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The results indicate that the regularization works by bending
the characteristics of the inviscid Burgers equation and thereby
preventing their finite-time crossing.
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1. Introduction

Consider the following regularization of the Burgers equation:

ur +u®uy =0, (1a)
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Subscripts denote differentiation. We let ¥ (x) = a1y (x/a), where v (x) is a smoothing kernel.
We take ¥ to be a smooth, even, integrable function normalized to have total integral equal to one
(fR ¥(x)dx =1). Valid choices of ¢ include

_ b n(s? ;
Y(x) = NG exp(—x?) Gaussian, and (2)
2 _
V)= {Co exp[1/(x* —1)], |x <1, bump, 3)
, x| >1,

where in the last equation we set Cp = 1/f_11 exp[1/(x* — 1)]dx. An important class of smoothing
kernels,

1 ek 1 e—ikx
=— [ &ake ™ dk= — | ———dk, 4
Cn(X) = o fcn( )e o | aren (4)
R R

is realized by taking the inverse Fourier transform of ¢, (k) = (1+k%)~" for integers n > 1. One checks
that c,(x) has 2n — 2 continuous derivatives; the (2n — 1)st derivative exists but is discontinuous at
x = 0. Suppose ¥ (x) = cp(x). Using a change of variable, it is easy to show that the Fourier transform
of ¥¥(x) is (1 + a?k?)~". Applying standard theorems, we then find that (1b) is equivalent to

(1—a?32)"ux, t) =u(x, t). (5)

We may now use (5) to eliminate u from (1a). The result is

(1 —oczaf)nu‘t’(x, )+ u*(1 —ozzaf)nuf(x, t)=0, (6)
where n is any positive integer. The PDE obtained for n =1,

o o, o 2,a 2, 0,00
Up +UTUy — @ Up, — U Uy, =0,

was studied by the authors in [1,2]; details about this work will be given later.

Even though (1) may appear to be innocuous, the above remarks demonstrate that (1) includes
as a special case (6), an equation that contains a term with a mixed space-time derivative and the
nonlinear term u“ 8,%”“u°‘. For large values of n, Eq. (6) would be considered a high-order, exotic PDE;
the mixed and nonlinear terms would necessitate a delicate analysis. Our analysis begins with (1),
circumventing these issues.

1.1. Motivation

It is well known that, for smooth initial data u(x,0) that is decreasing at least at one point (so
there exists y such that uy(y, 0) < 0), the classical solution u(x, t) of the inviscid Burgers equation

ur+uuy=0 (7)

fails to exist beyond a certain finite break time T > 0. The reason this breakdown occurs is that
the characteristics of (7) cross in finite time. System (1) seeks to remedy this finite-time breakdown
by filtering the convective velocity, i.e., by replacing the term uuy by u®uy, where u® is smoother
than u. This idea was first employed in 1934 by Leray [10] to treat the incompressible Navier-Stokes
equations, so we refer to system (1) as the Leray-regularized Burgers equation. As we show in this
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paper, the reason the Leray regularization works for the Burgers equation is that the characteristics of
(1) bend slightly out of the way of one another, avoiding any finite-time intersection.

The study of the weak form of (7) with discontinuous initial data is completely standard. Take for
instance Riemann data, where

up, x<0,
u(x,0) =

ug, x>0,

with real constants u; and ug. It is well known that the unique entropy solution of (7) with this
Riemann initial data consists of either a shock wave that propagates with the speed (u; + ug)/2 if
up > ug or a rarefaction wave when u; < ug.

Prior studies of (1) have focused on continuous initial data. This has left open the question of how
the Leray regularization behaves with Riemann data, let alone more general types of discontinuous
initial data. More specifically, one would like to know whether, in the o — 0 limit, solutions of (1)
with Riemann data converge to the entropy solutions for (7) mentioned in the previous paragraph.

To study (1) with discontinuous initial data, we require a reformulation of (1) that allows u(x, t) to
be non-smooth in x and t. Note that (1a) may not be in conservation law form, so the standard notion
of a weak solution is not applicable here. Our approach is to instead derive from (1) an equivalent
system where the only dynamical variables are the particle position map n(X,t) and its derivative
nx(X,t). This system, which lives entirely in the Lagrangian coordinate frame, explicitly allows the
initial data u(x, 0) = ug(x) to be discontinuous and non-vanishing at infinity, permitting the study of
Riemann problems.

1.2. Statement of results
Using the Lagrangian approach mentioned above, we arrive at the following results:

e For a general class of kernels i, we establish the global existence and uniqueness of solutions
of (1) for initial data ug such that ug = vg + wgp, where vq is bounded and Lipschitz and wg
is bounded and absolutely integrable. This result allows for many types of discontinuous initial
data ug, including Riemann data.

e We study explicit solutions of (1) for Riemann data. When u; > ug, we find that, in the ¢« — 0
limit, solutions of the Leray regularization converge to weak entropy solutions of the inviscid
Burgers equation. These weak solutions consist of shocks that satisfy the Rankine-Hugoniot con-
dition. The solutions show that for any « > 0, the Leray regularization bends the characteristics
of the inviscid Burgers equation (7) so that they avoid a finite-time collision. The bending is done
so that the characteristics approach the shock line as time passes.

e When u; < ug, we find that, in the o — 0 limit, solutions of the Leray regularization with Rie-
mann initial data converge to weak solutions of inviscid Burgers that violate the Lax entropy
condition, i.e., unphysical shocks. However, an arbitrary smoothing of the Riemann initial data
changes this behavior completely. To state this result, let us define ug =A% x ug, where ug is Rie-
mann data with u; < ug, A%(x) =8~1A(x/8), and A(x) is a mollifier. Suppose we solve (1) with the
smoothed Riemann data ug; we show that for all § > 0, the & — 0 limit of this solution is a rar-
efaction wave that coincides with the entropic solution of (7) with initial data ug. In other words,
for certain arbitrarily small perturbations of the u; < ug Riemann data, the Leray-regularized
solution captures, in the o — 0 limit, the entropy solution of the inviscid Burgers equation.

