of the set of all Brownian paths y(y) with y(0) = 0 that
have their first contact (f.c.) (consideration of the first contact (or hitting) point is
consistent with the left continuity of u(x). If there is a shock at x;, u(x;) —lim._o u(x; +
€) = &1 — & > 0, implying that &; has to be the first contact with the parabola.) with
a parabola y?/2 + C at £(0) = —u. As the origin of coordinates can be set to be at

(12)
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FIGURE 2. Brownian interpretation of the two-point distribution of the velocity field
pa(x,u;,us). The Brownian paths stays under the parabolas s(y) = »?/2 — u;y and
s@(y) = (y —x—uy)*/2—u3/2 +¢q but on two contact points 1p(0) = 0 and p(x +u; —us) = q where
—(xdu—w)(x+u +u)/2<qg<(x+up —up)(x —uy —up)/2.

this contact point, it is given by the measure

pi(uw) = E{y(y) <su(y),y € R; fc with s,(y) at (0,0);} (13)

of the set of paths that stay below the parabola

2
su(y) = y? —uy (14)

and have their first contact with it at (0) = 0. By first contact in (13), we mean that
the path is strictly below the parabola p(y) < s,(y) for y < 0, is assigned to pass at
p(0) = 0 and is then such that y(y) <s,(y) for y >0. The expectation E{---} refers
to Brownian paths running in the infinite ‘time’ interval —oo < y < 0.

Likewise, the two-point joint density distribution p,(0, u;; x, up) = pa(x, uy, uy) is the
measure of the set of paths with p(0) = 0 that have a first contact with a parabola
y2/2 4+ C; (centred at the origin) at ¢(0) = —u; and a first contact with a second
parabola (y —x)?/2+ C, (centred at x) at &(x) = x — up. Once again, we fix the origin
at the contact point with the first parabola. Thus, p,(x,u;,u,) is the measure of the
set of paths which stay below both the parabolas s'"(y) = s, (y) centred at u; and
a second parabola s?(y) centred at x + u; of equation (y — x — u;)?/2 + C, while
the paths have a first contact point p(0) = 0 with s"(y) and a first contact point
Y(x + u; —uy) = g with s?(y), where x > 0, x + u; — uy > 0 (see figure 2). (The case
x +u; —uy = 0, i.e. when the two contact points coincide, is discussed in the next
section.) In terms of this parameter ¢ the equation of the second parabola is

2 2
@y WoX—wm) 15
s7(y) 5 K (15)
Now, g is arbitrary except for the constraints that the first contact point with s(y)
must be below the second parabola, namely s*(0) >0, and that the first contact point
with s?(y) must be below the first parabola, namely s"(x + u; — us) > ¢q. This leads
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to the condition —q; < g < ¢, with

41 = qi(x,up,ur) = $(x 4 up — w)(x 4 uy + ), }

1 (16)
G2 = qa(X, up, up) = 5(x + ug — ua)(x — up — uy).

Hence,

pa(x,u,uz) = E {ip(y) <sV(p), w(y) <s?(y), y € R;
f.c. with sV(y) at (0,0), f.c. with s?(y) at (x + u; — w2, q), —q1 <q<qx}. (17)

The distributions p;(u;) and p,(x, u, u;) have the normalizations

/ duy i) = 1 (18)
and
/ dus pa(x, ur, uz) = pi(ur), 132?)172(&”1,“2) = 0(u; — uz) (19)

The distribution of shocks are defined in the same manner. By translation invariance
p1(x, u,n) = p1(0, u, 1) = p1(u, 1) 1s independent of x. It is given by the measure of the
set of paths that have two contacts with the parabola s,(y) = y*/2 — vy (recall that
v=15— %), a first contact at y(0) = 0 and a last contact (l.c.) at p(u) = (if a path
has more than two contacts with the parabola, the shock parameters are obtained in
terms of the coordinates of the first and the last contacts) (see figure 1),

pi(un) = E {y(y) <s,(), y € R; f.c. with s,(y) at (0,0); Lc. with 5,(y) at (u,n)}(- )
20

The joint distribution p,(0, i1, %1 ; X, o, 42) of two shocks at distance x is the set of
paths that have two contacts with the parabola s, (y) as above and two contacts with
another parabola whose characteristics will be given in the next section. Notice that
the centres of the two parabolas are separated by a distance x.

All quantities will be eventually expressed in terms of the transition probabil-
ity kernel for Brownian motion in the presence of parabolic absorbing barriers
(Salminen 1988; Groeneboom 1989). Consider the conditional probability density
K, (11,11, 2, 172) for the Brownian motion y(y), starting from () = n;, to end at
y(uz) = 1, while staying under the barrier p(y) < s,(y) = y*/2 — vy for uy <y <,

Ky (1, ms 2, 12) = Epy {0(0) < s0(0), i Sy < s (o) = maf (21)
It thus satisfies the diffusion equation
D
0, Ko (1,115 2, M2) = EﬁﬁzKV(M,m,m,ﬂz), (22)

with K, (@, 11, i, m2) = 6(ny — n2) and K, (1, su(p1), pia, n2) = Ky (1, n1, po, Su(i2)) = 0.
To solve this equation, it is convenient to consider the shifted stochastic process
¢(v) = w(y) — s,(y) which is a Brownian motion with a parabolic drift. Clearly,

K (1,1, o, 12) = K (i — sy (1), o, 12 — $4(142)) (23)
where K satisfies the diffusion equation with drift
_ , _ D,
0K (11, 1, 2, h2) = 5, (12)04, K (11, @1, 2, $2) + 55221((/11, o1, U, P2) (24)

with K(u, ¢1, 11, ¢2) = 6(¢p1 — ¢>) and Dirichlet boundary conditions K (u1,0, i, ¢2) =
K (u1, ¢1, 112,0) = 0. Equation (24) can be reduced to a diffusion equation with linear



330 L. Frachebourg and Ph. A. Martin

potential by the transformation

N7 1 ! ! . A
Gt o ) = Kl o o) exp |~ (0500) = s = 4 [ s
My
(25)
Then the propagator G is the solution of the equation
o D& 1.,
<6,uz - 2042 - D‘stv(ﬂz)) G(p1, @1, k2, 92) =0 (@1, $2<0), (26)

with G(u, ¢y, 1, p2) = 5(¢p1 — ¢») and Dirichlet boundary conditions at the origin,
G(u1,0, o, ¢2) = G(uy, ¢1, 42,0) = 0. Since s/ (i) = 1, this equation can be solved with
the help of the spectral decomposition of the operator —%D(@2 /0$3)—(1/D)¢, leading
to (Burgers 1974; Salminen 1988; Groeneboom 1989)

