THE ASYMPTOTIC BEHAVIOR OF SOLUTIONS OF THE FORCED
BURGERS EQUATION ON THE CIRCLE

BY PATRICK BERNARD

ABSTRACT. — We describe the asymptotic behavior of entropy solutions of inviscid Burgers equation on the
circle with time-periodic forcing. These solutions converge to periodic states, but the period of these limit
states may be greater than the period of the forcing. A Corollary is that the only solutions without shocks
are periodic. This result can be interpreted in terms of the invariant curves of the associated dynamics.

RESUME. — On décrit les comportement asymptotique des solutions entropiques d’équations de Burgers
sans viscosité avec un potentiel dépendant périodiquement du temps. Ces solutions convergent vers des états
périodiques, dont la période est un multiple de celle du potentiel. Un corollaire est que les seules solutions
sans choc, c’est a dire les seules solutions continues, sont périodiques. Ce résultat a une interprétation en
terme des courbes invariantes de la dynamique associée.

We study the quasi-linear first order partial differential equation

where t is a real time, x is a periodic real variable, and the unknown y is a real valued function of
t and . The hypotheses on H will be specified later. Equations of this kind have been extensively
studied as a very simple example of turbulence. Here is a physical model, which helps the intuition.
The Hamiltonian H gives rise to a classical dynamics for particles on the configuration space,
which is here the circle of z variable. On each point x of this circle, put a particle with momentum
y(0,x). Assume that each of these particles moves, independently of each other, driven by the
classical dynamics associated to H. The solution y(t,x) is then the momentum of the particle
which is at point x at time ¢. The function y(¢,z) may be seen as the Eulerian description of this
very simple fluid. Of course it might happen that after a certain time several different particles
with different momenta have the same position. This is the reason why the equation do not
have classical solutions in general. However, generalized solution can be defined by the following
additional requirement: when a collision occurs between particles, these particles glue together
and form what will be called a shock. Shocks then absorb the particles which hit them. Note that
these shocks are not the same kind of objects as particles, their evolution is not driven by the
Hamiltonian. The solutions describing this evolution are called the entropy solutions of (B).

The main goal of the paper is to describe the asymptotic behavior of entropy solutions of (B).
We prove that, if the Hamiltonian is time-periodic, each solution converges to a periodic solution.
The period of the limit is a multiple of the period of the Hamiltonian. We also prove that all
solutions undergo shocks, except perhaps time-periodic solutions. This does not mean, however,
that periodic solutions are always free of shocks. For many Hamiltonians, there do not exist any
solution without shocks.

In order to obtain this asymptotic behavior, we introduce another equation, satisfied by the
primitive of entropy solutions, the Hamilton-Jacobi equation, whose viscosity solutions are by
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now well understood. On the way, we have to understand how knowledge on entropy solutions of
Burgers equation can be gained from knowledge on viscosity solutions of the associated Hamilton-
Jacobi equation. Our second aim is to describe with some details these relations, and to show how
most of what is known on the Burgers equation can be recovered from this point of view. As a
consequence, a large part of the paper is devoted to the presentation of known results both on the
Burgers equation and on the Hamilton-Jacobi equation. It is worth noticing that the trajectories
of the particles, that is the Lagrangian description of our elementary fluid, play a major role in
this approach.

Recently, it has been understood that the study of entropy solutions of equation (B) provides
interesting insights in the dynamics of the Hamiltonian H. This aspect is one of our motivations,
and our work also imply a new observation concerning the dynamics of the time-one flow of H.
We prove that if a curve in phase space is a graph, and is such that infinitely many of its successive
images by the time-one flow are also graphs, then the curve has to be periodic, that is mapped
into itself by some power of the flow. Similar results had previously been obtained by Albert Fathi
in the case of autonomous Hamiltonian systems.

Most of this work was written while I was staying for one year in EPFL, Swizerland, with a
grant of the Swiss National Fund for research. This period was very pleasant and fruitful. I would
like to thank Boris Buffoni for proposing me this opportunity, and for his interest to the present
work.

1. INTRODUCTION

1.1. The standard circle R/Z is denoted by T. The cotangent bundle 7T is identified with T x R.
Given a function f(¢,2) of two variables, we will denote by f; the function @ — f(¢,z). The
partial derivative with respect to the variable ¢ will be denoted by 9, f. Throughout this paper, we
will consider a time-periodic Hamiltonian H (¢, z,p) : Rx T*T =R x T x R — R, the associated
time-periodic vector-field of T x R is noted X. We have

X(t,z,p) = (8pH(t, x,p), —0- H(t, x,p)).

1.2. The following standard hypotheses will be assumed :

i. The Hamiltonian H is C? and 1-periodic in t.
it. The Hamiltonian H is convex in p, and 8§pH > 0.
iti. The Hamiltonian has superlinear growth in p, d.e. limy, . H(t,2,p)/|p| = oo for each

(t,x).

iv. The Hamiltonian flow is complete. More precisely for all (to, zo,po), there exists a C1 curve
~v(t) = (z(t),p(t)) : R — T x R such that (z(to),p(to)) = (x0,po) and §(t) = X (¢,~(t)) for
all t e R.

The mapping y(tg) — ~(¢) is a diffeomorphism of T x R, denoted ¢;,,. We will pay special
attention to the diffecomorphism ¢ = ¢g,;. Note that the completeness hypothesis is satisfied if
there exists a constant C' such that |0;H| < C(1 + H).

1.3. A typical example of Hamiltonian satisfying our hypotheses is
L,
H(t,@,p) = 5p~ + V(t,2)
with a C? potential V periodic in ¢.

1.4. We consider the equation
(B) Oy + 0, (H(t,z,y)) =0

of the unknown function y(¢,z) : R x T — R. This equation will be called the Burgers equation
in the sequel. Note that in case H = p?/2 + V (¢, ), we have the standard forced inviscid Burgers
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equation
Oy +y0py = =0,V (t, 7).

1.5. The Burgers equation is quasi-linear, and its characteristics (see [A], chapter 2) are the
trajectories of X. This means that if y(¢,7) : [a,b] x T — R is a C! solution of the Burgers
equation, and if y(t) = (z(t),p(t)) : [a,b] — T x R is a trajectory of the Hamiltonian vectorfield
X, such that p(a) = y(a,z(a)), then the equality p(t) = y(¢, z(t)) holds for all ¢ € [a,b]. In other
words, for each a < tg < t; < b, the graph of the function x — y(¢1, ) is the image by the
diffeomorphism ¢y, ;, of the graph of the function z — y(to, ).

1.6. Still assuming that y is a C'! solution of the Burgers equation, we obtain that

c(t) :/Ty(t,:z:)dx

is a constant, that we denote c¢. The function y can be written y(t,z) = ¢ + d,u(t, x), where
u(t,x) : I x T — R satisfies the Hamilton-Jacobi equation

(HJc) Opu+ H(t,x,c+ Oyu) = 0.

1.7. It is known that there exists in general no classical solution of the Burgers equation defined on
RT x T satisfying a given initial condition y(0,z) = yo(z), see [A] or [Se]. Note that a consequence
of our results is that the only classical solutions defined for all positive times are periodic in time.
However, the Cauchy problem is well-posed in the sense of entropy solutions (we will define entropy
solutions in the sequel). More precisely, to all t5 € R and all function yo € L'(T), we associate
a unique entropy solution y(t,z) € C(Jtg, ), L*(T)) such that y; — yo as t — t in a weak
sense, see 3.2. This result is classical, see [Se] for example.

1.8. We want to describe the asymptotic behavior of entropy solutions. Let us first recall that
for each c there exists a 1-periodic solution of average c¢. More precisely, there exists a continuous
and increasing function ¢ — y¢ from R to C(R, L*(T)) which, to each ¢, associates a 1-periodic
Entropy solution of average ¢, see [KO] or [JKM]. Note however that there may exist more than
one 1-periodic solution of a given average c. It is natural to ask whether all solutions are attracted
by these 1-periodic solutions. The answer is negative, there are examples where there exist periodic
Entropy solutions of minimal period greater than 1, see [FM]. These subharmonic solutions in
turn attract all other solutions, as we now state.