1.3. Historical remarks

We are aware of only two prior studies of system (1) with a general kernel . The first preprint
[13] establishes existence and uniqueness for an n-dimensional version of (1) with continuously dif-
ferentiable initial data. The second preprint [14] establishes that solutions u“(x,t) of (1) converge
strongly, in the o — 0 limit, to a weak solution of the inviscid Burgers equation (7). Under further
hypotheses that the initial data is unimodal and continuously differentiable, it is shown that the limit
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solution is the unique entropy solution. However, neither study [13,14] provides a reformulation of (1)
that lifts the requirement that u(x, t) be classically differentiable in x and t. Consequently, the state-
ments and arguments provided there are insufficient to rigorously prove existence and uniqueness
with non-smooth initial data.

Eq. (1) with the Helmholtz mollifier

¥ (x) = = exp(—|x]) (8)

1
2
has been studied by the authors in [1] and [2]. Note that (8) is just the n =1 case of (4), i.e., ¥ (x) =
c1(x). As demonstrated in [1], system (1) with kernel (8) is globally well-posed with initial data ug(x)
in the Sobolev space W21(R). It is also proved rigorously in [1] that the solutions of (1) converge
strongly, as o — 0, to weak solutions of the inviscid Burgers equation (7). The numerics suggest that
the limiting weak solution is the correct entropy solution of (7). In the second paper [2], we examined
smooth, monotone traveling wave solutions, or “front” solutions, for (1). We proved the stability of
monotone decreasing fronts and the instability of monotone increasing fronts. These two types of
traveling fronts correspond, respectively, to viscous shocks and rarefaction waves.

The literature on system (1) includes, in addition to the works already cited, papers on water wave
models, traveling waves, and integrable/Hamiltonian structures [5-9,12]. These prior works have not
exploited the Lagrangian coordinate frame, a cornerstone of the present work. We believe that for the
Leray-regularized Burgers equation, Lagrangian coordinates may yield important new results that are
more difficult to obtain using Eulerian or hybrid Eulerian-Lagrangian coordinates.

2. Lagrangian framework, global existence and uniqueness
2.1. Lagrangian framework

Consider system (1) on the real line with an initial condition

u(x, 0) = ug(x). 9)

The particle paths are defined by the trajectories 7(X, t) which emanate from position X at time t =0
(X is also the particle label) and satisfy

d
T =u* (X, 0).1). (10)
Along the particle paths, the solution u is constant:
u(n(X,0),t) =up(X), forallt. (11)
Using (1b), (10) can be written as
dn o
G Xo=[v (n(X,t) = y)u(y.t)dy
R
and after the change of variables y = n(Y,t),

d
d—?(x, t) = / Y (X, t) — (Y, 0)uo(Vny (Y, t)dY. (12)
R
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Here we used (11) and worked under the assumption that n(X,t) is a diffeomorphism in X for all ¢
so that the change of variables is justified. Taking a derivative with respect to X in (12), we get

d ,
%(X,f)=ﬂx(X,f)/l/fa ((X.£) = (Y. ) uo(Y)ny (Y. )Y, (13)
R

where the prime sign ’ denotes differentiation of ¥ with respect to its argument. Egs. (12) and (13)
are the primary objects of study in this work. Both of these equations explicitly allow the function
up to be discontinuous and/or non-zero at infinity. Also, it is worth noting that the only difference
between (10)-(11) and the characteristic equations for the inviscid Burgers equation (7) is that, for the
Leray regularization, the velocity field of the characteristics in (10) is the smoothed velocity field u®,
not u.

In the following paragraphs, we show the global existence and uniqueness of solutions of (12)-
(13) with n(X,0) = X and nx(X,0) = 1. The regularity theory also shows that n(X,t) remains a
diffeomorphism in X for all time. This justifies the change of variable used in deriving (12), which in
turn proves that (12)-(13) is in fact equivalent to (10)-(11).

2.2. Local existence and uniqueness

We substitute

nx(X,0) =1+ f(X,0) (14)
into (13). Note that the fundamental theorem of calculus and (14) together imply

X X

n(X,t)—n(Y,t):/nz(Z,t)dZ=/(l + f(z,0)dz. (15)

Y Y
Hence from (13) we derive the following evolution equation for f(X,t):

X

d /
d—{(x, H=(1 +f(x,t))/1p“ (/(1 +f(z,t))dz>u0(Y)(1+f(Y,t))dY. (16)

R Y

We take f(X,t) as the fundamental variable, and will show that (16) with the initial condition
f(X,0) =0 is locally well-posed in a certain Banach space.
Let us first define the norm
X
/ f(s)ds
—0Q

Consider the normed vector space of all functions f :R — R such that || f||g < occ. Let E denote the
completion of this normed vector space. Then E is a Banach space.

Let U C E be the open set given by all f € E with ||f|lg <1 — y, where y € (0,1) is a fixed real
number. Let V[f] be the vector field defined by the right-hand side of (16), namely,

. (17)

I flle=1flloc + sup
XeR

X
VIfl:=(1 +f(X))/1/fO“(/(1+f(Z))dZ)uo(Y)(l+f(Y))dY. (18)
Y

R
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The local existence result is given by the following theorem:

Theorem 2.1 (Local existence). Suppose that y< satisfies %, %®" € L'(R) and " € L' (R) N L®(R). Also
assume that the initial condition ug € L°°(R) can be written as ug(X) = vo(X) + wo(X), where vq is bounded
and Lipschitz continuous on R with Lipschitz constant K and wq € L' (R). Then there exist € > 0 and a unique
C1integral curve t — f(t) € U, defined on the interval t € (—e, €), satisfying the initial-value problem

df

+=vbol  jfo=o.
t

Proof. Under our hypotheses, it is trivial to show that V maps U to E. Next we show that the map

V is Lipschitz on U in the E-norm, i.e., there exists L > 0 such that for all f, g€ U,

IVIf1=Vigl|g <LIf —gle.