G(p1, 1, i, p2) =

<2> : e ontie /01 Ai(—(2/D*)'P¢1 — ) Ai(—(2/D*) Py — )
D (Al (—p))? '

(27)

k=1

The Airy function Ai(w) (Abramowitz & Stegun 1970), solution of
f(w) —wf(w) =0, (28)

is analytic in the complex w-plane, and has an infinite countable numbers of zeros
—wy, on the negative real axis, 0 < w; < wp < -~

Finally, coming back to K, with the help of (23) and (25) and introducing the
explicit form (14) of s,(y) leads to

K (11, m1, pa,m2) = G, d()), 2, d(12))

N3 N3
cexp | 5 (90 =) = e — v+ LR Y )

with ¢(u1) = n1 — s,(u1), ¢(2) = 12 — 5,(2). Note the symmetry K, (i1, 11, 2, 12) =
K—V(_luza 7]2; _tula 1’]1)

3. Distributions and transition kernel

In this section we relate the distribution functions to the transition kernel
K, (u1,n1, 42,m2). We first treat the case of a single first contact point by comput-
ing the (conditional) probability density

Epn i) <sy(p), i <y < pio; e with s, (v) at (,s0(0); w(wa) =2} (30)

that a Brownian motion starting at point (u,#;) ends at (u»,#,) while staying below
the parabola s,(y), and has a first contact point yp(u) = s,(u) at ‘time’ p, with
tr < p < up and 1y < s,(u1) and n, < s,(u2). This enables us to write the probability
p1(u) (equation (13)), where the expectation is taken on paths that run in the whole
‘time’ interval y € R, as

Su(t1) sulii2)
pi(u) = lim lim dm/ dnz

== =0 f —

En {00 < su(y), i <y < pia; e with s, () at (0,0); w(pa) =2} (31)
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As in the preceding section, it is convenient to consider

E 9, {#(y) <O, 1 <y <pa, f.c with the origin at  (11,0); ¢(u2) = ¢2}
= _6#1)1114&1 ;uz,sbz(ﬂ) (32)

the quantity corresponding to (30) for the shifted process ¢(y) = p(y) — s,(y). It
is the (conditional) probability that a drifted Brownian motion ¢(u), starting at
point (uy,¢y), ends at (uo, ), stays negative ¢(y) <0 and has a first contact with
the origin at ‘time’ u (¢(u) = 0). The desired quantity (30) is obtained by setting
$1 = d() =n1 — sy (w1), ¢2 = d(2) = 1> — 5,(2) in (32). We have also written that
(32) is the density of the probability P, ¢, ..,.¢,(1t) that, under the same constraints,
the path has its first contact with the origin at some ‘time’ larger or equal to u. This
probability is given by (for basic notions on first hitting time see Feller 1971)

0
PH1,¢1;M2,¢2 (:u) = /ﬁ d¢ E(,ula d)l’ i, d)) [_%K(ﬂv d): M2, ¢2) - ad)zE(:ua ¢7 K2, ¢2):| . (33)

Indeed one considers the paths starting from (u1, ¢;) that stay negative up to (u, ¢)
and then vanish at some ‘time’ larger or equal to u. The probability density for
the later part is given by the measure of paths staying below the displaced barrier
¢(y) < e diminished by that of paths staying below the origin ¢(y) < 0 as € — 0,
namely by

N =
lim =(K(n, ¢ + € 2, §2 + €) — K, b, 2, $2)). (34)

This leads to (33). Introducing (33) into (32) and using the forward diffusion equation
(24) as well as its backward equivalent, we find after several integrations by parts that

Eu 1d(y) <0, iy <y<py; f.c with the origin at (1,0); ¢(u2) = ¢2}
= 3DyK (11, b1, 1 DIIGK (1, b o, d2)| - (35)

Coming back to the original variables, our probability (30) reads
Eun v <su(p), <y < s feowith s,(y) at (o sv(w); y (1) = 12}

= %DanK\ (:ula n1, U, W)anK‘(ﬂy n, U, 7]2) |1’]=S‘.(u) > (36)
with K, given by equation (29).
Let us define the function J(v) to be
sy(12)
J0) = =1 fim [ a0, K O] (37)
© J_op =0

Then, from (36) and (31) it is straightforward to find the expression of the one-point
distribution of the velocity field

pi(u) = J(=u)J (u) (38)

where we used the fact that K, (uy,11,0,17) = K_, (0,1, —p,11).

We come now to the two-point function (17) which involves a first contact at
y = 0 with the parabola s!(y) and a first contact at y = x + u; — u, with the second
parabola s?(y). We consider first the situation where these two contact points are
distinct, i.e. when the strict inequality x 4+ u; — u, > 0 holds. Since u(x) has slope
equal to one except at the location of shocks, this corresponds to velocity fields with
u(0) = uy, u(x) = up that have at least one shock in the interval [0, x).

When x + u; — u, > 0, each contact gives rise to an expression of the form
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(36) with appropriate parameters (see figure 2). The first contact with the parabola
sD(y) = s,,(v) is as before. After the ‘time’ u* (coordinate of the parabolas intersection
sD(u*) = s®(u*)), the paths are found under the second parabola s (y) (15) with
corresponding propagator Ko (w1, 11, ta,n2) and first contact at (x + u; — u,,q). The
corresponding probability is given by the following arrangement

%DanKm (:ula M1, Oa ’7)611KM1 (Os n, :u*> ’7,) ’,7:0

X %DanKsu)('u*, 11” X+ uy — up, n)&nKsm (X + uy — u,n, U, 112)‘ (39)

n=q

which has to be integrated on #y,#,,7 and ¢ in the appropriate ranges and taken in
the limits u; — —oo, u, — oo. The propagator associated with the second parabola
can be written in a coordinate system where the second contact point is again located
at the origin, namely

Kser(pi, 1, o, 12) = Kup (1 — X —u +uo, i1 — g, po — X —up +uz,my — q). - (40)
Finally, it is found that
pa(uy, up, x) = J(—u)H(x,up,up)J (u2)  (x +uy —uy > 0), (41)
where the function H(x, vy, v,) is defined as

H(x,vi,v2) =

q n
3D / dg / dn' 0,K,,(0,n, 1", 1) 0, K, (1" —x —vi +va,n" —q,0,1)
i " n=0 n=0

(42)

The integration limits q; = qi(x,v,v2) and ¢, = q2(x,vy,v2) are given by (16).
The intersection point between the two parabolas has coordinate (u*,n") =
(g +qu)/x, 02 /2 = vipt").

