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INTRINSIC LIPSCHITZ GRAPHS IN HEISENBERG GROUPS AND
CONTINUOUS SOLUTIONS OF BALANCE EQUATIONS

FRANCESCO BIGOLIN, LAURA CARAVENNA, FRANCESCO SERRA CASSANO

ABSTRACT. In this paper we provide a characterization of intrinsic Lipschitz graphs in the sub-
Riemannian Heisenberg groups in terms of their distributional gradients. Moreover, we prove the
equivalence of different notions of continuous weak solutions to the equation ¢, + [¢2 /2] = w,
where w is a bounded function.
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1. INTRODUCTION

In the last years it has been largely developed the study of intrinsic submanifolds inside the Heisen-
berg groups H"™ or more general Carnot groups, endowed with their Carnot-Carathéodory metric
structure, also named sub-Riemannian. By an intrinsic regular (or intrinsic Lipschitz) hypersurfaces
we mean a submanifold which has, in the intrinsic geometry of H", the same role like a C! (or Lips-
chitz) regular graph has in the Euclidean geometry. Intrinsic regular graphs had several applications

Date: February 14, 2012.

F.B. is supported by PRIN 2008 and University of Trento, Italy. L.C. has been supported by Centro De Giorgi
(SNS di Pisa), by the ERC Starting Grant CONSLAW and the UK EPSRC Science and Innovation award to the
Oxford Centre for Nonlinear PDE (EP/E035027/1). F.S.C. is supported by GNAMPA, PRIN 2008 and University
of Trento, Italy.

1



2 F. BIGOLIN, L. CARAVENNA, F. SERRA CASSANO

within the theory of rectifiable sets and minimal surfaces in CC geometry, in theoretical computer
science, geometry of Banach spaces and mathematical models in neurosciences.

We postpone complete definitions of H” to Section [2 We only remind that the Heisenberg group
H” = C" x R = R?"*! ig the simplest example of Carnot group, endowed with a left-invariant
metric do, (equivalent to its Carnot-Carathéodory metric), not equivalent to the Euclidean metric.
H" is a (connected, simply connected and stratified) Lie group and has a sufficiently rich compatible
underlying structure, due to the existence of intrinsic families of left translations and dilations and
depending to the horizontal fields X7, ..., Y;,. We call intrinsic any notion depending directly by the
structure and geometry of H". For a complete description of Carnot groups [6] [16, 2], 22, 23] are
recommended.

As we said, we will study intrinsic submanifolds in H™. An intrinsic regular hypersurface S C H"
is locally defined as the non critical level set of an horizontal differentiable function, more precisely
there exists locally a continuous function f : H* — R such that f(P) = 0, there exists in the sense of
distributions Vg f = (X1 f,..., Y, f), it is continuous and non-vanishing for P € S'. Intrinsic regular
hypersurfaces can be locally be represented as X;-graph by a function ¢ : w C W = R?" — R, where
W = {27 = 0}, through an implicit function theorem (see [12]). In [2] 4 [5] the parametrization ¢
has been characterized as weak solution of a system of non linear first order PDEs V¢¢ = w, where
w:w— R™ Land V? = (Xa,..., X, 0y + 60, Ya,...,Y,), see Theorem By an intrinsic point
of view, the operator V%¢ is the intrinsic gradient of the function ¢ : W — R. In particular, [5]
shows that ¢ is a continuous distributional solution of the problem V?¢ = w with w € C%(w, R?"71)
if and only if ¢ induces an intrinsic regular graph.

Let us point out that an intrinsic regular graph can be very irregular from the Euclidean point of
view: indeed, there are examples of intrinsic regular graphs in H' which are fractal in the Euclidean
sense ([19)]).

The aim of our work is to characterize Intrinsic Lipschitz graphs in terms of the intrinsic distribu-
tional gradient. In the Euclidean setting, Lipschitz graphs can be either defined

e by means of cones: there exists a cone which translated to any point of the surface locally
intersects it only in the vertex;

e in a metric way: there exists L > 0 such that |¢(z) — ¢(y)| < L|y — z| for every z,y € w;

e by the distributional derivatives, which must be absolutely continuous measures with L>°
density.

Intrinsic Lipschitz graphs in H" have been introduced and studied in [I5]. In particular the equiva-
lence of the first two points for intrinsic Lipschitz graphs has been established. A subset S C H" is
intrinsic Lipschitz if at each point P € S there is an intrinsic cone with vertex P and fixed opening,
intersecting S only in P. As consequence, the metric definition (see Definition is given with
respect to the the graph quasidistance dy, see (2.5), i.e the function ¢ : (w,dy) — R is meant
Lipschitz in classical metric sense. This notion turned out to be the right one in the setting of the
intrinsic rectifiability in H". Indeed it was proved in [I5] that the notion of rectifiable set in terms
of an intrinsic regular hypersurfaces is equivalent to the one in terms of intrinsic Lipschitz graphs.