Then we apply the standard Picard theorem on a Banach space (see Theorem 4.1 in [11] or Theo-
rem I.D.2 in [4]) to conclude the short time existence of a unique solution of (16).

The proof of the Lipschitz condition is rather long, so we defer it to the end of the paper—see
Section 5 for the complete proof. O

Remarks.

1. Under the hypotheses of the above theorem, we obtain f (X, t). We may then define n(X, t) using

X
mm:x+/f@mz (19)

and 7nx (X, t) using (14). In this way, we obtain unique solutions for (12)-(13). The theorem guar-
antees that f(-,t) stays in U for t € (—¢€, €), and from the proof we know this is sufficient for
n(-,t) to be a diffeomorphism for each t. This legitimates the change of variable used in deriving
(12) from (10), (1b) and (11).

2. For discontinuous initial conditions ug, a “weak” solution u(x,t) of the original system (1) has
to be understood in the sense of (10)-(11), with the values of u simply being transported by
the particle maps 7. Note that this is not the usual concept of a weak solution for hyperbolic
conservation laws that utilizes test functions and integration by parts.

3. In the subsequent sections we consider the Leray-regularized Burgers equation (1) with Riemann
and Riemann-like initial data. The assumption from Theorem 2.1 that the initial condition ug can
be written as a sum of a Lipschitz function v and an integrable function wy was made precisely
to include these types of initial conditions. Note, for instance, that the Riemann initial data

X {uL, X <0, 20)
u =
0 Ug, X>0,
can be written as ug = vg + wg, with
ur, X <0,
vo(X) = ur+@r—up)X, 0<X<1,
UR, X>1,

and

—urp — — X, 0<X<1
Wo(X)={gR up —(ug —upX, 0<X<1,

otherwise.
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4. To prove Theorem 2.1, we assumed that the kernel i has a bounded second derivative. The

assumption, which is needed for handling the L'-component wq of the initial data, includes
kernels such as (2), (3), and (4) for n > 2. However, the assumption excludes certain non-smooth
kernels such as the Helmholtz kernel given by (8), which is the n =1 case of (4).
However, in Section 3 we solve exactly the Riemann problem with the Helmholtz kernel (8) and
therefore show that such a solution exists. This calculation indicates that the assumption v €
L*°(R) may either be removed or replaced by a weaker condition. For the smoothed Riemann
initial data considered in Section 4, this assumption on the kernel is no longer needed, since the
L'-component wg of the initial data is simply 0.

2.3. Global existence

We now move from local to global well-posedness. Inspired by the work of R. Camassa [3], we
prove that crossing of characteristics cannot occur in the system (12)-(13). Therefore, the solution
exists and retains its smoothness for arbitrarily large finite times.

Theorem 2.2 (Global existence). The solution of (12)-(13) exists for arbitrarily large finite times.

Proof. As noted above, the fact that characteristics do not cross in finite time imply global existence.
We argue by contradiction. Suppose there is a time T when the crossing of characteristics first occurs.

Denote by X the location from which one of these characteristics emanates at t = 0. Crossing of
characteristics at (X, T) implies nx (X, T) = 0. Also, since nx(X,0) =1 > 0 initially, for all X, we have
Nx(X,t) >0, forall X and 0<t <T.

Evaluate (13) at X for t € [0, T) and divide by nx(X, t). We obtain

1 dnx

mﬁ(xi)zk/w (n(X,t) = n(Y, ) uo(V)ny (Y, t)dY.

The left-hand side can be written as d/dt log |nx (X, t)|. Using nx (X, 0) = 1 we obtain after integration
fromt=0tot=T,

T
|nx(X. )] =exp(f/wa’(n(i,r>—n(Y,t))uo(Y)mY,r)dvdt>.
0 R
For every t € [0, T), the following estimates are immediate:

’fw“’(n@t) - n(Y,t>)uo<Y>ny<Y,t)dY‘ < ||uo||oo/|w°"(n(i,r> —n(Y,0)|ny (Y, t)dY
R R

_ ||uo||oo/|w‘*’(n<i,r>—y)|dy

R

= [luolloo || ¥*"| -

The change of variable y = n(Y,t) is justified, since n(Y,t) is a diffeomorphism in Y for all ¢t € [0, T).
Next we infer that

[nx(X. T)| = exp(—luolloo [ ¥*'[;:T) > O.

which contradicts the assumption that nx(X,T) =0. O
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3. Riemann problem

Having established the well-posedness of (12)-(13) with possibly discontinuous ug(X), we proceed
to solve the Riemann problem. Before proceeding, let us note that the kernels v can be defined in a
piecewise fashion

Yo (x), x<0,

v = { (), x>0.

For smooth kernels like (2), ¥~ and ™ are identical, but for non-smooth kernels like (8) they are
different. Let ¢ denote the piecewise anti-derivative of :

¢~ (%), x<0,

P00 = {¢>+(x>, x>0,

where
X o0
¢~ (x) = f ¥~ (y)dy and ¢+(x)=—/1/f+(y)dy-

Clearly, ¢ (x) — 0 as x — £o0. Note also that ¢ is discontinuous at x = 0. Since we assumed that v is
even,

1 1
¢>*(0)=5 and ¢+(0)=—5. (21)
Therefore, ¢ (x) has a jump at x =0:

$(0+) —¢(0-) =¢T(0) —¢~(0) = —1.