We now determine the contribution to py(x,ui,u,) of the set of velocity fields
u(x) that have no shocks in [0,x) (i.e. when x 4+ u; — u, = 0) with the help of the
normalization (19). The set of Burgers fields with u(0) = u; can be divided into the
union of two disjoint sets, those having at least one shock in [0, x) and those having
no shocks in [0, x). As seen before, the first set corresponds to Brownian paths having
two distinct contact points and from the previous discussion its measure is given by
fi’j;x durJ (—uy)H (x, uy, u2)J (). The second set corresponds to the case x+u;—u, = 0
when Brownian paths have a first contact point y(0) = O at the intersection of the
two parabolas s,,(y) and s,,1.(y) with measure

E{p(y) <s50,(0); ¥ <05 p(y) <su4(p), y=0; fic. with s,,(y) at (0,0)}
= J(—ul)J(th + X). (43)
The result (43) is derived by a slight extension of the calculation that led to (38). The
measures of these two sets sum up to py(u;)

up+x

J(—u) I (g + %) + / s (= H(x, s, 1) (1) = py (). (44)

—0

Hence, we conclude from (19) that the complete form of p,(x, uy,u,) is
pa(X, ur, ua) = J(—uy) [0(x + ur — ua) + O(x + uy — uz) H(x, uy, u2)] J (uz). (45)
A quantity of interest is the probability density pp)(u1) for the Burgers field to take
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the value u; at x = 0 while there is no shock in the interval [0, x), i.e. u(x) = u; + x.
This is precisely the quantity (43), namely integrating (45) on u, with H omitted

Proo(ur) = J(—up)J (ur + x) (46)
and thus
Do) = / duuyJ (=) (s + x) (47)

is the distribution of intervals of length x without shocks.

We turn now to the shocks distribution functions. According to the discussion of
the previous section on equation (20), we use equation (36) to write the one-shock
distribution function considered as a function of the parameters yu, 1 (see figure 1)

prt) = I =3 (<5 D tns (5= 1) e
where the function I(u,#) is defined as
I(:uy ’7) = %Dam anzKV(Oa N1, 1, ’72)’

The two-shocks distribution p;(0, uy, 715X, 2, 12) = p2(x; U1, 413 1o, 12) (considered
as a function of the shock parameters #1, y; and #,, 11y) can be written as

(49)

m=0,p=n"

p2(X, g, 1, o, m2) = J(—=v)l (g, 1) [0(x + vy —va — )
+O0(x + vy — vy — w)H(x, —py + vi, v2) I (g2, 12)J (— 2 + v2), (50)
with v; = u;/2 —n;/wi;, i = 1,2, and the functions I, J and H as defined above.
(nn

We denote p; )(x;,ul,m;uz, 1n2) the probability density of two nearest neighbours

shocks separated by a distance x; p(z"")(x; 11,113 Ha, 2) 18 given by the formula (50) with
the H function omitted. Then, the conditional probability density p"(uy, n1]x, 2, 12)
that given a shock uy,n; at x = 0, the next shock u,,#, occurs at x > 0 is found to be

P (55 s 11 12, 12)

P (i, X, o, 1) =

P, 1)
H2 N2
I(u2,m2)J (— — )
_ (x—’“+’“—“‘+“2) 2 (51)
[T 2

Hi M
a2
< 2 m )
This conditional probability has the normalization

/ dx/ d.uz/ dn p" (w1, 11, 2, 1) = 1 (52)
0 0 —o0

which leads to the following integral relation between the functions I and J

J(v) =/0 du/i dn 0 <’2‘ _ % _ v) Hwn)J (-‘2‘ _ Z) . (53)

This analysis shows that the one-point and the two-point distribution functions
of the Burgers velocity field u(x) as well as of the statistics of shocks are entirely
determined by the knowledge of three functions I, J and H defined in (49), (37) and
(42). Finally, these last three functions can be computed from the basic transition
kernel K, given by equation (29).
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4. The functions I and J and the one-point distribution

In this section we give explicit expressions for the functions I(y,#) and J(v) defined,
respectively, by equations (49) and (37). Through equations (38) and (48), we will
then obtain explicit forms for the one-point distribution function of the velocity field
p1(u) and of the shocks pi(u, ).

Using the form (29) of the transition density K, in equation (49) we have that

NER
1 =20 exp (—a |+ 2] ) st (54)
We set a = (2D)~!/3 and
f(ﬂ) — Ze—a(/)kﬂ (55)
k>1

where —wy, k > 1, are the zeros of the Airy function. This last expression has already
been found by Burgers (1974). Our point here is to give a closed form for the function
J(v) and thus for the one-point distributions. Inserting (29) into (37) and changing
the variable x = —(2/D?)"/3(17; — s,(u2)) leads to

Ai(x —
J(v) = fhme [(k=vyi? /3/ dx e Ze_’mk”il(.x wk). (56)

!
H—0 i1 Al (—wy)

It is convenient to introduce the following integral representation of the sum for
u>0

o X — ) _ w AW £ %) _ g AW + %)
;e ” Al (=) 27?1/d Ai(w) 2n1/ dwe™—r Ai(w) (57)

where the contour € runs just above and below the negative real w-axis encircling
the zeros of the Airy function. From the asymptotics,

Ai(w) = (drw) e B (14 0w™?)  (w] — oo, Jargw| <7m),  (58)

for w = |wle'’, /2 <0 < =, it can be deduced that |[Ai(w + x)/Ai(w)| ~ exp (—x|w|'/?
cos(0/2)), |[w| — oo, cos(6/2) > 0. For 6 = n, the factor e™* ensures the convergence
in (57). Hence, for u > 0, the contour % can be deformed and it can be shown that
the unique contribution to the integral comes from the imaginary axis —ioo < w < 100
leading to the last part of the identity (57). After exchange of the integrations order,
it is found that

N T ,
JOv) = Ja l}ggoe e / dw :I(W) T dxe T OmAIx £ W), (59)