1.9. THEOREM Let y(t,x) :]tp,00) x T — R be an entropy solution of the Burgers equation.
There exists an integer T and an entropy solution w(t,x) : R x T — R which is T-periodic in t
and such that

lye —wil| — 0
in LY(T) as t goes to infinity.

If H is a function of p only, then w(¢, x) is the constant [ y(¢,2z)dz. The result in this special case
has been obtained by Lax [L]. If H does not depend on ¢, then the asymptotic solution w does not
depend on t either, the result in this case follows from works of Roquejoffre [Ro] and Fathi [Fa3].
The theorem will be proved in section 3 as a consequence of a similar result for viscosity solutions
of (HJc) obtained in [Be], see also [BR]. We will also prove the following Corollary, which was
obtained by Fathi [Fa3] in the Autonomous case.

COROLLARY  If y(t,x) :]tg,00) x T — R is a continuous solution of Burgers equation, then the
function y is the restriction of a Lipschitz solution w : R x T — R which satisfies w(t + T, z) =
w(t,x) for some T € N.

1.10. One can compare the situation with the viscous case. If one considers the parabolic equation
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with g > 0, the behavior is much simpler. One can prove along the lines of [JKM], see also [B],
that for each ¢, there exists a unique solution y¢ of average ¢ which is 1-periodic in time. This
solution attracts all the solutions of average ¢. More precisely, if y : [tg,00) x T — R is a solution
of (B,), and if [ ydx = ¢, then y, — yf — 0 uniformly as ¢t — oo.

1.11. The result in the inviscid case can be used to study the dynamics of the diffeomorphism
¢ = ¢0,1- Note that this diffeomorphism is a finite composition of area preserving right twist maps,
and that any finite composition of right twist maps can be obtained this way. This correspondence
between the twist property and the convexity of the Hamiltonian has been described by Moser,
see [Mo].

1.12. In order to give a more geometrical meaning to Theorem 1.9, we consider the set £ of
functions f : T — R which can be locally written as the sum of a continuous and a decreasing
function. A function f € £ has a right limit f~(z) and a left limit f*(z) at each point .
These limits satisfy f~(z) < fT(z), with a strict inequality on an at most countable set. Let
G~ (f) and G*(f) be the graphs, in T x R of the functions f~ and f*. We define the graph

G(f) =G (f)NGT(f) of f. Note that G(f) = G~ (f) UGT(f). It is also useful to consider the
set

H(f) = J{a} x [f (@), fF(@)] C T xR,
which is a Jordan curve containing G(f). The Hausdorff distance dy (f, g) between the compact
sets H(f) and H(g) defines a distance di on £ (one should take the quotient of £ by the relation
of almost everywhere equality). The convergence in L' implies convergence for the distance dyy,
see 3.3.

1.13. The link between entropy solutions and the dynamics of ¢ can now be detailed, see 3.6. It
is convenient to denote by E : L' — L! the operator which associates to each initial condition
yo the solution y; at time 1. The operator E is continuous. In fact, as is well known, it is a
contraction. We will prove this fact in section 4. For each y € L', we have E(y) € £. If in
addition y € &, then

G(E(y)) € ¢(G(y))-
This property has striking consequences. For example, if y€ is a fixed point of E, then y® € £ and
G(y©) is negatively invariant. As a consequence, the a-limit of ¢|;(y-) is a non-empty compact set
which is fully invariant by ¢. It is an Aubry-Mather set. The rotation number p(c) € R of the
orbits of this set depends only on ¢, and the function ¢ — p(c) is non-decreasing and continuous,
see 2.7.

1.14. Having defined the rotation number p(c) allows us to complement Theorem 1.9. The asymp-
totic behavior of solutions depend strongly on their space average ¢ and on the associated rotation
number p(c). If p(c) is irrational, then there exists a single fixed point of E of average ¢, as was
proved in [E] and [So]. We will prove that it attracts all the trajectories of average ¢, that is one
can take T'=1 in Theorem 1.9. If p(c) is rational, p(c) = p/q in lowest terms, then one can take
T = g in Theorem 1.9. Tt is thus natural to define the integer T'(¢) by T'(¢) = 1 if p(c) is irrational
and T'(c) = ¢ if p(c) = p/q in lowest terms, and we have the following refinement of Theorem 1.9 :

THEOREM For each entropy solution y :|tg,00) x T — R of (B), there exists an entropy so-
lution w(t,z) : R x T — R which is T(c)-periodic in time, with ¢ = [, y,(x)dz, and such that
ys —wy — 0 in LY(T) as t goes to infinity. As a consequence, we also have dg (ys,w;) — 0.

1.15. Corollary 1.9 can be restated as a new result on the dynamics of ¢, which may be seen
as a converse to the celebrated result of Birkhoff (see [Ma2], [HF], [Si]) stating that a rotational
(not homotopic to a constant) Jordan curve in T x R which is invariant under ¢ is the graph
of a Lipschitz function y : T — R. This Corollary was obtained by Fathi [Fa3], [Fa2] in the
autonomous case.
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COROLLARY Let G C T xR be the graph of a continuous functiony : T — R. Assume that there
exists an increasing sequence ny, of positive integers such that ¢™*(G) is the graph of a continuous
function. Then there exists a positive integer T such that ¢*(G) = G, and the function y is
Lipschitz. In addition, if ¢(G) # G, then the rotation number of ¢|72? is an integer, hence G

contains a T-periodic point of ¢.

Let us mention that it is certainly possible to give a more direct proof of this Corollary. One could
use a topological approach, as suggested to me by by P. Le Calvez or a variational approach, as
suggested by J. Xia. The proof presented here in 3.9 is however extremely short.

1.16. In the rest of the paper, we will detail the outline given above. We will obtain all the
important properties of entropy solutions of (B) as consequences of properties of the viscosity
solutions of (HJc¢). Hence we first describe these viscosity solutions in section 2, and draw our
conclusions in section 3. We explain in section 4 how to understand in our framework the important
fact that entropy solutions form a contraction in L'.

2. CALCULUS OF VARIATIONS AND THE HAMILTON-JACOBI EQUATION

In the present section, we describe the main properties of viscosity solutions of the equation (HJ¢).
These properties follow from the study of extremals via the Hopf-Lax-Oleinik formula, a global
reference is the work of Fathi, [Fal] and [Fa2]. We also state a result analogous to Theorem 1.9
for these solutions. The results in this section are standard or easy extensions of standard ones,
however some of the proofs are original.

2.1. It is useful to introduce the Lagrangian L : R x T x R — R associated to H. It is defined
by
L(t,z,v) =suppv — H(t,x,p),
p
and has the following properties, which follow easily from the analogous properties 1.2 of H:
i. The Lagrangian L is C? and 1-periodic in t.
ii. The Lagrangian L is convex in v, and 02,L > 0.
iii. The Lagrangian has superlinear growth in v, d.e. lim,|— o L(t,x,v)/|v| = oo for each (¢, x).

The Lagrangian associated to the modified Hamiltonian H (¢, z,p + ¢) is L(t, z,v) — cv, it satisfies
the three properties above.