Note that this jump does not depend at all on v (x) being defined piecewise for x < 0 and x > 0.
For example, for v/ (x) given by the Gaussian (2), one may check that (21) remains true. As another
example, for ¢ (x) given by (8), we have

Yy = %e”‘ = ¢tw= —%e’x, (22a)
_ 1, U
VX)) = 2¢ = ¢ (x) = e (22b)

Now consider (10)-(11), or equivalently (12)-(13), with Riemann initial data ug(X) given by (20). In
this case, (12) reduces to

0
M ix.0)= ’;—L / ¢<4”(X’t) — n(y’t))ny(Y,t)dY

o

o

+ Ur /%M)W(y,t)dy_ (23)
0
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3.1. An exact solution to the Riemann problem

There are three cases depending on where X is situated relative to 0. For all three cases, we know
from Section 2 that n(X,t) is a strictly increasing function of X for each t fixed.

Case I: X < 0. Then (23) becomes

o

X
3i’(x,t):% / w+<7n(x’t)_"(Y’t))ny(y,t)dy

X, 0)—n(Y,t
W(n( )—nY,n

o

>)7y(Y, t) dy

X,t) —n(Y,t
107(”( ) —n(Y.b)

- )ny(Y,t)dY.

Using the anti-derivative of ¥ we may write the previous equation as

X 0
o —00 o

X
_uR[qr(ﬂ(X,f)—n(Y,f))] .
o 0

Using the fact that n(Y,t) - *oo as Y — +oo, the decay-at-infinity of ¢ and (21) we have

0
8—?(X7f)=uL+(uR —UL)¢'7( (24)

o

Case II: X =0. Now (23) becomes

0

E(o,r)_ o fw (701 )ny(Y,t)dY

—00

4 UR / w*(”(o’ H—n(, r))ny(y’ bay.

o o

Using the anti-derivative of ¢+ we write the previous equation as

0 oo
2—’7(0,0:—“[&(”(0’”_"(Y’t)>] _uR[qr(ﬂ(O,t)—ﬂ(Y,t))] .
t o oo o

0

Using n(Y,t) - £oo as Y — *o0, the decay-at-infinity of ¢ and (21), we have

d 1
a—’Z(o, 0 =3 +up). (25)
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Case IlI: X > 0. Eq. (23) becomes

0

2—”(x,t)=”_L/¢+<4”(x’t)_"(Y’t))ny(y,t)dv
t o

o
—00

L U w*("(x’ £) ; n(y, t))ny(v, B4y

o

_|_
R|S

x—p O —.

X, ) —n(Y,t
w_<n( ) —n(¥. 0

)ny(Y, t)dy.
o

A similar calculation to that of Case I leads to

J X, t) —n(0,t
X0 = up + (up - uL)¢+<w>.

o

Eq. (25) can be readily solved:

1
n(0,t) = E(UL + up)t. (27)

The trajectory that emanates at X =0 is a line of slope %(uL + ug), which is the Rankine-Hugoniot
shock speed.

This value of 1(0,t) can be plugged into (24) and (26). Now everything amounts to solving a
differential equation for n(X,t)—for X < 0 use (24) and for X > 0 use (26), with initial condition
n(X,0) = X. In either case n(0,t) is given by (27).

Recall (10). Comparing this equation with (24), (25), and (26), it is clear that the exact solution of
the Riemann problem in the u variable is

up+ (ur —up)o=(
u®(x,t) = { (u +ug), x=5(up +up), (28)

X— 3 (ur+ug)
—)

1
x—3 (urtug) t
——), Xx<35(uL+ug),

ug + (ug — up)gp™( . X>5(up+ug).

The values of u are simply transported along characteristics—see (11). At every t, n(X,t) is a smooth
monotone increasing map on the real line. The particle originating at X = 0 follows the straight line
given by (27). Therefore, trajectories n(X,t) starting from positions X > 0 are mapped into x > %(uL +
ug), to the right of n(0, t). Similarly, trajectories n(X,t) with X <0 are mapped into x < %(ul_ + ugR).
From (11) and (20) we conclude

t
u(&t):{uu x < 5(ur +ug), (29)

ug, X> 5(up+ug).

It is interesting to note that the solution u(x,t) has no dependence on « and that makes the limit
o — 0 in (29) trivial. Also note that it does not depend on the choice of the mollifier ¢ either. The
pointwise limit of u® given by (28) can also be computed easily, using the decay-at-infinity of ¢~
and ¢*:
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-2 -1.5 -1 -0.5

time

o 1 15 2 25 3 35 2
X-axis x-axis

Fig. 1. Shock initial condition with u; =2, ug = —1. Left: plot of the particle trajectories n(X,t) given by (32), with o =0.2.
Note that all particle trajectories approach the shock (thick line) as t — oo. Right: plot of the regularized velocity field u® from
(33) at t =5. As o — 0 the profile steepens and u®(x,t) converges pointwise to the entropic shock solution u(x,t) =2 for
x<ltand u(xt)=—1for x> 1t

u, X < 5(up +ug),
lim u®(x, ) ={ T +ug), x= 5 +up),
a—0

UR, x> S(up +ug).

3.2. Shock and rarefaction solutions

It is well known that for u; > ug, the unique entropy solution of the Burgers equation with ini-
tial condition (20) is a piecewise constant solution that has a discontinuity across the shock line
X = %(uL + ug). The solution has values u; and ug to the left and to the right of the shock, re-
spectively. From (29) we conclude that the Leray-regularized Burgers equation captures the correct
entropy solution of the Burgers equation. The Leray smoothing bends the characteristics (see Fig. 1)
so that no shock is formed. All characteristics approach the shock line as t — oco.