To proceed, we determine first the Laplace transform of f(x) = Ai(x + w), w fixed,

fo) = [ dxessn (60)
0
The function f(x) is the solution of the second-order differential equation

f1(x) = (x +w)f(x) =0, (61)
with f(0) = Ai(w) and f’(0) = Ai'(w). The Laplace transform of this equation is

F'(5) + (5 — ) (s) = s£(0) + £(0), (62)
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FIGURE 3. The one-point distribution function (68) for the velocity field p;(u) as a function of u for
D =1/2 (a = 1). Its asymptotic behaviour (equation (71)), is also plotted (dashed lines).

with solution

7o) = (F0+ [ dataro+7ope o) e (63)

7(0) = /0 " dx Ai(x + w) = —r [AT'(w)Gi(w) — Ai(w)Gi'(w)] , (64)

where Gi(w) = n~! [ dt sin(£*/3 4+ wt) Abramowitz & Stegun (1970).
Inserting this Laplace transform into equation (59) and using various properties of
the Airy functions (Abramowitz & Stegun (1970)) leading to the identity

0
f(o) - / do (f(0) + f/(0)e " =1, (65)
we eventually find
J) = Jae™ " g (v) (66)
with '
1 100 eavw
J0) =5 / ~ dw = ) (67)

Note that this integral is convergent for positive and negative v.
With the explicit form (66) of the function J(v), the one-point distribution function
p1(u) of the velocity field is given by

pi(u) = J(w)J(—u) = a ¢ (u) #(—u) (68)
which is plotted in figure 3.
Defining the moments of the distribution as (u") = [ duu"p;(u) we have (u) =0 as

pi(u) = pi(—u) and (u?) = m;(D/2)*/* with a constant m; ~ 1.054. The normalization
(18) is verified as, from (68),

o) 1 ic0 dW
/_w dupi(u) = 3 /w TXCIE (69)

can be shown to be equal to one.
To determine the asymptotic behaviour of p;(u), we remark that for positive u, we
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can close the contour in (67) to encircle the poles of the integrand and thus express
JZ(u) as a sum on the zeros of the Airy function

—auw
e k

S = g O (70)

k=1

Hence, #(u) ~ e 1 /Ai'(—w;) as u — oo. The behaviour of #(u) for u — —oo can
be determined with the Laplace method to be #(u) ~ —2auexp(a*u®/3) and so the
large |u| behaviour of p;(u) reads

3| |3

2
pi(u) ~ mexp (—“ 3” _ a|uco1> (|u] = o0). (71)

This result is, of course, compatible with the bounds found in Avellaneda (1995)
and Ryan (1998a), but cubic bounds cannot be saturated because of the additional
exponential decay exp(—alu|w;). Starting from a Gaussian distributed initial velocity
field u(x,0), the field immediately evolves to a distribution which is not Gaussian but
behaves as equation (71).

Let us turn now to the one-shock distribution function p;(u,#). Collecting results
from equations (48), (54) and (66), we find

piln) =J (’7 - “) I (—" - “) — 2ty (’7 - ) oy, (— - ”)
o2 poo2 u 1 2(72)

with .# and ¢ defined in (55) and (67), respectively.
One can compute the shock strength distribution defined as

pr(y) = / di (). (73)

Inserting (72) in this last equation, we find after the change of variables w = i{ and
n'=an/u

e—ian(li+0)/2 © .
s J / d / dp'ei" =) 74
pi(p) = 2a’p (H) / G AL AND) Ai(i{1)AL(1) J o 1 7

which reduces to

pi(p) = 2a° I () A () (75)
with
1 00 e
#w=5 | o AR (76)

The form of the shock strength distribution (75) is plotted in figure 4. Notice that
L{u) is the space covered by the shock strength in a box of size L; it is equal to L
and thus [J” dpppi(p) = 1.

We can now determine the behaviour of the shock strength distribution for small
and large shocks. For 0 < pu < 1, we use the normalization condition (18) to find
H(u) = 1+ O(n) while the behaviour of .#(u) can be determined from the large k
asymptotic behaviour of the zeros of the Airy function w, = (3nk/2)** + O(k~'/3) to
give S () ~ (2 /m(ap)*’*)~". One thus obtains

pi(p) = \/Z +0u'?)  (u—0). (77)
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2

pa(p) 1t ‘

FIGURE 4. Shock strength distribution p;(u) for D = 1/2 (a =1 in equation (75)). Its asymptotic
behaviours (equations (77) and (78)) are also plotted (dashed lines).
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FIGURE 5. Shock wavelength distribution p;(v) for D = 1/2 (a = 1 in equation (75)).

The divergence u~'/?, as u — 0, has been found in Avellaneda & E (1995) and seen
in numerical simulations (Kida 1979).

On the other hand, for large u, the behaviour of the function J#(u) can be estimated
by the Laplace method to find #(u) ~ (na®p®)V/? exp (—a’y’/12). The behaviour of
the function .#(p) is immediately given by the largest zero of the Airy function to
give S (u) ~ exp (—w;ap). We thus have

pi(p) = 2md’ > exp (—fa'w’ — wyap)  (u— o). (78)

Let us consider now the shocks wavelength distribution. The one-shock distribution
(72) can be written for the strength-wavelength variables (u,v) as (the additional u
factor is the Jacobian of the transformation (i, %) to (u,v))

pr(p,v) = 2a* g (—v)I () F (v — ). (79)
Considering the variable v/ = v —u/2 we find that the (u,v’) distribution is symmetric
in v/, implying (v') = 0 and thus (v) = (u)/2 = 1/2. The wavelength distribution
p1(v) = fo“o dupi(p,v) is plotted in figure 5. Its asymptotic behaviour is found to
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1.0
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FIGURE 6. Distribution pyy) of intervals [0, x) which contains no shocks for D =1/2 (a=1in
equation (80)).

be pi1(v) ~ Cyviexp(—a*v?/3 —avw), v — oo, and pi(v) ~ C_exp(a®*v3/3 + avw),
v — —oo. Note that the wavelength distribution is not symmetrical around v = 1/2.
The density distribution py) of intervals of size x with no shocks (47) is given by

Ploy) = / duy J(—up)J (x +uy)
(1 —602)2)

ax
— \/?exp <_a3x3> L /iOO dw; " dw, o <2(w1+w2)+ 4ax
ax 12 ) @ri2 /), i Ai(wy)Ai(m,)
(80)

which is plotted in figure 6. Since lim,_ pjo.v)(41) = p1(u1), (see equation (46)), and
p1(u) is normalized (18), we have lim,_,o pjo.x) = 1. Asymptotically, we have for x — o