2.2. For each cand each ¢y < t, we have the Hopf-Lax-Oleinik operator V¢ , : C(T,R) — C(T, R)
defined by

Visalu)e) = min (atao)) + [ ' Lls a(s), #(s)) — ei(s) i)

to
where the minimum is taken on the set of absolutely continuous curves z : [tg,t] — T such that
x(t) = x. Any curve realizing the above minimum is C? and is the projection of a trajectory of X.
More precisely, the curve (z(s), 9, L(s, x(s),&(s))) is a trajectory of X. These operators clearly
satisfy the Markov property
Vtchtz © ‘/tf),tl = ‘/tf),h'

Note that these operators has been used in the study of viscosity solutions for quite a long time,
see for instance [F1]. We need the following:

DEFINITION A function @ : R® — R is called K-semi-concave if the function @ — K||x||?/2 is
concave. The notion is extended to functions defined on convex subsets. A function u : [tg, 00) X
T — R (resp. T — R) is called K-semi-concave if it is of the form u(¢, ) = @(t,z mod 1) (resp.
u(z) = 4(z mod 1)), with a K-semi-concave function @ : [tg,00) x R — R (resp. & : R — R ).
A function is called semi-concave if it can be written locally as the sum of a concave and a C?
function.
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PROPERTIES For each ¢ € R and each tog < t1 we have :

i. The operators V' are equivariant under addition of a constant, more precisely, Vyo ,, (U+u) =
U+ Vg, (u) for all real constant U.
ii. The operators V' are non-decreasing, the inequality V¢ ; (u) < Vi¢ ; (v) holds whenever the
continuous functions u and v satisfy u < v.
111. The operators V are contractions, we have

WVig,t (@) = Vi o, (0)lloe < lu = lloo

for all continuous functions u,v : T — R.
iv. For each positive €, there exists a constant K such that, for |c| < 1/e and any continuous
initial condition ug, the function

u(t, z) = Vig yuo(z)

is K-Lipschitz and K -semi-concave on [to + €,00) x T.

2.3. PROPOSITION The following properties are equivalent for a function u € C([to,t1] x T,R) :

i. The function u is a viscosity solution of (HJc) (see [Ba] or [Fa2] for the definition, which
will not be used in the present paper).

1. The function u is locally Lipschitz on |t t1] X T and it satisfies (HJc) almost everywhere. In
addition, there exists a non-increasing function K :]to,t1] —]0, 0o[ such that the functions
ug is K (t)-semi-concave for tog <t < t1.

191. For each t and t' such that to <t <t < t1, we have uy = Vs (uy).

COROLLARY For each continuous initial condition uy,, there exists one and only one viscosity
solution u : [tg,00) X T — R of (HJc), given by

u(t, ©) = Vi yuo ().

There exists a non-increasing function K(t) :Jtg, 0co[—]0, 00[ and such that u is K(t)-Lipschitz
and K (t)-semi-concave on [t,00) x T for each t > to. In addition, given a constant C > 0, the
function K(t) can be chosen uniformly for all equations (HJc) with || < C.

PROOF. It is standard that i. <= iii., see a good exposition in [FMa]. Let us recall a possible
sketch of the proof. One can first prove using variations around the maximum principle that
there is at most one function satisfying ¢. with a given initial condition u;, (see [Ba], 2.4.). On
the other hand, it is obvious that there exists one and only one function satisfying ii¢., namely
(t,2) — V£ yus, (7). One can prove, see [FMal, that this function also satisfies 4. It is then the
only one to do so, by uniqueness. That iii. = 4. results from properties 2.2. We shall prove
more carefully that ¢i. = i., which seems less classical. Let us fix (S,Q) €ltg,00) x T, it is
enough to prove (see [Bal, 5.3) that all C! functions ¢ such that u — ¢ has a local minimum at
(S, Q), satisfy the equation at (S,Q). If such a function ¢ exists, then d,u(S, Q) exists and is
equal to 9, ¢(t, z). It follows from the Lemma below that u is differentiable at (.5, @), and satisfies
the equation at this point, which implies that ¢ also satisfies the equation at (S, Q). 0

LEMMA Let u(t,x) be a function satisfying condition ii. of the proposition. If (S, Q) €l]tg,00) x T
is a point where O,u exits, then the function u is differentiable and satisfies (HJc) at (S, Q).

PROOF. Let us fix a time t2 €]t,S[. In view of the fact that all the functions wu,t > to
are K (t9)-semi-concave, it is not hard to prove that O, u(sn,g,) — 0yu(S,Q) when (sp,qn)
is a sequence of points of differentiability of w converging to (S,Q). If we assume in addition
that (HJc) holds at (sp,q,), we obtain that Oiu(sy,¢,) has a limit H(¢,x, ¢ + Ju(t,x)). Let
us denote L the linear form (s,q) — ¢0,u(S,Q) + sH(S,Q,d,u(S,Q)). We have proved
that there exists a modulus of continuity § and a set K C R x T of full measure in a neigh-
borhood of (S,Q) such that, for each (S + s,Q + q) € K, the function v is differentiable at
(S+s,Q+q) and [|du(S +s,Q+ q) — L|| < 6(||(s,q)]|). It follows that we have the estimate
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| < |[(s,@)||0(]|(s,q)]]) for all (s,q) small enough, hence w is
differentiable at (S, @), and du(S, Q) =

L. 0

2.4. Let u(t,z) : [to,00) x T — R be a viscosity solution of (HJc), and let tg < t < ¢. An
absolutely continuous curve z(s) : [t,t'] — T is said to be calibrated by w if

u(t', z(t") = u(t,z(t)) + /t L(s,2(s),4(s)) — ci(s) ds.

If z(s) is a calibrated curve, then it is C? and the curve (z(s), 0, L(s, z(s), @(s)) is a trajectory of the
Hamiltonian vector field X. By extension, we say that a curve v(s) = (x(s),p(s)) : [t,t'] — TxR
is calibrated by w if x(s) is calibrated by u and if p(s) = 9, L(s, z(s), &(s)). It is then a trajectory
of X. A curve is said to be calibrated by u on an interval I if it is calibrated by u on [t,#'] for all
[t,t'] C I. The following theorem is due to Albert Fathi.

THEOREM (CALIBRATED CURVES)

i. Let x(s) :Jtg,00) D [t,t'] — T be a calibrated curve. For each s €]t,t'], the function u is
differentiable at (s,x(s)), and dyu(s,z(s)) + ¢ = p(s) = O, L(s, x(s), &(s))
1i. For every (t,x) €]tg,00) x T there exists a calibrated curve z(s) : [to,t] — T such that
x(t) = x. If u is differentiable at (t,x), then there exists only one such calibrated curve, and
it satisfies Oyu(t, x(t)) + ¢ = p(t) = O L(¢, x(t), £(t)).
iti. If in addition the function ug, is semi-concave, and if x(s) : [to,t] — T is a calibrated curve,
then the function uy, is differentiable at x(ty), and dzu(to, x(to)) + ¢ = p(to).

PROOF. We only sketch the proof. Details can be found in [Fa2] or [Fal]. The calibrated curve
of ii. is obtained as a minimizer of the functional

t

ulto, 2(to) +/ L(s,a(s), #(s)) — ci(s) ds
to

among the absolutely continuous curves z(s) : [to,t] — T satisfying x(¢) = x. The second point

is Fathi’s key regularity result. Let us mention the following Lemma from [Fa2].

LEMMA  If v(s) = (x(s),p(s)) : [t,t'] — T x R is calibrated by u, then p(t') — ¢ is a proximal
super-differential of uy at x(t'), i.e.

up (') + @) <up (2(t) + (p(t') — )z + O(2?)
near x =0, and p(t) — c is a prozimal sub-differential of us at x(t), i.e.

ur(z(t) + 2) = w2 (t) + (p(t) — ) + O(2?).

Using this Lemma, we complete the proof of the Theorem. If v(s) = (x(s),p(s)) : [t,#'] — T xR
is calibrated by u, and if s €]¢,#'], then the restrictions of 7 to [t,s] and [s,t'] are calibrated,
hence p(s) — ¢ is both a sub and a super-differential of us at x(s), hence it is the differential.
This proves 4. In addition, if uy is differentiable at z(¢'), then its only possible subdiffer-
ential at this point is d,u(t',x(t')), hence the calibrated curve has to satisfy the equation
Ou(t',x(t") +c=p{') = 9, L(t',x(t'),#(t")). By Cauchy-Lipschitz uniqueness, only one charac-
teristic can satisfy this equation. This proves the second point in 7i. The proof of 4ii. is similar:
the existence of a calibrated curve emanating from a point provides a sub-differential, while
semi-concavity provides a super-differential. 0

2.5. We are interested mainly in the asymptotic behavior of solutions. A first description is given
by the following result. The function a(c) introduced below has been given several names, it is
the a function of Mather, the averaged Hamiltonian, or the eigenvalue in terms of idempotent
algebra.
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PROPOSITION  For each ¢, there exists a real number a(c) with the following property. For every
solution u(t, ) : [to,00) X T — R of (HJc), the function u(t, z)+ta(c) is bounded on [ty,00) x T.