For u; < ug, the correct entropy solution of the Burgers equation with initial condition (20) is a
rarefaction wave,

up, x<tug,
u(x,t) =14 x/t, tup <x<tug,

ug, X>tug.

It is clear from (29) that the Leray regularization of the Burgers equation fails to capture the rar-
efaction wave. What it does capture is the unphysical shock solution, which in textbooks is referred
to as the solution where characteristics emanate from the shock line. See Fig. 2 for a plot of the
characteristics in the case u; < ug.

3.3. Specializing to the case of the Helmholtz kernel (8)
Let us fix ¢ to be the Helmholtz kernel (8) and write down the exact solution of the Riemann

problem. We use (22) and (27) to rewrite (24) and (26). We obtain two ordinary differential equations
where X appears as a parameter:

9 1 X, )— Lt +u
_n(X,t)zuL——(uL—uR)exp<n( )2t R)), X <0, (30)
ot 2 o

9 1 Lur +ug) —n(X,t
a—?(X,t)zuR—i(uR—uL)exp<2( Lt ’2 n( )>, X>0. (31)
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Subject to the initial condition (X, 0) = X, the exact solution is

Lup +ug) —alog(1+ (—1 +exp[—X/a]) exp[ L)) X <0,
nX.t)y={ Sup +ug), X=0, (32)
tug +alog(—1+ exp[%] +exp[X/a]), X>0.

From (28) and (22) we get

up — 5 (up —up)exp(lx — 5(uL +up)l/e), x < 5(uL+up),
u(x,0) =1 3(ur +up). x= %L +up), (33)
ug — 3(ug —up) exp([5(up +ug) — xl/ar), x> L(up +up).
We illustrate the smoothing mechanism of the Leray regularization by inspecting the exact solution

(32) and (33).
Suppose we have u; > ug, the shock case. It is easy to perform the following limits:

e « fixed. All trajectories n(X,t) given by (32) approach the shock line x = %(uL 4+ ug) as t in-

creases, that is

t
lim {n(X,t) — —(ur +uR)} =0.
t—o00 2

e X and t fixed, take  — 0. For X < O for instance (the case X > 0 can be treated similarly), we
have

X +tug, t<—2X/(up —ug),

lim 7(X, ) =
dm (X, 0 {%(uL—i—uR), t>—2X/(uL — ug).

Hence, the limit trajectory follows the line of slope u; originating from X until the time when
this line meets the shock. Beyond this time, the limit trajectory is the shock line. See also Fig. 1.
This behavior as « — 0 is in perfect agreement with the solution of the inviscid Burgers equation.

In the rarefaction case, when u; < ug, we have

e « fixed. The trajectories n(X,t) given by (32) have the following asymptotic behavior as t in-
creases:

lim {n(X,t) — X —tu; } = —alog(1 — exp[X/a]), for X <0, (34a)
t—o00
tlim {n(X,t) = X —tug} = arlog(1 — exp[—X/a]), for X > 0. (34b)
— 00

Therefore, the trajectories approach lines of slopes u; and ug originating from X, shifted by a
quantity that depends on « and X only. The closer the particle X is to the origin 0, the larger
the shift is. For large X, the shift is negligible. This behavior can be observed in Fig. 2.

e For X and t fixed and o — 0, we have

X+tuy, X<0,

lim n(X,t) =
aaon( ) {X-HuR, X > 0.
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Fig. 2. Rarefaction initial condition with u; = —0.5, ug = 1. Left: plot of the particle trajectories n(X,t) given by (32), with
« = 0.2. Note that trajectories emanating from particles close to the origin follow the shock (thick line) for a short time, then
approach lines of slopes u; or ug as t — oo (see (34)). Right: plot of the regularized velocity field u® from (33) at t =5. As
o — 0 the profile steepens and u®(x,t) converges pointwise to the unphysical shock solution with u(x,t) = —0.5 for x < }—tt

and u(x,t) =1 for x> 1t.

4. Smoothed rarefaction Riemann data

In the previous section we found that the Leray regularization (10)-(11) does not capture the
entropy solution of the inviscid Burgers equation for Riemann initial data (20) with u; < ug. Instead
of the rarefaction solution, the regularized system captures an unphysical shock.

In this section we consider smoothed Riemann data with u; < ug. We show that the resulting
solution of the Leray-regularized equation does indeed rarefact, and that it converges as o — 0 to the
entropic solution of the Burgers equation corresponding to the smoothed Riemann initial condition.

Consider the Riemann data (20) with u; < ug smoothed by convolution with the mollifier A:

ud(x) = A% % up(x), (35)

where § > 0 is a fixed small real number different from «. We require A to be even, non-negative and
have total integral 1. Define A in a piecewise fashion

A(X):{K;(X), x<0,
AT(x), x>0.

Associated with A is its piecewise anti-derivative 6, defined by

=) = * A~ (y)dy, 0,
80 = X =[1 A"WMdy, x< (36)
0Fx) =— AT (»dy, x>0.
Similar to (21), we have
«9—(0)—1 and 9+(0)——1 (37)
T2 v

To proceed with our calculations, we must prove a simple lemma:

Lemma 4.1. Consider the initial condition (35), where ug is given by (20), with u; < ug. Suppose the two
mollifiers ¢ and )\ are even, non-negative and have total integral 1. Then the solution n(X, t) of (10)-(11) (or
equivalently (12)-(13)) satisfies nx (X, t) > 1, for all X and t.
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Proof. Indeed, from (13) and integration by parts we have

dn d o
d—tX(X,f)Z—YIX(X,t)/WW (n(X.0) = n(Y, 0)ug(Y)dy
R

o dug
:”X(X»f)/‘/f (X, 0 = (¥, 0) 2> dY.
R

From (35) and (20) it is easy to show that

o _ 35y )
— = ug —up).
dY R L

8
For u; < ug, LLLY" >0, as the mollifier A is non-negative. We showed in Theorem 2.2 that nx(X,t) >0
for all X and finite t. Therefore,

dnx
—(X,t) >0,
i (X, )

and since nx(X,0) =1 for all X, the statement of the lemma follows. O

Theorem 4.2. Consider the Cauchy problem consisting of the Leray-regularized Burgers equation (1) with
the initial condition u(x, 0) = ug(x), where ug given by (35) represents smoothed rarefaction Riemann data
(ug given by (20) with u; < ug). Assume that the two mollifiers y and X\ are even and non-negative. Then, as
o — 0, the solution of this Cauchy problem converges to the solution of the inviscid Burgers equation (7) with
the same initial data u.

Proof. Note that the two smoothing parameters, o« and § are independent of each other. In fact, we
keep § fixed and send o — O.
Calculate ug from (35) and (20) to get

00 Y
u?,(Y):uL/N‘(Z)dZJruR / A(2ydz.
Y

—00

We look again at the Lagrangian formulation (10)-(11). Using (12), the differential equation for the
characteristics becomes

[e'9) [e'e) Y
%—?(X,t): / wa(n(x,t)—n(Y,t)){uL/AS(Z)dZ+uR/ks(Z)d2:|ny(Y,t)dY.
—00 Y —00
Suppose X < 0. We get
X
a_n(x’t) — l / ¢+(M>|},L (] _9—<X)) +uR9_<X):|ny(Y,t)dY
at o o 1) 1)

0
+ l/w*(wﬂim(] _9*(!)) +uR97<X>i|77Y(Y,f)dY
o o 1) 1)
X
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[ee}

+l/ (n(X H-—-nd, t)>|:_uLe+<§>+uR<]+0+<§>)i|r)y(Y,t)dY.

0

IS

Using the anti-derivative of ¥* we may write the previous equation as

X 0
5, = (LEOZIOON]T (10500000
o p . - )
00 X
Sl ] _<uR_uL){ [ g (MDD (1)
a 0 dy o 5

0 00
4 (nn -0, (Y 4 (=m0 (Y
+ [ aye ( @ ) <6>dy+ av? ( « )9 (a)dy}’
X 0

To handle the three integrals on the right-hand side, we perform integration by parts. Using the fact
that n(Y,t) - oo as Y — +o0, the decay-at-infinity of ¢ and (21) we have

X
20 )= o g (LEDZIODY [ (A0, (1Y)
o o /)] o
0 0
(= Gl (=) )L
o 8/ 1x o 8/ 1o
X
+(uR—uL){/d)*(n(x’t)_n(y’t))lx(Y>dy
o 8 8

—00

0
+/¢ (U(X H—n(, t)) ( >dY+/¢ (U(X H—nd, t)) A+<Y>dy},
8 o ) )
X

We want to invoke Lebesgue’s dominated convergence theorem and pass to the limit ¢ — 0 in the
last three integrals on the right-hand side. Note that ¢* are bounded functions and A* are integrable,
so the integrands are dominated by integrable functions. The integrands approach zero as « — 0; this
is due to the decay-at-infinity of ¢* and Lemma 4.1, which implies that at each time t, (X, t) and
n(Y,t) are separated by at least |X — Y|, the initial separation.

Therefore, in the limit o« — 0,

X0 >+ (g - upg (101D
t o
X X,t) —n(0, _
~ (up — uL>[¢+(0>9— (5> e (W)e ©)

X X, t)—n(0
—¢*(0)9*<3> _¢,(7n( ’t)a " ’“)9*(0)}.

Finally, using (21) and (37) we obtain that, as o — 0,

an (X
E(X,t)—>uL+(uR—uL)6) 5 ) for X <0. (38)
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Fig. 3. Smoothed rarefaction initial condition with u; = —0.5, ug =1 and § = 0.05. Left: plot of the & — 0 limit of the particle
trajectories n(X,t) of the Leray-regularized system—see (39). Note that all trajectories follow straight lines, producing the well-
known rarefaction fan. Right: the solid line represents the plot at t =5 of the o — 0 limit of the velocity field u®* of the
Leray-regularized Burgers equation with smoothed rarefaction initial condition. The dash-dot line is the Burgers solution at
t =5 with unsmoothed rarefaction initial condition (§ = 0).

A similar calculation can be performed for X > 0. We conclude that the o« — 0 limit of the solutions
of (10) with the initial condition (35) is given by
X+ [up+ g —up)d=(Hl, X <0,

X, 0)=
" X+ [ug + (ug —upot(Hl, X>0.

(39)

The straight lines given by (39) are precisely the characteristics of the inviscid Burgers equation (7)
with the smoothed Riemann initial condition (35).! The proof concludes with the observation that the
solutions of both the regularized equation (1) and the inviscid Burgers equation simply transport the
initial condition ug along characteristics. O

In Fig. 3, we plot the characteristics (39) for the special case when the mollifier is given by the
Helmholtz kernel (8) and recover the well-known rarefaction fan.