( i )

exp [ ——= —aw;x

Doy ~ |/ — 2 (1 +o (1)) . 81)
ax " [Ai(—on) x

5. Correlations

In this section we study the two-point distributions of the Burgers velocity field
and of the shocks in the asymptotic limit x — oo, keeping all the other arguments
fixed. From (45) and (50), we have for x large enough

pa(x, ur, ux) = J(—uy)H(x, ur, uz)J (us) (82)
and
p2(X, g, 1, o, m2) = J(=v) (uy, n ) H (X, — g =+ vi, va)I (g2, n2)J (—pi2 + v2), (83)

with the functions J and I given by equations (66) and (54) and where the function
H is defined by equation (42) with v; = u;/2 — n;/ ;.
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Our main results are

pa(u1,uz, x) — pi(ur)p1(uz2)
N

3,3
~ e (3 —aonx ) exp(Caonn — ) A A (x> 0) (34

and similarly for the distribution of shocks

32 /n a’x’
p2(p1. M1 p2, 12, %) — pr(pes m)pr (e, ) ~ —"Mx%//z» xp (_12 a aw]x)

X exp (—aw(vi —va — w)) F(=vi) I () (p2) f (=2 +v2) - (x = 0). (85)

We see that long distance correlations are very weak since they are again dominated
by the cubic decaying factor exp (—a’x?/12).

Clearly, in view of (82) and (83), this asymptotic behaviour is determined by that
of the function H(x, vy, v,). First, we write H(x, v, v,) in explicit form by introducing
(29) into (42). It is useful to remember that, by the definition of (1", %%), n* = s,,(1*) =
q + s, (" —x — vy + ). To bring the expression in the most symmetric form, the
change of integration variables

{=(D%*2)"P(" —n") (0<{<c0)

1 vy X X (86)
r= ﬁ (Q-i-zl—zz) (—\/;67’1<1’<ﬁ1’2, re= §+V1, ry = E—Vz)
turns out to be adequate. Then, with a = (2D)~!/3,
303 1 3,3 3.3 J3r2
H(x,vi,v,) = 2a° exp —avita; Jxexp _ax / drexp(—a’r?)
3 2)) 4
® . ¥ r Al — o)A — wy,)
dge®x _ [N i PR — — ! m 22,
< aee e oo (r+ )= (= G )| R AT )
(87)

Our main concern is to determine the asymptotic behaviour of this expression as
x — oo. We give here the main steps of the calculation while details and justifications
are given in the appendices.

To obtain the basic clustering properties of the model, we expect that
lim,_., H(x,vi,v2) = J(vi)J(—v,) with J(v) given by the integral in the complex
plane equation (66). It is therefore natural to replace the sums on the zeros of Airy
functions in (87) by appropriate contour integrals, as in §4,

r ro\ | AL — g )AI — o)
Zexp {—aa)k, (h + \/}) — aAwy, <V2 — ﬁ)} Ai'(—wkl)Ai'(—wkz) =

ki ka

1 r r Ai(l + wy)AI(L 4+ wy)
2nip /{g dw, /{6 dw, exp [awl <r1 + \/;> + aw; (rz - \/;C>] AwAI)
(88)

For a given x, the contour %, is chosen as the parabola with branches wt(p) =
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—p t+iax_/p, 0<p < oo. This contour will be convenient to determine the large x
asymptotics of H(x,v,v;). The integrals (88) on %, converge for r fixed because of
the exponentially decreasing factors

exp [awl <r1 + \%) + aw; (7'2 - \;;ﬂ )

(Rew; < 0), (Rew2<0 o+ \F>0 Py — \rf>0>,
X
(see Appendix A).
Next, we exchange the {-integral with the contour integrals to obtain

NEE
H(x,v1,v2) = 2a° exp (W) ﬁexp < al; ) / drexp (—a’r?)
— /3

1 r r B(ax, wi, wy)
<o [ o [ oo o (1 ) o (- R ) g

where
B(x,wi,wy) = /000 dle ™ Ai( + wi)Ai(L + wa) (90)

is the Laplace transform of a product of Airy functions evaluated at the negative
argument —x. This Laplace transform is computed in Appendix B and is given as the
difference of two terms B(x, wi, w2) = By(x, wi, wo) — Ba(x, wi, wa) (see equation (B9)).
We set H(x) = Hi(x) — Hy(x) with H{(x) (respectively, H,(x)) the contribution to (89)
of Bi(x,wy, w;) (respectively, B,(x, wi, w,)). Then

a’? —a’vi + a’v3 Vi 1
Hi(x) = ﬁ exp <3> /_ﬁr1 drm /% dw, .. dwy hi(n, wi,w2)  (91)

with

exp |—a® [r— L= W2 +awv — awyv
p 28 Jx M 2V2
Ai(wy)Ai(wy) '

It is shown in Appendix C that the multiple integral in (91) is absolutely convergent.
As x — oo, the contour ¥, eventually opens to the imaginary axis of the w-plane.
Hence, it can be seen (formally) on (91) that

. —a*vd +a*v3 exp(awivy — awyv

=Ji)J(=v2),  (93)

(92)

hl(T, Wi, Wz) =

where the function J(v) is defined by equation (66). More precisely, it is found that
the asymptotic behaviour of Hi(x) is given by (Appendix C)

a’x?
Hi0 = Join +0 (e (<30 40) ) @00 o4
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Inserting the expression B,(x) (B9) in (89) gives

3.3 3.3 Jx2 .
Hy(x) = 2a°* exp <cz\113—|—av2> / dre™"
—

1 o0
><7(2ni)2 // dw, // dw, exp <aw1 <r1 + \;}> + aw, (rz — \/;)) /ax dy\/i

yoowi 4w, wi—w)> /1 1 g(y, wi, wa)
X“pclz+ y Wy Qm‘y))mwwmwg‘®$

Because of the convergence factors, exp (aw, (r;+r/ \/)?)-l—awz(rz—r / ﬁ)), the contours
% can be closed and the corresponding integrals can again be evaluated at the zeros
of the Airy functions (the arguments are similar to those given in Appendix A). Then
the relation (B 10) allows the result to be simplified to