We will denote by Lipy (w) the class of all intrinsic Lipschitz function ¢ : w — R and by Lipyy ;o (w)
the one of locally intrinsic Lipschitz function. Notice that Lipy(w) is not a vector space and that

Lip(w) € Lipyy 00 (@) S Choe/*(w),

loc

where Lip(w) and Cﬁ;i/ ?(w) denote respectively the classes of Euclidean Lipschitz and 1/2-Hélder

functions in w. For a complete presentation of intrinsic Lipschitz graphs and functions [, [15] 20]
are recommended.

The first main result of this paper is the characterization of a parametrization ¢ : w — R of an intrin-
sic Lipschitz graph as a continuous distributional solution of V¢¢ = w, where w € L™ (w, R?"~1).
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Theorem 1.1. Let w C W = R?" be an open set, ¢ : w — R be a continuous function and
w € L>®(w;R). ¢ € Lipy jo.(w;R) if and only if there exists w € L (w; R*"™1) such that ¢ is a
distributional solution of the system V¢ = w.

We stress that this is indeed different from proving a Rademacher theorem, which is more related to
a pointwise rather than distributional characterization for the derivative, see [I5]. Nevertheless, we
find that the density of the (intrinsic) distributional derivative is indeed given by the function one
finds by Rademacher theorem. We also stress that there are a priori different notions of continuous
solutions ¢ : w — R to V?¢ = w, which express the Lagrangian and Eulerian viewpoints. They will
turn out to be equivalent descriptions of intrinsic Lipschitz graphs, when the source w belongs to
L (w; R?"~1). This is proved in Section |§| and it is summarized as follows.

Theorem 1.2. The following conditions are equivalent

(i) ¢ is a distributional solution of the system V?¢ = w with w € L>(w;R2"71);
(ii) ¢ is a broad solution of V®¢ = w, i.e. there exists a Borel function @ € £ (w;R?" 1) s.t.
(B.1): w(A) = w(A) L*-a.e. A€ w;
(B.2): for every continuous vector field V¢ having an integral curve T' € CY((—6,0);w), ¢
satisfies

o)~ o) = [ b (T(r) dr Vs € [-6.0].

In the statement, £ (w; R?"~1) denotes the set of functions from w to R?"~1, while L>°(w; R?" 1)
denotes the equivalence classes of Lebesgue measurable functions in £ (w; R?"~1) which are iden-
tified when differing on a Lebesgue negligible set. We will keep this notation throughout the paper:
its relevance is remarked by Examples [I.3] [[.4] below.

Outline of the proofs. With the intention of focusing on the nonlinear field, we fix the attention
on the case n = 1. The variables will be denoted by ¢ and y, and the subscripts [-]¢, [-], will denote
the distributional derivatives %, a% in the Euclidean sense w.r.t. this variables.

Given a continuous distributional solution ¢ of the PDE
2
VP = ¢, + [ﬂ =w
2 1y

we first prove that it is Lipschitz when restricted along any characteristic curve I'(y) = (y,v(v)),

= ¢ oI', adapting an argument by Dafermos. On the other hand, by a construction based on the
classical existence theory of ODEs with continuous coefficients, we can define a change of variable
(y, x(y, 7)) which straightens characteristics. This change of variables does not enjoy BV or Lipschitz
regularity, it fails injectivity in an essential way, though it is continuous and we impose an important
monotonicity property. This monotonicity, relying on the fact that we basically work in dimension 2,
is the regularity property which allows us the change of variables. As we exemplify below, we indeed
have an approach different from providing a regular Lagrangian flow of Ambrosio-Di Perna’s theory,
and it is essentially two dimensional. After the change of variables, the PDE is, roughly, linear, and
we indeed find a family of ODEs for ¢ on the family of characteristics composing y, with coefficients
which now are not anymore continuous, but which are however bounded. By generalizing a lemma
on ODEs already present in [4], we prove the 1/2-Holder continuity on the vertical direction (y
constant), and a posteriori in the whole domain. This are the main ingredients for establishing that
¢ defines indeed a Lipschitz graph: given two points, we connect them by a curve made first by
a characteristic curve which joins the two vertical lines through the points, then by the remaining
vertical segment. We manage this way to control the variation of ¢ between the two points with
their graph distance dg, checking therefore the metric definition of intrinsic Lipschitz graphs.
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FIGURE 1. Illustration of Examples Characteristics are drown for three
particular continuous distributional solution to the equation ¢, +[¢?/2]; = sgn(t)/2.
Below the graphs of the corresponding functions ¢ are depicted.

The other side of Theorem is based on the possibility of suitably approximating an intrinsic
Lipschitz graph with intrinsic regular graphs. A geometric approximation is provided by [§]. We
also provide a more analytic, and weaker, approximation as a byproduct of the change of variable
x which straightens characteristics, by mollification.