From now on, we shall mainly consider the corrected equation

(Hce) Owu+ H(t,z,c+ 0yu) = afc).

ProoFr. We work with a fixed parameter c. Let us define the sequences

M, = max Vo (0)(x) and my, := min Vo (0)(2).

Since Vi, (0),n > 1, are K-Lipschitz, we have
os<M,—m, <K
for n > 1. We claim that M, 1,, < M,, + M,,. This follows from the inequalities
Vomn (0)(2) = V5 (Vo (0))(2) < Vi (M) (2) < My + Vi, (0) (2).

Hence by a classical result on subadditive sequences, we have lim M,,/n = inf M,, /n. We denote
by —« this limit. In the same way, the sequence —m,, is subadditive, hence m,,/n — sup m,, /n.
This limit is also —a because 0 < M,, — m,, < K. As a consequence, we have, for all n > 1,

—K—-—na<m, <—na<<M, <K -—naoa.

Now let u(t, x) : [tg,00) x T — R be any solution, and let ¢; be an integer greater than tg, then
for all integer n € N we obtain, for all x,

mlinutl - K< mlinutl +m, +na < uln+t,x) + na < max uy, + M, +no < max uy, + K.

Recalling that w is Lipschitz on [t1,00) x T, we obtain the conclusion of the Proposition with
alc) = a. O

2.6. The following Lemma is due to Jensen, the proof is from [BR]. The Corollary is fundamental,
and by now classical.

LEMMA  If u(t,x) : [to,00) x T — R is a wviscosity solution of (HJc), the function v(0,x) :
T x T — R defined by
v(f,x) = . lrinI})ldi?ie (u(t, z) — ta(c))
s a viscosity solution of the Hamilton-Jacobi equation
Opv + H(0, 2, ¢+ 0,v) = alc),
where 6 denotes t mod 1.
COROLLARY  The Hamilton-Jacobi equation
Oou+ H(O,z,c+ dyu) =a
has a 1-periodic viscosity solution if and only if a = a(c).

PROOF OF THE LEMMA. We have to prove that V7, (vs) = v; for all s <t. Let us first prove that
Vii(vs) < v In order to do so, we fix (f,2) and consider an increasing sequence ny, of integers
such that u(t 4+ ng,x) — v(t,x). There exists a sequence of curves zy, : [s,t] — T which are
calibrated by the u(t + ng, x) and satisfy z(t) = x. We have

u(t + ng, ) = u(s + ng, v (0)) —i—/ L(o,zp(0 +t),zx(c + 1)) do.
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Let us assume, taking a subsequence is necessary, that the sequence xy, is converging to « : [s,t] —
T uniformly on compact sets. Taking the liminf in the equality above gives

v(t,z) = v(s,z(0)) —|—/ L(o,z(0 +t),2(0 +1t)) do = Vi (vs)

We have used that the functions wsy,, have a common Lipschitz constant to conclude that
liminf u(s + ng, 25 (0)) = liminf u(s 4+ nk, 2(0)) > v(s, z(0)).
In order to prove the reversed inequality, note that for all curves x : [s,t] — T, we have

u(t +n,z(t)) <uls+n,z(s)) + / L(o,z(0),2(0)) do.

Taking the lim inf, we obtain

v(t, z(t)) < v(s,x(s)) +/ L(o,x(0),2(c)) do

for each curve z, hence V¢, (v,) > v; which is the desired inequality. O

2.7. PROPOSITION  The function a(c) : R — R is convez, C', and superlinear. For each
viscosity solution u(t,x) : [tg,00) x T — R of (HJc), there exist curves 7y : [tg,00) — T which
are calibrated by u. These curves all have the same rotation number

t
lim= [ &= p(c) :=d(c).
to

PROOF. We begin with superlinearity. Let v(6, x) be a periodic solution of
Opv + H(0,z,c + 0,v) = alc).

Let (6(c),z(c)) be a minimum of v. The function v is semi-concave, hence differentiable at
(6(c),xz(c)), where dyv = 0 = 9 v. It follows that

a(c) = H(0(c), z(c), c)

and the superlinearity of « follows from the superlinearity of H.

Let us continue with convexity. For fixed ¢ and z, the function ¢ — V{,(0)(z) is clearly
concave, since it is defined as a minimum of linear functions. It follows that the function ¢ ——
—a(c) = lim Vi, (0)(x) /t is concave as a limit of concave functions, hence a(c) is a convex function.

LEMMA  Let u, : [tg,00) X T — R be a viscosity solution of (HJc) and let x(t) : [tg,00) — T,
be calibrated by u., then

1 1 [
a'(c—) < liminf = / #(s)ds < limsup —/ #(s)ds < o' (c+).
t Ji, t Ji,
PROOF. See [G] for related material. Let u. : [tp,00) X T — R be a viscosity solution of (HJc)

and let z(t) : [tg,00) — T, be calibrated by u.. We have

t

uc(t,x(t))—uc(to,x(to)):/ L(s,m(s),x’(s))ds—c/ i(s)ds.

to to

In view of the definition of a(c) in 2.5, the function u.(t, z) 4 ta(c) is bounded; hence

lim (% /t:Q'c(s)ds_%/tL(s,x(s),jc(s))ds) = a(e).

t—o00 to
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Let us now consider a viscosity solution u. : [tp,00) X T — R of (HJe). With the same curve
z(s), we have
¢

Ue(t, 2(t)) — ue(to, x(tg)) < / L(s,x(s),x(s))ds — 6/ z(s)ds

to to
hence
. e (', 1 [ .
a(e) > limsup (—/ x(s)ds — —/ L(s,x(s),x(s))ds),
t Jy, tJi,
which implies

ale) — alc) = limsup (% /t x(s)ds)

to
The desired inequalities follow at the limit. 0O
We still have to prove that the function « is differentiable. We need some preliminaries.

2.8. Let C be the set of continuous curves z(¢) : R — T such that the mapping ¢ — Z(t) =
(t mod 1,z(t)) with values in T? is either one to one or periodic. Let us endow C with the topology
of uniform convergence on compact sets. The following result of Poincaré is very standard, and
will not be proved here.

PROPOSITION  Fach curve x € C has a well defined real rotation number

1t
plx) = hmg/o z(s)ds.

In addition, the mapping x — p(x) is continuous on C. If x(t) and y(t) are two curves of C such
that Z(R) and G(R) are disjoint subsets of T2, then they have the same rotation number.

2.9. LEMMA  Let u(f,z) and v(6,x) be two viscosity solutions of (Hc) of time period 1. Then
there exists a curve x(t) : R — T which is calibrated both by u and v.

It is usual in Aubry-Mather theory to define the Aubry set as the unions of all curves that are
calibrated by all 1-periodic viscosity solutions of (Hc). It is known that the Aubry set is not
empty. This result of course implies the lemma, but we provide a simple self-contained proof.