_ 343 3,3 JXr2 ,
Ho(x) = 2a°% exp (a vita v2> / dre"’
3 e

(oo ) (- 5)

00 1 3 _ 2 1 1
« dy— exp (_fz_w"l_;%(y_ax)_(w"l“wkz) <_>) (96)
ax \/y ax y

To compute the large x behaviour it is convenient to make the change of integration
variable y = z/x? + ax giving

3.3
— a3 4+ gdy3 CXp (—%)
Ho(x) = 2a*exp < 13 2) 37 G(x) (97)
with
exp ( 3 az? a22>
» P\ e i T d) e
G(x) = dz X / dre ™"
0 14— i
ax
z
X Z eXp <—(wk1 - wk2)24a(zx+ax4)>
ki.ka

X exp | —aw ;’—{—L—i—L —aw V—L—{-L (98)
p kMt Jx o 2ax? k| 72 JX o 2ax? ’

Letting formally x — oo in this formula gives the asymptotic behaviour (details are
found in Appendix D)

8. /m —a’v? + a*v3 a’x?
H>(x) ~ aT/z\% exp (132 —aw(v; — vz)) exp (—12 - aw1x> (99)

where —m is the first zero of the Airy function.

Inserting the asymptotics equations (99) and (94) into the expression for the two-
point distributions equations (82) and (83) leads to the results equations (84) and
(85).
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6. Conclusion

To conclude, we remark that the previous results allow for a complete statistical
description of the Burgers field. As mentioned in §1, for white noise initial data,
u(x) is a Markov process as a function of x Avellaneda & E (1995). Thus, with
P(x2,up|x1,u1) = pa(x2 — X1, Uy, 42)/p1(uy) the transition kernel for the Markov process,
the n-point distribution can be written as

Pu(Xt,urs. .5 X, ) = P (X, thn| X1, Un—1) ... P (X2, tn|x1, ur)p1(x1, up)

n—1
sz(xi+1 — Xi, Uiy Uit 1)
==L (n=3). (100)

n—1
H p1(u;)
i=2

On the same line, a complete statistical description of shocks in Burgers solution is
obtained through the n-shocks distribution densities which factorize to

n—1

H P2(Xi1 — Xis Wi Wi Mik 15 Mit1)

i=1

pn(xle,ula nlw--’xm.umnn) = (l’l>3) (101)

n—1

H p1(isn;)
i=2

The distribution of ordered sequences of next neighbouring shocks is obtained from
(101) by omitting the function H in p,, equation (50). Here, factorization follows
simply from the Markov property of Brownian motion and the fact that multiple
constraints of the form (16) decouple. From the point of view of the hierarchy of
kinetic equations that governs the dynamics of shocks, this factorization corresponds
to an exact closure of this hierarchy or to an exact propagation of chaos. This is
discussed in Frachebourg et al. (2000).

As far as the time dependence is concerned, it can be reintroduced via the basic
transition kernel (29), which should be computed with s,(y) replaced by s,(y)/t. Owing
to the invariance of the Brownian measure under the change y(y) — t'/3y(y/t*?), it is
found that K, (u1, 71, 2, 25 t) = t 3K (1}, 1}, 15, 75) where the variables are rescaled
according to p, = pt=3, n/ = n;t™/3, and v/ = vt~>/3. From (37), (49) and (42) this
implies the transformation laws of the functions J, I and H

Jvit) =t71PI0),
I(nst) =1, n), (102)
H(x,vi,v2,1) = 723 H(X , v{, )

where x' = xt~2/3. This leads to the time-dependent distributions
Pu(Xtattrs s X3 1) = (X w5 X ), (103)
with u, = u;t'/3, and
Py 1135 X s T3 8) = " P (X 55 X0 0 1), (104)
To obtain (103), we recall that the distributions p,(xi,u1;... ;X u,) were calculated

from those of the coordinates of the contact points x; — &;. At time ¢t # 1, x; — & =
u;t introduces a Jacobian t" included in (103) when expressing the distributions
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as functions of the Burgers field amplitudes u;. From there, the well-known time-
dependent behaviour of some moments of the distributions is recovered, e.g., the
energy dissipation per unit of length (u?(x,t)) ~ t=>/3, the average number of shocks
per unit of length ~ t~2/3, the average strength of a shock (u/t) ~ t71/3.

We mention a few problems that could be approached with the tools developed in
this paper. An interesting quantity is the distribution of the velocity differences

Prob{u(x,t = 1) —u(0,t = 1) = Au} = /dupz(u,u + Au, x) = p(Au, x) (105)

and in particular its asymptotics as Au — —oo, which gives the probability for a
large velocity drop over a fixed interval x. This information cannot be extracted in
a straightforward manner from the estimations of §5 since the latter are valid for
fixed u and large x and they are not uniform with respect to the field amplitude. The
temporal correlations of the field at different times

Prob{u(xi,t1) = uy, u(x2, t) = ua} = pa(x1, uy, t1, X2, Ua, t2) (106)

could in principle be analysed by similar methods. They will involve two Brownian
propagators K and K of the form (29) but related to parabolic barriers with
different curvatures. An interesting case is white noise initial distribution with a
space dependent strength D = D(x) corresponding to inhomogeneous initial data
(compactly supported white noise is studied in Tribe & Zabronski). More generally
we expect that these methods will work whenever the initial potential ¥ (x,0) is a
process with independent increments; all probability distributions will eventually be
expressed in terms of the corresponding transition kernel constrained by the parabolic
barriers.

The study of the statistics of the Burgers field with other types of initial distributions
is the subject of numerous recent works. There is a first natural generalization to the
case when the initial potential ¥ (x,0) is a fractional Brownian process

(¥(x,0) = ¥(»,0)) =Dlx—yI" (0<y<2). (107)

For y = 1 (the case of the present paper), there is a finite number of shocks in finite
intervals (see Avellaneda 1995; Avellaneda & E 1995). The same is expected to hold
for all y, 0 < y < 2. In such cases, it has been shown that the distribution of large
fields Prob{u(x,t) >u} has upper and lower bounds of the type C;exp (—Cou*7¢*77)
depending on the exponent . Similar estimates hold for the distribution of shock
strength (Molchan 1997; Ryan 1998b). There is a striking difference when it is as-
sumed that the initial Burgers field has itself fractional Brownian statistics (namely
u(x,0) obeys (107)). Then, at any time t > 0, the set points at which shocks occur
are expected to be dense; this has been proved for y = 1 (She, Aurell & Frisch
1992; Sinai 1992; Bertoin 1998). In this situation there is a dense set of vanishingly
small shocks, but the average number of finite size shocks, say u= po, is bounded
above and below at fixed time by C; exp (—C,u*>~") (Molchan 1997). To conclude, we
refer to the paper (Gurbatov et al. 1997) for a review of the situations where the
initial potential ¥ (x,0) is a spatially homogeneous Gaussian process. Kida (1979)
initiated this study when the initial potential correlations decrease rapidly at large
distance. This is also an instance where in an appropriate scaling limit the distribu-
tion and the correlations of the Burgers field can be obtained in closed analytical
form (see chap. 5 of Gurbatov et al. 1991; Molchanov, Surgailis & Woyczynski
1995).