5. Proof of Theorem 2.1

We want to show that V : U C E — E is a Lipschitz map, i.e. there exists L > 0 such that for all
f.geU,

IVIA1—=Vigl|g <LIf - gle-

T This calculation is standard. Let u(x,t) solve the inviscid Burgers equation with initial data (35) and u; < ug; then u is
smooth and constant along the characteristics. For X < 0:

X 0 00
anx.n uL/' L(X—Y u [ (X—Y uR/ (X—-Y
=do0="L [ (2D ay + X (22 Yay + 2R [ (220 Y ay
W=7 5 *t3 3 3 5
—00 X 0

__u9+u)x +u97ﬂ|°+u97u|°°
I 5 JlwT7E s JIxTOF 5 Jlo

X
=up+ (uUg — UL)97(E),

in agreement with (38).
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Take f, g € U. The E-norm (17) has two components; we start by estimating ||V[f] — V[g]]lco-

Part I: Estimate ||V[f] — V[g]lloo- A simple manipulation leads to

X
VIf1-Vigl=(f(X) —g(X))/w"”(/(l +f(Z))dZ)uo(Y)(1 + f(0)dy
Y

R

X
+(1 +g(X))|:/1//""</(l +f(Z))dZ>u0(Y)(1 + f(Y))dY
R Y

X
_/w’(/@ +2(2)) dZ)uo(Y)(l +g(Y))in|. (40)
R Y

We deal in turn with the first and second terms on the right-hand side of (40). For the first term,

X

H(f(X)—g(X))/ww(/(l +f(Z))dZ)u0(Y)(1 + f(Y))dy
R

Y

o0

<If - glloo

X
/w“’(/(l +f(Z))dZ)u0(Y)(1 + f(Y))dY
Y

R

o]

Note that f € E implies that n(X) in (19) is well defined for all X. Moreover, with this definition, 7 is
differentiable and nx(X) =1+ f(X). By the fundamental theorem of calculus,

X

n(X)—U(Y)=/(1+f(Z))dZ- (41)

Y

Now note that f € U implies | f|l.c <1 — y. Hence 1+ f(Z) > y > 0 almost everywhere. So, for
X >Y, both sides of (41) are positive. We conclude that 7 is a monotonically increasing differentiable
function. By (19), the range of 7 is all of R, so 7 is in fact a diffeomorphism of R. Then

X

/1//"“(/1 +f(Z)dZ>u0(Y)(1 + f(Y))dY

R Y

= esssup
XeR

/ v (n(X) — TI(Y))UO(Y)UY(Y)dY’
R

= esssup
XeR

fw"“(noo —y)uo(n™' () dy'
R

< [ v®'| 11 luollco-

We used the change of variable y = n(Y) to pass from the second to the third line. To summarize, we
have shown that

X

‘ (fX) —g(Xx)) / w"“(/ 1+ f(Z>dZ> uo(Y)(1+ f(Y))dy

R Y

SIS = glloo[¥*|| 1 luollcos  (42)

[ee}
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which takes care of the first term on the right-hand side of (40). We now estimate the second term:

X

(1 +g(X))|:/¢r°”</l+f(Z)dZ>u0(Y)(l + f(Y))dY

R Y

X

YR —

R Y

o

X

/w""(/l+f(Z)dZ>u0(Y)(1+f(Y))dY
R

Y

ST+ glleo

X

_/wa/(/]+g(Z)dZ>U0(Y)(1+g(Y))dY

R Y

(43)

o0

The first piece ||1 + glloo of this product of norms can be estimated above by 2. To estimate the
second piece of the product we write

X X

/1/;""(/1+f(Z)dZ>u0(Y)(1+f(Y))dY—[1[r“'</1+g(Z)dZ>u0(Y)(1+g(Y))dY
R Y R Y
=/w°”(n(X)—n(Y))uo(Y)ny(Y)dY—/w“/(s(x)—S(Y))uo(Y)éy(Y)dY. (44)
R R

Recall the decomposition ug = v 4+ wg, where v is Lipschitz and wg € L!. We plug this decomposi-
tion of ug into the right-hand side of (44) and estimate the vy and wq terms separately.
We keep our old definition of 1 as in (19). We also define £ by

X
EX)=X+ / g(2)dz, (45)

—0o0

and note that since g € U, we can show just as before that & is a diffeomorphism of R.
The difference of the wq terms on the right-hand side of (44) can be estimated as follows:

/llf“/(n(x)—n(Y))Wo(Y)nY(Y)dY—/W“/(E(X)—S(Y))WO(Y)EY(Y)C!Y

R R

= f [V (n(X) — n(Y)) — ¥ (E(X) — n(Y)) [wo(Y)ny (Y)dY

R

+ / [v* (X)) —n(Y)) — ¥ (X)) — E(Y)) Jwo(Y)ny (Y)dY

R

+ / Y (EX) —EY))wo(Y) (ny (Y) — &y (Y))dY. (46)
R

Let T.V. denote total variation. Then the first integral on the right-hand side can be bounded:
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’ f [ (n(X) = n(Y)) — v (§(X) — n(Y)) Jwo(Y)ny (Y) dY

R

< wolloo /lw“/(noo —y)—v¥(EX) —y)|dy
R

< Wolloo|[n(X) — EX)| T.V.
X

/ (FY) — g(V))dy

—00

<lwollsoll f — gIET.V. 9.

< llwollso T.V. y

In the above derivation, we (i) changed variables via y = n(Y), (ii) used ¥*” € L'(R), which implies
that T.V. ¥’ is finite, and (iii) used definitions (19) and (45) for 1 and &, respectively.
For the second integral on the right-hand side of (46), we use the mean value theorem for %'

‘ / [v* (X)) —n(Y)) — ¥ (EX) — E(V)) Jwo(YV)ny (Y)dY
R

<y lloo[¥*" || I — Ellsollwoll 1

<2y I f = glellwolls.