PROOF. Let us define the number M (¢) := max(v; — u¢). The function M (¢) is non-increasing,
because the inequality vy < M + u; implies vy < M + u, for all s > ¢, by Properties 2.2 ¢ and ii.
On the other hand the functions u and v are periodic, hence M (¢) is periodic, hence constant. We
denote by M this constant. Let us fix a time ¢ and a point x; such that v(t, z;) = M (¢) + u(t, z).
Let x(s) : (—o0,0] — T be a curve calibrated by u and such z(t) = z;. Since

u(t,z(t)) = u(s, z(s)) + /t L(s,z(s),2(s)) — ci(s) ds
and Sf
olt2(0) < vlsa@) + [ Llsva(s).i(s) = eils) ds
for all s < ¢ < 0, we obtain
M > (s, 2(s)) — u(s, 2(5)) > v(t, 2(t)) — ult, 2(£)) > M,

hence the inequalities are all equalities, which imply that the curve z(s) is also calibrated by v.
We have found a curve z(s) : (—oo,0] — T which is calibrated by u and v. We now consider a
curve Z(s) : R — T obtained as an accumulation point of the sequence z(s —n),n € N. This
curve is calibrated by u and by v. O

COROLLARY There exists a real number p(c) € [&/(c—),a/ (c+)] such that each curve x : R — T
calibrated by a 1-periodic viscosity solution u(8,x) of (HJc) has rotation number p(c).
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PROOF. It is easy to see that, if x is calibrated by a periodic solution, then x € C; hence = has
a rotation number. Let us consider two curves z(t) and ¢(t), such that x is calibrated by the
1-periodic solution u(f,z) of (Hc) and ¢ is calibrated by the 1-periodic solution v(6, z) of (Hc).
In view of the lemma, there exists a third curve f(¢) which is calibrated both by u and v. Since x
and f are both calibrated by u, the sets Z(R) and f(R) are either disjoint or equal. In each case,
we have p(z) = p(f). In the same way, f and g are both calibrated by v hence p(q) = p(f). As
a consequence, we have p(q) = p(x). Hence all the curves that are calibrated by some 1-periodic
solution of (Hc¢) have the same rotation number, and we can denote by p(c) this rotation number.
It follows from Lemma 2.7 that p(c) € [o/(c—),a/(c+)]. O

2.10. We are going to prove that the function p(c) is continuous. This implies the differentiability
of «, and completes the proof of Proposition 2.7. Let us fix a value of ¢, and consider a sequence ¢,
converging to c¢. Let v, (0, ) be a time-periodic viscosity solution of (H¢,,) and let z,(¢) : R — R
be a curve calibrated by v,,. We extract a subsequence k of n in such a way that the sequence vy
converges, uniformly on compact subsets of R x T, to a viscosity solution v of the equation (Hc). In
addition, we can suppose that the curves x; are converging uniformly on compact sets to a curve
2(t) which is calibrated by v. By the definition of p(c), we have p(z1) = p(ck) and p(x) = p(c).
By continuity of the rotation number on C, we have p(xy) — p(z), hence p(cx) — p(c). This is
the expected continuity of p. We have proved Proposition 2.7. U

2.11. The asymptotic behavior of viscosity solutions is described by the following theorem, ob-
tained in [Be] (see also [BR] for another proof, and see [Fa3] and [Ro] for related results). Let
T(c) € N be defined by:

T(c)=1 if p(c) is irrational,

T(c)=q if p(c) is the rational p/q in lowest terms.

THEOREM Let u(t, ) : [to,00) X T — R be a viscosity solution of (HJc). There exists a viscosity
solution v(t,r) : R x T — R of (HJc) which satisfies veyp(c) = ve — T(c)a(c) for each t € R, and

lim |Jus — v¢||ec = 0.
t—o00

3. ENTROPY SOLUTIONS AND CHARACTERISTICS

The relation between classical solutions of Burgers equation and the Hamiltonian dynamics is
quite well understood from 1.5. We shall now describe the main properties of entropy solutions,
with emphasis on their relation with dynamics. We will also prove Theorem 1.14 and Corollary
1.15.

3.1. A function y :]tg,t1[— R is called an entropy solution of Burgers equation (B) if :

i. The functions y and H (¢, z,y(t,z)) are locally integrable and the equation holds in the sense
of distributions :

/ y(t, x)0:d(t, ) + H(t,x,y(t, x)) 0. d(t, x)dtdz = 0
[to,00)XT

for all smooth function ¢ :]tg,t1[xT — R with compact support (see [Se] for details). Note
that the space average [, y(t,)dz is then a constant c.

i. The Oleinik inequalities
ye(z +6) — ye(x) < K(t)0
hold for all ¢ €]tg, t1[, z € T and § > 0, with a positive and decreasing function K (t).

3.2. Let y, be a sequence of functions of L!(T). Considering these functions as periodic functions
on R, we can define the primitives Y,,(x) := f; Yn. We say that the sequence y, converges very
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weakly to y if the primitives Y,, converge to Y, uniformly on compact sets.

PROPOSITION  For each tg € R and each yo € L'(T), there exists a unique entropy solution
y :Jto,00) x T — R of Burgers equation such that y; converges very weakly W to yo when t
converges to ty. This solution satisfies

Y € LOO([tl,OO) X T) N C(]to,OO),Ll(T)),

for all t1 > to, and it is given by y(t,x) = ¢+ Oyu(t,z), where ¢ = [pyodx and u(t,x) is the
viscosity solution of (HJc) of initial condition ug,(x) = fom (yo — ¢).

PROOF. Let us first deal with uniqueness. The standard method to prove uniqueness is to use
the Oleinik inequalities 3.1 7., via a duality method, see [H], Theorem 2.2.1, or [Se], 2.8. We shall
use the Hamilton-Jacobi equation. Indeed, let y(¢,z) :]tg,00) x T — R be an entropy solution.
Note that this function is locally bounded in view of the Oleinik inequalities. Define

i) = [ "yt ) - g - / 1 / “(y(t,q) — O)dad,

where ¢ = fT yedx. We have, in the sense of distributions, 9y, 4 = 0y = —0,(H(t,x,y)). Hence the
distribution ovu(t,x) + H(t,z,y(t,x)) does not depend on z, and is the locally integrable function
= [p H(t,x,y(t,z))dx. The function u(t,z) = u(t, x) ft s)ds, satisfies Opu+ H (t,z,y) = 0
and O0,u = y—c in the sense of distributions, hence both 0, u and atu are locally bounded functions
on Jtg,00) x T hence (see for example [EG], 4.2.3) the function w is locally Lipschitz on Jtg, 00) x T.
In addition, the Hamilton-Jacobi equation d,u+ H (¢, x, c+0,u) = 0 holds almost everywhere. The
function u satisfies condition ii. of Proposition 2.3 as a consequence of the Oleinik inequalities i.
above. Since the functions y; converge very weakly to yo as t — to, we have @y — uy, uniformly
as t — to, which implies that u; — u;, uniformly. As a consequence, the function w is continuous
on [tg,00) x T. In view of 2.3, the function u has to be the viscosity solution of (H.Jc) of initial
condition u,. So the only candidate to be an entropy solution of (B) is y(t,z) = ¢ + d,u(t, z).
It is classical to obtain the existence of entropy solutions as limits of regular solutions of the
viscous equation (B,). However we shall use once more the Hamilton Jacobi equation, i.e. we
shall prove that the function y(¢,z) = ¢ + d,u(t, z) introduced in the discussion on uniqueness is
indeed an entropy solution. Recall that u is Lipschitz on [t1,00) x T for all ¢; > to, hence d;u and
y = ¢+ O0,u are well defined in L>([t1,00) x T), as well as H(t,z,y(t,x)). It is straightforward
that 4. is satisfied, and 4i. follows from the property 4:. of Proposition 2.3.

3.3. In order to prove the continuity of the mapping t — y; from |tg,00) to L(T), let us
introduce, for each positive number K, the set £k of functions which satisfy both

ly(z)] < K for all x
and
y(x+9) < K§+y(x) for all x € T and 6 > 0.

LEMMA  The set Ex is relatively compact in L(T) (for the strong topology). In addition, there
exists a modulus of continuity Ck (€) such that

du(y,2) < O (lly — 2[w1)
fory,z € Ex, where dy is the distance defined in 1.12.

PROOF. Let us denote by 75y the function 2 — y(z + ). We claim that, for each § € R, we have
lTsy — yllr < 2K16|. In view of Riesz-Fréchet-Kolmogorov compactness criterion (see [Br], IV.5)
this implies the first part of the Lemma. In order to prove the claim, let us first suppose that § > 0.
Using Oleinik inequality, we get 75y —y < KJ. Let us set 27 (z) = max{0, 75y(z) — y(z)} and

(D)The nature of the convergence of entropy solutions to their initial condition can be described more precisely
depending on the regularity of the initial condition. This question, however, is not very relevant to our discussion.
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2z~ = max{0,y(x) — 7sy(x)}, so that 75y —y = 2T — z7. We have 2" < K¢, hence [} zdzx < K.
Noticing that [(7sy — y)dz = 0, we obtain that [z~ dx = [} 2" dx hence

l7sy — yll 1 :/z+dz+/z*dx<2K§.
T T

The inequality for § < 0 follows in the same way from the fact that 75y — y > K¢ in this case.