344 L. Frachebourg and Ph. A. Martin

L.F. is supported by the Swiss National Foundation for Scientific Research. We
thank J. Piasecki for many useful discussions.

Appendix A

We justify in this appendix the equation (88) which replaces the sum on zeros of
the Airy function by an integral in the complex plane.

To evaluate Ai(w) on the branch w*(p) = —p + iax\f, we start from the formula
Ai(—w) = ™3 Ai(wel™?) + e /3 Ai(we™/3) (Abramowitz & Stegun 1970) giving (the
formula enables us to obtain the asymptotic behaviour of the Airy function Ai(w)
when argw approaches = as is the case for wE(p), p — o)

AI(WJr(p)) — ein/3Ai(_w+(p)ein/3) + efin/3Ai(_W+(p)efin/3)
N (M) (exp (=i 5(=wF(p)?) +exp (13(—w*(p)*?)) (A1)

where we have used the asymptotic behaviour (58) of the Airy function Ai(w) for
|[w| — o0, argw # 1. As p — o0,

: : X3 x4
(—wH(p)** = (p — 1ax\/,5)3/2 =p? —idaxp — %azxz\/ﬁ— idd— +0 <> (A2)

16 JP

Upon inserting (A 2) into (A 1), it can be seen that

- <C, exp | —ax —ﬁ (A3)
AiGwr(py | =TT T
with C,, growing at most algebraically with p and x. Using Ai(w") = Ai’(w) the
same estimate on the branch w(p) is obtained. By a similar calculation, for fixed {,
Ai(l + wE(p))/Ai(wt(p)) remains bounded as p — oo.

Consider now the finite parabolic contour closed by a circular arc Ze' with 0 close
to . On this circular arc for large radius #

Ai({ + #e?) Re'’
Ai(Rei?) {+ Rell

1/4
> exp (_%(C + %el())3/2 + %(%el())3/2>

Pel? 1/4
o2 _ i0/2y _
<€+%9> exp (—{ /%) = 0(1) (A4)
as # — o and n/2<0<m. Since (r +r//x) > 0, (r, —r//x) > 0, the factors
exp (awi(r; +r//x)) and exp (aw(r; —r/,/x)) decay exponentially fast when w; and
wy are on the contour %, or on the circular arc. It is concluded that the integrals on
the circular arcs vanish as # — oo so that the sums in (88) can indeed be replaced
by the contour integrals.

Appendix B
The integral B(x) (90)

B(x) = /0 LA + WAL + ws) (B1)

is the Laplace transform for a negative argument —x of the product f({) = Ai({ +
wi)AiI({ + w,) of two Airy functions (omitting w; and w, from the notation). First,
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the asymptotic behaviour of B(x) is determined by the Laplace method

1 D(x)
B(x) 2\/7?6 (x — 0) (B2)
where
3 RS
B(x) = x——i(wl—i—wz)——lnx—u. (B3)
12 4x

From the property of the Airy functlon (28), f({) verifies the fourth-order differential
equation

F"(©) = (4 4 2wi +2w)f"(0) = 6'(C) + (w1 — w2)*f({) = 0. (B4)
From (B4), it is found that its Laplace transform for negative arguments satisfies
B'(x) — h(x)B(x) = g(x) (B5)

where we remark that
h(x) = @(x) (B6)
and with

89 = 51(0) — L0 + 1 [(7"(0) = 20w + w)f (O]
1 [0 = 2£(0) = 200 +w)f O] . (BY)

Equation (B 5) can be solved, using also the value (B2) for x — oo,

B(x) = Bi(x) — Bx(x) (B8)
with
B = 5 e B = e [ dve gty (B9)
Notice that when evaluated at the zeros of the Airy functions wy = —wy,, W, = —wy,,
2(y) reduces to
Ai,(—(,l)kI )Ai'(—wkz)
g(y) WI=—0k;, Wo=—0k, — D : (B 10)
y
Appendix C
We consider the multiple integral Hi(x) (91) and show first that it is absolutely
convergent. On the contour wt(p) = —p iiax\/,T), 0<p < oo, we have

Wi —wy 2_ P1
‘R(r— 2a2\/§> _< + 2a2\/“> 4a2(f \/>)2 (Ch

Hence, using (\/pT + \//72)2 <2(p1 + p2) and (A 3), the integrand (92) is bounded by

PENE
|hi(r,wi, wa)l < Cp, o exp( B )

2
— ax
X exp {—aX(pl + p2) — apivi + aprv, — @’ (V + g}f;z) T (Vo1 £ «/pz)z}

a3 _ 2
< Cpp o XP <—12> eXp {—aplh —apary — @’ (’” + p21az\//;2> } (C2)
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with C,, , «
absolutely.