Finally, the third integral on the right-hand side of (46) can be estimated as

‘/1//“/(5()()*é(Y))Wo(Y)(nY(Y)*SY(Y))dY < ||W0||oo||77X*SX”OO/‘WOH(S(X)*é(y))‘dy
R R

&y (Y)
&y (Y)

dy

= ||wO||oo||f—g||oo/|w“’(s<><)—s<v>)|

R

1
< ;nvvonoonf = 8lloo ¥ -

For the last inequality we used the fact that &y(Y) =1+ g(Y) > ¥ to bound 1/&y(Y). The &y from
the numerator was used to produce the L!'-norm of ¥’
We now use these results back in (46). Define the constant C; by

1
Ci = [ wolloo T.V. %" + 2|y lIwoll 1 + ;nwOnoon”/HL].

Therefore,

‘/d/a/(n(x)—U(Y))WO(Y)UY(Y)dY—/W“/(S(X)—E(Y))WO(Y)SY(Y)C!Y <Gllf —glle. (47)
R R

where the constant C1 depends on the initial condition ug, the kernel ¥ and the smoothing parame-
ter «. C1 also depends on y, a fixed number used in the definition of the set U.

Now we aim to derive a similar estimate for the difference of the vg terms on the right-hand side
of (44). We have
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/Wa/(n(x)_U(Y))VO(Y)YIY(Y)dY_f‘/fa/(f(x)_S(Y))VO(Y)EY(Y)dY

R R

=/w“’(n(X)—y)vO(n’l(y))dy—/w””(é(x)—y)vO(S’l(y))dy

R R

- f [0 (100 — y) — (00 — y)]vo(n™ () dy

R

T / P EX) — ) (vo(n~' ) — vo(& ' (1)) dy.

R
We have made the substitution y = n(Y) in the first integral and y = &(Y) in the second integral.

Now take the absolute value of both sides of the previous equation. The right-hand side may be
estimated as follows:

‘/!ﬁa/(n(x)—n(Y))Vo(Y)TIY(Y)dY—/W”(E(X)—S(Y))VO(Y)SY(Y)dY
R R

< ||vo|\oof!w“/(n(><> —y) =¥ EX) —y)|dy + v 1 [vo(n ) = vo(E W) |
R

< volloo|n(X) = GO TV Y + K[w* | [0~ — 671 . (48)

Here we used the Lipschitz continuity of vg. Using definitions (19) and (45) for  and &, respectively,
the first piece from (48) can be bounded:

[Vollos |1(X) = EXO)|T.V. 4% < Ivollooll f — gllET-V. 9.

For the second piece from (48), we fix x, then plug X; = n~!(x) into (19) and X, = &£~1(x) into (45),
and subtract. This gives

77 (x) 710
) -0 =~ / f2ydz+ / g(z)dz

—00

1% 1% 71 (%) £

=— / f(@)dz + / g(2)dz — / g()dz+ / g(2)dz
Ue)) £

=— / (fo—g@)dz+ / g(2)dz.
oo 1)

Taking absolute values, we obtain

1%

/ (f(2) —g(2)dz

—0o0

In~ ') — | < + '@ - @] lgloo-
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Combining the left-hand side with the second term on the right-hand side, we get
17 ()

f (f@ —g@)dz

—00

(1= lglloo)|n ') =& 1) <

1

Taking the supremum over all x and using || g|lcoc <1 — ¥ together with the fact that ™" is a diffeo-

morphism, we get

1
In7' =71 < I = gle. (49)

Thus the total estimate for (48) is
'/W“/(W(X) —n()vo(Y)ny(Y)dY —/W“/(E(X) —EW))voMEy (Y)dY | < Call f — glle.  (50)
R R

where
o K al
Co=Volla T.V. ¥ +;H¢f .

depends on the initial condition, ¥, o and y.

This bound for (48) combined with (47) gives an overall bound of (C1 4+ C2)|| f — gl|g for (44). Now,
we can go all the way back to (40); the first term on its right-hand side is estimated with (42), while
the second is bounded by ||1 + g|lo(C1 + C2) || f — gllg, according to (43) and the estimate for (44).

Therefore,

IVIf1=Vigl] o, <IF = gloo[¥*| ;1 1tolloo + 1T+ glloo(C1 + CII f — gllE

<Gllf — gl (51)

where

G = ”me”p luolloo +2(C1 + C2).

Part II: Estimate

sup
XeR

X
/(V[f](Z) - VIgl(2))dz

Note that for any h € U, we have

ax
R

X
VIh(X) = i/w“(/(l +h(2)) dZ)ug(Y)(l +h(Y))dyY.
Y
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Again, we argue that h € U implies that 1+ h > y > 0, so that f;((l + h(Z))dZ is infinite when
X — —oo0. Since ¥* vanishes at +o00, the fundamental theorem of calculus gives

X X
/ V[h](Z)dZ:/x/f“(/(l +h(Z))dZ)u0(Y)(1+h(Y))dY.
—00 R Y

This implies

X
/(V[f](Z)— Vigl(2))dz
X
:/w(/u+f(2))dz)uo(Y)(1+f(Y))dy
R Y

X
_/I//a</(1 —|—g(Z)) dZ)uo(Y)(l +g(Y)) dy
R Y
_ /w“ (10X — (V) o (¥ (¥) Y — / Y () — E()uo(Vgy (V) dY (52)
5 R

Note that (52) has the same form as the right-hand side of (44), but with ¥ in place of ¥%’. Using
the decomposition of ug into the Lipschitz continuous part v and the integrable component wg, we
can derive in a completely analogous way estimates similar to (47) and (50). The constants Cj, C}
corresponding to C; and Cj, have the same form as the latter, except that ¥*' must be replaced
by ¥%. In this way, we derive

X
sup /(V[f](Z) —VI[gl(2))dz| < (C; +CH)I f — glle. (53)
€

where C} and C), depend only on ug, ¥, & and y.
Finally, let L = C3 + C} + C. Adding (51) and (53), we obtain ||[V[f] — V[glllg < LIIf — gllg, as
desired.
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