We now prove the second part of the Lemma. See [KO] for related material. Let us consider two
functions y and z of £k and assume that dg(y, z) > 2¢ > 0. There exists a point (xo,yo) € H(y)
(see 1.12 for the notation) such that the ball B of radius 2¢ centered at (xo,yo) in T x R does
not contain any point of H(z). Hence either z(z) > yo + € for almost all x € [xg — €,z9 + €] or
z(z) < y(zo) — € for almost all x € [xg — €, 29 + €]. We will treat the first case, the second being
similar. Using Oleinik inequality, we obtain, for each ¢ € [0, €],

z(xo +0) = yo+e = y(xo +9) — Ko+ e

Hence

zo+min{e,e/K} min{e,e/K} 1 1
ly — 2| ps 2/ z(m)—y(x)dw}/ € — Krdr > € max (—,—) .
” 0 22K

O

COROLLARY  Let Vg C C(T,R) be the set of K-semi-concave (hence K-Lipschitz) functions.
Then every function uw € Vg has a derivative Oyu in Ex, and the operator 0, : Vg — Ek is
uniformly continuous, when Vi is endowed with the topology of uniform convergence and Ex with
the strong L' topology.

PrOOF. In order to prove that the operator 0, : Vg — Ek is uniformly continuous, let us
consider two sequeces u, and v, of of Vi, such that ||u, — v,||cc — 0. We have to prove that
|0ztn, — Opvn]lrr — 0. If not, there would exist subsequences uy and vi such that d,ux and
0, vy have different limits y and z in L'. This implies that the sequences uj and v have limits u
and v in C(M,R), and that these limits are different. But this is obviously in contradiction with
the assumption that ||u, — vy |lcc — 0. 0
In view of this corollary, the continuity of ¢t — y; follows from the continuity of ¢t —— w;. 0

3.4. It is clear from what has just been written that Theorem 2.11 implies our main new results,
Theorems 1.9 and 1.14. Indeed, if y(¢,x) is an entropy solution of (B), we write it y = ¢ + 0 u,
where u is a viscosity solution of (H.Je¢). Theorem 2.11 gives the existence of a viscosity solution v
of (HJc) such that v(t+T(c),z) = v(t,z) —T(c)a(c) and ||v; — ut|loc — 0 as t — oo. It follows
from the considerations above that the function w(t, x) = ¢+0,v(t, z) is an entropy solution of (B),
and it clearly satisfies w(t + T'(c), x) = w(t, z). In addition, for ¢; > tg, all the functions u, t > ¢,
and v, t € R belong to the same set Vi. We obtain that ||y — wt||r = ||Ozus — Ozvt]|pr — 0
as t — oo in view of the uniform continuity of the operator 9, : Vg — Ex. The second part of
Lemma 3.3, then implies that dg (y;,ws) — 0. O

3.5. Consider an entropy solution y(t,z) : [tg,00) X T — R of Burgers equation, let ¢ = fT ydx
and let u(t,x) : [tg,00) x T — R be a viscosity solution of (HJc) such that y = ¢ + O,u.
A trajectory v(s) : [to,00) D [t,t'] — T x R of the Hamiltonian vector-field X is called a y-
characteristic if y(s) € G(ys) for each s € [¢,t']. A curve z(s) : [to,00) D [t,t'] — T is also called
a y-characteristic if it is the projection of a y-characteristic v(s). The following theorem extends
the method of characteristics to entropy solutions :

THEOREM (CHARACTERISTICS)

i. A curve y(s) :Jtg,00) D [t, '] — T x R is a y-characteristic if and only if it is calibrated by
u.
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it. Let v(s) :Jto,00) D [t,t'] — T X R be a y-characteristic, then for each s €]t, |, the function
Ys 1s continuous at x(s) and y(s,x(s)) = p(s)

iii. For every t > tg and every (z,p) € G(yi), there exists a unique y-characteristic y(s) :
Jto,t] — T x R such that y(t) = (x,p).

. If in addition yi, € E, then for every t > to and every characteristic x :]to,t[— T, we
have p(to) = y(to,x(to)). Where (x(to),p(to)) is naturally defined by prolongation of the
Hamiltonian trajectory (x(t), p(t)).

v. There exists a characteristic x(t) : [ty,00) — T.

PRrROOF. The proposition will be deduced from the properties of calibrated curves mentioned in
2.4. If v(s) = (x(s),p(s)) : [t,#] — T x R is a calibrated curve, then we have seen that y is
continuous at (s, z(s)) for each s of J¢,¢'[, and that y(s,x(s)) = p(s). As a consequence, calibrated
curves are characteristics, and 4i. holds for these curves.

Let us now prove iii. Let us fix a point (z,p) € G(y:), and let (z,,p,) be a sequence of points
of G(y;) converging to (z,p). For each n, there exists a calibrated curves (z,(s),pn(s)) : [to,t] —
T x R such that z,(t) = z,. Since (¢,z,) is a point of differentiability of w, this calibrated curve
satisfies p,, (t) = Oyu(t, ) + ¢ = p,,. These calibrated curves converge to a calibrated curve which
terminates at (t,z,p). Uniqueness in 4. is a consequence of Cauchy-Lipschitz Theorem for the
Hamiltonian vectorfield.

We now prove that all characteristics are calibrated curves. Let v(s) = (x(s),p(s)) : [t, '] —
T x R be a characteristic. Let 4(s) : [tg,#'] — T x R be the unique characteristic terminating at
(t',x(t'), p(t')) which was obtained above (and which is a calibrated curve). Clearly, v has to be
the restriction of 4, hence it is a calibrated curve. 0O

3.6. In terms of the dynamics, using the notation of 1.12, this theorem implies that

m C b (G(yt))
when tg < t < t/, and that

G(E(y)) C ¢(G(y))
when y € £.

3.7. A function y :Jtg,t1[XT — R is called a backward entropy solution of (B) if the function
J(s,x) := —y(t; — s) is an entropy solution of the reversed equation

where I;T(t, x,p) = H(t; —t,z,—p). If y is a C* solution of Burgers equation, then it is an entropy
solution and a backward entropy solution. However, entropy solutions and backward entropy
solutions are different in general. More precisely, the function y is a backward entropy solution if
and only if it is a solution in the sense of distributions, and satisfies the reversed Oleinik inequalities

ye(x +9) = ys(x) — K(t)o

when § > 0, with an increasing function K :Jtg,t1[—]0,00). As a consequence, if y is both an
entropy solution and a backward entropy solution, then y; is Lipschitz for each ¢ €]to,t1[. More
precisely, we have:

PROPOSITION  Let y :]tg,00) x T — R be an entropy solution of (B). The function y is a
backward entropy solution of (B) on lto, t1[xT if and only if the function yi, is continuous. The
function y is then locally Lipschitz on Jto,t1[xT.
PROOF. Let us first assume that y is both an entropy solution and a backward entropy solution.
Then for each compact interval of time I Cltg, 1], the functions y;,t € I, are equilipschitz. In
view of the Lemma in 2.3, we conclude that y is Lipschitz on I.

Assume now that y;, is continuous. Then each point (z,y:, (x)) is the endpoint of a single
characteristic I';,(t) = (Q(t,x), P(t,x)) :Jto, t1] — T. Clearly, we have y(¢, Q(t,z)) = P(t,x) for
all (t,z) €l]to,t1] x T. Let z(t,x) : (—o0,t1] X T — R be the unique backward entropy solution
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with final condition y;, given by Proposition 3.2. Let us fix a point (¢,2) € [to,t1] X T, and a
z-characteristic v(s) = (x(s),p(s)) : [t,t1] — T X R satisfying (t) = x. Since —y;, € &, this
characteristic furthermore satisfies p(t;) = z(t1,2(t1)) (this results from 4v. of the theorem on
characteristics). As a consequence, the characteristic (s) coincides with I';«,)(s). This implies
that z; is continuous at x and satisfies

z(t,x) = p(t) = P(t,z(t1)) = y(t, Q(t, x(t1))) = y(t, ).