To obtain the asymptotic behaviour (94) of H(x) we write the integration of
hi(r,wi, wy) over r as

NEE o — /X1 0
/ dr hi(r,wi, wy) = / dr — / dr — / dr | hi(r, wy, wa). (C3)
7\/§r1 —0 —0 X1y

The first integration is readily performed to give J(v{)J(—v;) (see equation (93)) as
J(v) (66) can be represented as an integral on any contour that encircles the zeros of
the Airy function, in particular on €. Thus, it follows from (91) that

a’/? —a’vi +a’vi
Hi(x) —J(vi)J(—»2) = _ﬁ exp <132>

_\/§rl o0
X / dr+/ dr 1/ dWl/ dwy hi(n, wi,wa).  (C4)
o % (2mi)? %, %

Consider the contribution to (C4) where r>f r, and the branches of %, are
wT(p1), wH(p,). With (C2) this contribution is majorized by

‘/ dr/ dwl/ dw, h(r, wi, wy)| < exp (—12)/ dr/ dpl/ dp,
X1 wt wt X1y 0 0

dw*(p1) | [dw*(p2) pi—p2\’
X Cpppox €XP S —apiry —apors — a (1 + TN (C5)

dpi dp>
We split the p, integral into the domains 0 < p, <a*,/xr and a*,/xr < p, < co. When
0<py<a Jxr, pr =0, 1= /xry = /x(x/2 — ;) then

increasing at most algebraically, showing that the integral (91) converges

2 2 2 2
pP1— P2 r p1 72 r rzx
Z|lzt+—==) == — —>f Cé6
(” 2a2ﬁ> <2+2a2\/§) (3) 25 +5 25+ (€6)

where the last inequality holds for x large enough with ¢ > 0, and thus

2
exp {—a3 < 2a2\;2> } < exp {—413’;g — ca3x3} . (C7)

On the other hand, when p, > d? ﬁr, r= \/?crz,

para = Lpars + Latr xra = Lpors + 173 = Lpars 4 ox° (C8)

where the last inequality holds for x large enough with ¢ > 0. This leads to
exp (—ap,ry) < exp (—%apzrz — acx3) . (C9)

The bounds (C7) and (C9) are introduced in (C5), the remaining r, p;, p, integrals
are convergent and bounded with respect to x (except for a polynomial growth due to
C,, p»x and the line elements |[dw(p)/dp| = /1 + a®>x?/4p ). The other contributions
to (C4) are treated in the same way. This leads to the result (94).
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Appendix D
We determine here the asymptotic behaviour of G(x) (98) for large x. Starting from

G(x) = / "4z / W’ S Gz (D1)

N SR

with
exp ( z3 az? a22>
C12xS 4 4 ) e z
G g2, %) = E e ‘" exp <—(cukl - wk2)24a(2x_’_ax4)>
1+ —
ax
r Z r zZ
. e _ S T D2
X exp [ awy, (m + N + 2ax2> awy, (i’z N + 2ax2>} (D2)
we define
F(X) — eu(ulr1+aw1r2 G(X) (D 3)

where r; = x/2 4+ v, r» = x/2 — v, and —w; is the largest zero of the Airy function.
We then decompose F(x) = F,(x) + Fp(x) + F.(x) according to the following splitting
of the r integration range and the ki, k, summations (for x large):

o0 )
Fu(x) = / dz / dr ™+ g, | (2,7 x) (D 4)
0 —ry
Fy(x) = / dz / dredemntaor <Z > gkl,kz(z,r;x)—gm(z,r;x)> (D5)
0 —n ki =1k >1
o0 \/§r2 —r
F.(x) = / dz / dr + / dr | eaermitaorr: Z > Gunlzrix).  (D6)
0 ra —Jxr >1k>1

By dominated convergence, we immediately obtain
o0 2 o0 4
lim F,(x) = / dz exp (-“) / dr exp (—a*r?) = 7—\/7? (D7)
X—0 0 4 —0 a /2

We then show below that F,(x) and F.(x) vanish as x — oo leading to the asymptotic
behaviour
G(X) %e—aw](ﬂ-vl—vz) (X N OO), (D 8)
and thus to the behaviour of H,(x), equation (99).
Since —r; <r<r; in the integral (D5), x can be chosen large enough so that
r + r/ﬁ;rl(l —€), 1) — r/ﬁ;rz(l —e¢€), € > 0. Hence, the ki, k, term of the
integrand in (D 5) is less than

322 _ e _ ) —
eawlrl-‘raw]rzgklﬂkz(z,r;x)<e ar le/4e ary(wg (1 €) wl)e ary(wy, (1 €) wl), (D9)

showing that the joint z, r integrals and k;, k; summations converge. Moreover, since
the term (ky, k) = (1, 1) is absent from the integrand in (D 5), there is at least one of
the indices strictly greater than one. If both the indices are strictly greater than one,
we can conclude that 0 < Fy(x) < C exp(—a min(ri,r)(wy(1 — €) — wq)) tends to zero
exponentially fast as x — oo provided that € < (w; — w1)/w, with —w, the second
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zero of the Airy function. If one of the indices is equal to one, say k; = 1, k; > 1,
we have 0 < Fj(x) < C exp(—ary(wy(1 — €) — wy) + aery) which tends exponentially to
zero as x — oo provided that € < (wy — wq)/(1 + w,).

Consider now the integral in (D6) with rm<r< \/?crz. Since the factor
exp (—(wx, — wi,)* (z/4a(zx + ax*))) is smaller than one, the k;, k, summations
are bounded by a product of .# functions (55). Hence, for r =1,

3,2 o NS 3,2
0 < F.(x)< exp <_a2r2> / dv/ dr exp (_a;)
0 0

Xeawlrlf 2] _I_ L _|_ z 5 ea(ulrzj Ty — L _|_ 72 3 . (D 10)

JX o 2ax JX o 2ax
For .7 (ry + r//x + z/2ax*) we use the bound .7 (r; + r//x + z/2ax*) < Cexp
(—aw(r; +r/.Jx + z/2ax*)) < C exp(—aw;r;) since the argument becomes large as
x — oo, whereas for .# (r, — r/\/E + z/2ax*) we use the bound (see the discussion
leading to equation (77)) & (r, —r/ /X +z/2ax*) <C (r, —r/ /X + z/2ax2)73/2 since
the argument can become small when r approaches the upper integration limit \/irz.
Thus

3.2 Jxr 3.2 0
0 < F.(x)<C?exp <_ar2 + aw1r2>/ dr exp (_ar)/ dz
2 0 2 J)Jo r z

32
<r2 B ﬁ * 2ax2)
a
a2 n  SXp <—2X(V - V2)2>
= C?4ax’" exp <—2 + aw1r2> / dr’
0 Jr

2
The second line has been obtained by performing the z-integral and changing the
integration variable r to ' = r, —r/./x. This last integral in (D 11) is finite uniformly
with respect to x so that with r, = x/2 — v, the bound (D 11) tends to zero in a
Gaussian way as x — oo. These last arguments can be reproduced to show that the
integral with —\/Erl <r< —r in equation (D 6) tends to zero.

(D 11)

Note added in proof. We thank J. Bertoin for pointing out to us that formulae (67)
and (68) for the distribution of the Burgers field can be found in Groeneboom (1989,
Corollary 3.3 and 3.4).
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