We have proved that y; = z; for ¢ €]to, t1]. 0

3.8. PROPOSITION Let y, z :Jtg,00) x T — R be two continuous entropy solutions of (B). Then
the function t — |ly; — 2¢[|1 is constant.

This result will be extended in section 4, where we give a proof of the well known fact that the
function ¢ — ||y, — 2|/ is non-increasing if y and z are entropy solutions. Since continuous
solutions are both entropy solutions and backward entropy solutions, this implies the proposition.
However, we give an independent proof here.

PRroOF. Let us consider the graphs I'y, and I',, of y and z in T xR. let U; be the domain enclosed
by these two curves, that is the union of all bounded connected components of T x R — (I'y, UT';,).
Clearly, ||y: — zt]|r1 is the area of U;. It follows from the theorem on characteristics that U/ =
¢ (Uy) for ' >t > to, where ¢ is the Hamiltonian flow. The area of U; does not depend on ¢
because the flow is area-preserving. O

3.9. We are now in a position to prove Corollary 1.9. Let us first state it in slightly greater
generality.

COROLLARY  Let y(t,x) :Jtg,00) X T — R be a solution of Burgers equation. If there exists an
unbounded sequence t, > to of times such that the function y., is continuous for all n, then the
function y is the restriction of a Lipschitz solution w : R x T — R which satisfies w(t + T, xz) =
w(t,x) for some T € N.

Proor. It follows from Proposition 3.7 that the function y is both a forward and a backward
entropy solution on Jtg, ¢, [XT for each n. It follows from the Oleinik inequality and the reversed
Oleinik inequality that the function y is Lipschitz on [t, c0) x T for all ¢, > to. On the other hand,
there exists a periodic solution w(t, z) such that ||y — wt||,r — 0 as ¢ — co. The functions w;
are equilipshitz because the functions y;, t > ¢, are equilipshitz. As a consequence, both entropy
solutions w and y are continuous on [t),00) X T, hence ||y — we| r1 is constant, hence it is zero.
We have proved that y = w on [t1,00) x T. O

3.10. The fact that backward characteristics always exist, but that forward characteristics don’t,
is one of the key features of entropy solutions. Particle may be absorbed by shocks, but they can’t
be created by shocks. In order to understand the full future of a given particle, it is useful to
introduce the notion of weak characteristic. Consider an entropy solution y(¢, x) : [tg,00) XT — R
of Burgers equation, let ¢ = [, ydx and let u(t,z) : [to,00) x T — R be a viscosity solution of
(H Jc) such that y = c+9,u. We say that an absolutely continuous curve z(s) : [tg, 00) D [¢,t'] —
T is a weak y-characteristic if it satisfies the equation

@(s) € [OpH (s, 2(3), ys (2(5))), OpH (s, 2(s), y (2(s)))]
almost everywhere. It is clear that y-characteristics are weak y-characteristics, and that the notions
of weak y characteristics and of y-characteristics coincide if y is a continuous solution.

PROPOSITION  For each t > to and zo € T, there exists one and only one weak characteristic

PROOF. In view of the convexity of H in the p variable, there exists a constant K such that the
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function Y(s,x) = 0,H (s, z,y(s, x)) satisfies |Y'(s,2)| < K and the Oleinik inequality
Y(s,z+9) <Y(s,z)+ Ko

for § > 0, s > t. Since 9,H(s,z,y*(s,2)) = Y*(s, ), the equation for weak characteristics can
be written as

i(s) € [Y (2(s)), Y (x(s))]-
Now the Proposition follows from a result of Filippov, see [H], Theorem 1.4.2. O

3.11. PROPOSITION All weak y-characteristics z(s) : [t,00) — T have the same rotation number

lim % /ttx = p(c) = & (c).

PROOF. Let x(t) :]tg,00) — T and ¢(t) :]tg, 00) — T be respectively a genuine y-characteristic
and a weak y-characteristic. Let Z(t) :]tg, 00) — R and q(t) :]¢p, 00) — R be continuous functions
such that Z(t) mod 1 = z(t) and §(¢) mod 1 = ¢(t), and such that Z(to) < q(to) < Z(to) + 1. Note
that q(t) = q(to) + j;to ¢, with a similar property for Z. The uniqueness of weak y-characteristics
implies that Z(t) < g(t) < Z(¢) + 1 for all ¢. Since z is a genuine y-characteristic, it is calibrated
by u, so that Proposition 2.7 implies

z(t) q(t)

- p(c) and hence B p(c).

4. PAIRS OF SOLUTIONS AND DISSIPATION

It is well known that if y and z are entropy solutions of (B), then the norm ||y — 2¢||z1 is a
non-increasing function of ¢. We shall give a proof of this fact. In short, it is a consequence of the
fact that values of local maxima of differences of viscosity solutions are decreasing. We now give
the details.

4.1. Let f: T — R be a continuous function. We say that zy € T is a point of local maximum
of f if there exists an interval Ja,b[C T containing xo and such that f(zo) = max),;; f and
f(zo) > max(f(a), f(b)). The value f(xo) is then called a value of local maximum. The following
proposition states that the values of local maxima of a difference u; — v; of viscosity solutions are
non-increasing functions of ¢.

PROPOSITION Let u, v : [tg,00) X T — R be a pair of viscosity solutions of (HJc), let t1 > to,
and let d = u —v. Let x1 be a point of local maximum for d,, and let |a,b] be an open interval
containing w1, and such that max(dy, (a),ds, (b)) < d(t1,71) = maxjq[dy,. Let a(t) and b(t) be
curves calibrated by u and satisfying a(t1) = a, b(t1) = b. Then for each t in lto,t1], we have
M(t) = max(qs),pe) ¢ > max(d(t,a(t)),d(t,b(t))), hence M(t) is a value of local maximum. In
addition, the value M (t) is a continuous and non-increasing function of t on |tg,t1].

PROOF. The functions d(t, a(t)) and d(t,b(t)) are non-decreasing on [tg,t1]; hence d(t, a(t)) <
d(ti,a(t1)) < M(t1) and d(t,b(t)) < d(t1,b(t1)) < M(t1). On the other hand, consider a curve
q(t) which is calibrated by v and satisfies the final condition ¢(¢;) = 1. Since the function d(t, ¢(t))
is non-increasing, we have d(t,q(t)) > d(t1,q(t1)) = M(t1). It follows that d(t,q(t)) > d(t,a(t))
and d(t, q(t)) > d(t,b(t)) for each t, hence the curve ¢(t) can’t cross the curves a(t) and b(t), and
q(t) €la(t),b(t)] for each t. As a consequence, we have M (t) > d(t, q(t)) > max(d(t, a(t)), d(t,b(t)))
hence M(t) is a value of local maximum. In addition, we have M (t) > d(¢,q(t)) = M(t1). The
same construction can be performed with a smaller final time ¢] satisfying ¢ < ¢] < ¢1, hence
we have the inequality M(t) > M (t}) for t < | < t;. As a consequence, the function M(t) is
non-increasing on ltg, t1]. O
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4.2. In order to apply the proposition to pairs of entropy solution of (B) with possibly different
averages, we need some refinements. From now on, we sometimes consider functions on T as
periodic functions on R without changing their names.

COROLLARY Let ¢ and ¢’ be two real numbers, let u :]tg,00) x T — R be a viscosity solutions
of (HJc), let v :]tg,00) x T — R be a viscosity solutions of (HJc'), and let t, > ty. We denote
by dy the difference di(z) = us(x) —ve(x) + (¢ — )z : R — R. Let 21 € R be a point of local
mazimum for di,, and let Ja,b][C R be an open interval of length less than 1 containing x1, and
such that max(dy, (a),ds, (b)) < d(t1, 1) = max), p; ds, . Let a(t) and b(t) be curves calibrated by u
(for (HJc)) and satisfying a(t1) = a, b(ty) = b. Then there exists t;, < t1 such that, fort € [t{,t1],
we have M(t) = maxjq@) sy de > max(d(t,a(t)),d(t,b(t))). The value M(t) is a continuous and
non-increasing function of t on [ty,t1]. The functions t — d(t,a(t)) and t — d(t,b(t)) are
non-decreasing on [t(,t1].

ADDENDUM If |a’,b'[Cla,b] is a smaller interval and if M' = d(t1,2]) = maxje y[dy, >
max(dz, (a'),dt, (b)), then the Corollary can be applied to the value M’ in the interval |a’,b'[ with
the same time tj,.

PROOF. Let us fix intervals I and J of length less than 1 such that [a,b] C I C I C J. We also call
I and J the images of I and J in T, which are proper subsets of T. Let K’ be a common Lipschitz
constant of the functions v, t > (tg + t1)/2, and let K = 2K'/(1 — |J|). Let us fix a time t{, < t;
and a l-periodic K-Lipschitz function wy : R — R such that wy (v) = v(ty, z) + (¢’ — ¢)x for
r € Z+J. We can see wy, as a function on T, and define in a natural way w(t,r) = V;‘é’t(w%)(x),
for ¢ > t,. We claim that w(t,z) = v(t,z) + (¢’ —c)x for all x € T and t € [t), t1], if t, < t; is large
enough. Assuming the claim, and assuming in addition that t{, is sufficiently large that the curves
a(t) and b(t) remain in I on [t(, ¢1], the corollary follows from the proposition above applied to u
and w, which both solve (HJ¢). In order to prove the claim, recall that

w(t,z) = min <wt6(x(t6)) + /t/ L(s,x(s),x(s)) — ct(s) ds) ,

o]

and

¢
v(t,z) = min (vt(/J (x(ty)) —|—/ L(s,x(s),@(s)) — i(s) ds) ,
t
where the minima are taken on the set of C! curves z(s) : [t{,t] — R terminating at z. By
superlinearity of L, it is possible to choose t{ so close to ¢; that, if t{; < ¢t < ¢’ < t; and z(s) :
[t,t'] — R is a curve starting outside of J and ending inside I, then
t/

/75 L(s,z(s),2(s))ds > 2K —|—/t L(s,z(t"),0)ds + (|c| + |c'|)/75 |z (s)|ds.

If t{, is chosen sufficiently close to t1, then for each & € I, the curves reaching the minima in the
expressions of w an v above satisfy x(s) € J for all s. We have proved that, if ¢, is large enough,
then for each = € I it is possible to restrict the minima in the expression for w and v above to
curves z(s) contained in J. For such a curve, we have

t

wy (x(ty)) + / L(s,x(s),4(s)) — ci(s)ds

t

t

= 04, (a(19)) + (¢ = OJalty) + claty) ) + [ Llsva(s).(s)) ds

t
= vy (2(ty)) + (¢ — )z + / L(s,z(s),4(s)) — c'i(s) ds.
to
As a consequence, the equality w(t,z) = (¢’ — ¢)x + v(t, z) holds for all ¢ € [t,¢1] and all z € J.
This ends the proof of the claim, and the proof of the corollary. O
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4.3. THEOREM Let y(t,z) and z(t,x) :]tp,00) x T — R be two entropy solutions of (B). Then
the function

t— llye — zellx
is non-increasing. In addition, let xo(t) and x1(t) be two curves which are characteristics both fory
and z, and let J(t) and I(t) be the two continuously varying intervals of T such that I(t)JJ(t) =T
and I(t) N J(t) = {xo(t),z1(t)}. Then each of the functions

te— (e — 2) 1)l and t — |[(ye — 20) 10 11
1§ non-increasing.

ProOOF. We shall prove the first part, leaving the easy modifications needed to prove the second
part to the reader. Let y = ¢+ 0;u and z = ¢/ + 9,v be two entropy solutions of (B), and let
d(t,r) = us(z) — v¢(x) + (¢ — /)z. The idea of the proof is very simple. The L' norm of y; — 2z
is the total variation of the function d;. Since the local maxima of this function do not increase,
and since its local minima do not decrease, the total variation of d; can’t increase. The details
are, however, a bit tedious.

We consider u and v as periodic functions ]tg, 00) x R — R, and define d(t, x) = us(z) —ve(z) +
(¢— ). We denote by Var(d;) the total variation of d; on any interval of length 1. This quantity
does not depend on the interval, and

Var(di) = [lys — 2l 1.(r)-
We shall prove that, for each ¢; > tg, there exists a time ¢, €]tg, t1[ such that, for each t €]t(, t1],
we have Var(d;) > Var(d:, ). Because it is also continuous, the function ¢t —— Var(d;) is then
non-increasing, which is the desired result.
Let us fix a time t; > £y. Assume first that the function d;, does not have any local minimum.
In this case, Var(d;,) = |¢’ — ¢|. On the other hand, the inequality Var(d;) > |¢’ — ¢/ clearly holds
for all ¢, hence we have proved that

Var(d) > Var(dy,)

for all t < t;.

Otherwise, there exists a point a € R of local minimum of d;,. We consider a y-characteristic
a(t) :Jto,t1] — R terminating at a. There exist non decreasing sequences M, and M of finite
subsets of ]a,a 4 1] such that, for each k :

— Each point of M is a point of local minimum of d;, ;

— Each maximal interval in the complement |a,a + 1[—M, of M, contains exactly one point

of M}

— Each point of ./\/l'k" is a point of local maximum of d;,;

The sets M, and M} are disjoint.
We have, when k — oo,

2 Z dy, (l‘) -2 Z dy, ($> —dy, (a‘<t1)) — dy, (a(tl) + 1) - Var(dh)'

zeMF TEM;;

It is possible that M, is empty for all k. In this case, Mﬁ is also independent of k and contains
a single point z, and we have

Var(dy, ) = 2dy, (x) — dy, (a(t1)) — di, (ats) +1).
In view of the corollary, there exists ¢, such that the function M(¢) = mMaxX]q(¢),a(t4+1)[ ¢t 1S non-

increasing on [t, t1], and the functions d(¢,a(t)) and d(¢,b(t)) are non-decreasing on this interval.
As a consequence, for t €]tg, t1[, we have

Var(dy) > 2M (t) — di(a(t)) — de(a(t) + 1) = 2M (t1) — dy, (a(ty)) — di, (a(t1) + 1) = Var(dy, ).

Otherwise, the function d;, has oscillations and the sets M, are not empty. Let us choose, for
each point € M, , a y-characteristic x(t) : [to,t:] — R satisfying z(t;) = . Let M, (t) be
the union of all the points z(t) obtained that way. The corollary above and its addendum allow
to find a time ¢} €]to, 1] independent of k such that, if |z, 2'[Cla,a + 1[ is a maximal interval of
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the complement of M, , then the y-characteristics (t) and 2’(t) associated to x and 2’ satisfy
a(t) < z(t) < 2/(t) < a(t) + 1 for each ¢ €]t(, 1], and the interval ]z (t),2’(t)[ contains a point
of local maximum ¢(t) of d;, such that the associated value of local maximum d(¢,¢(t)) is non-
increasing. Let M (¢) be the union of all such points ¢(t). Recall also, from the corollary, that
the function ¢ — d(t, z(t)) is non-decreasing on |ty,t1] for each of the chosen characteristics
x(t) € M (t). We have, for t € [t(, 1]

Var(d) >2 > di(q)—2 Y di(x) — di(a(t)) — di(a(t) + 1)

qgeEM(t) zEM, (1)
=2 Z dy, (Q) -2 Z dy, ($) — dy, (a(tl)) — dy, (a(tl) + 1) - Var(dt1)7
geM (1) zEM; (t1)
hence Var(d;) > Var(dy, ). O
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