We stop now for a while in order to clarify the features of the statement in Theorem [I.2] and why it
is so important to differentiate between £°(w;R?"~1) and L>°(w;R?"~1). Lagrangian formulations
are affected by altering the representative, as the following example stresses.

Example 1.3 (Figure . Consider the continuous function ¢(y,t) = \/|t| in the domain w =
(0,1) x (—1,1). For simplicity, it does not depend on y. It is easy to calculate

8(;52_{ /2 ift>0

)
b= Ly 99 _ _.
vie= 8y¢+8t 2 —1/2 ift <0 cw(y, t).

Consider the specific characteristic curve (y,v(y)) = (y,0). Even if ¥(y) = ¢(y,v(y)) = 0, the
derivative of ¢ along this characteristic curve is not the right one:

0 1

— 0)=0+# - = 0).

50,0 = 0% 5 = u(.0)

Equation (3.5) holds however on every characteristic curves provided we choose correctly an L -
representative w € £ (w;R) of the source w: it is enough to consider

12 ift>0
Dy t) =4 0 ift=0
“1/2 ift <0
Notice that w(y,t) = w(y,t) for L?-a.e. (y,t) € w. O

Before outlining Theorem [I.2] we exemplify other features mentioned above by similar examples.
Example 1.4 (Figure[l). Let w = (0,1) x (—1,1), and choose

oy, 1) = — sgnty/Jil.
Again

0 d ¢* /2 ift>0
b — - ¥ _ _.
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One easily sees that characteristics do collapse in an essential way. Considering instead

é(y, 1) = sgntr/Jt]

characteristics do split in an unavidable way. Therefore, while it is proved in [10] that in Exam-
ple[1.3 one can choose for changing variable a flux which is better than a generic other—the regular
Lagrangian flow—we are not always in this case. This is the main reason why we refer in our first
change of variables to a monotonicity property.

We have now motivated the further study for the stronger statement of Theorem [1.2] In order to
prove it, we consider also the weaker concept of Lagrangian solution: the idea is that the reduction
on characteristics is not required on any characteristic, but on a set of characteristic composing the
change of variables x that one has chosen. Indeed, exhibiting a suitable set of characteristics for the
change of variables x is part of the proof. Therefore, a £>-representative w,, for the source of the
ODE:s related to y is provided by taking the y-derivative of ¢(y, x(y, 7)), which by construction is
also the second y-derivative of x(y, 7). Certainly, there is an additional further technicality in coming
back from (y, ) to (y,t), which can be overcome. However, if one changes the set of characteristics
in general one arrives to a different function w,, € £°(w;R).

We have called broad solution a function which satisfies the reduction on every characteristic curve.
In order to have this stronger characterization, we give a different argument borrowed from [I]. We
define a universal source term w in an abstract way, by a selection theorem, at each point where
there exists a characteristic curve with second derivative. After showing that this is well defined, we
have provided a universal representative of the intrinsic gradient of ¢. In cases as Examples
it extends the one, defined only almost everywhere, provided by Rademacher theorem.

Outline of the paper. The paper is organized as follows. In Section [2| we recall basic notions
about the Heinsenberg groups. In Section |3| we fix instead notations relative to the PDE, mainly
specifying the different notions of solutions we will consider. One of them will involve a change of
variables, for passing to the Lagrangian formulation, which is mainly matter of Section [d] and it is
basically concerned with classical theory on ODEs. Then Appendix [A] also explains how to extend
a partial change of variables of that kind to become surjective, and provides a counterexample to
its local Lipschitz regularity. In Section [5| we prove the equivalence among the facts that either
a continuous function ¢ describes a Lipschitz graph or it is a distributional solution to the PDE
V?¢ = w, w € L™. The further equivalencies are finally matter of Section @

With some simplification, we can illustrate the main connections by the following papillon. As
mentioned above, there is also a connection with the existence of smooth approximations, which is
not emphasized. Here it is noticed in Corollary and applied relatively to the equivalence with
the distributional formulation. See [§] for a different smoothing.

Intrinsic Lipschitz (Def. 2.8)) %\ / Broad (Def. [3.7] .‘
ThE

LEA ’Lagranglan (Def. 3.6 .‘ clear :

Thp3n=1)
Distributional (Def. CorG1l

Broad* (Def. ‘

Acknowledgements. We warmly thank Stefano Bianchini and Giovanni Alberti for useful discussions
and important suggestions in particular on the subject of Section [6}
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2. SUB-RIEMANNIAN HEISENBERG GROUP

Definition: a noncommutative Lie group. We denote the points of H” = C"* x R = R2**+! by
P =[z,t] =z + iy, t] = (z,y,1), z€C" z,yeR" teR.
If P=[z1t], Q@ =[z,t'] € H" and r > 0, the group operation reads as

1 _
(2.1) P-Q:= z—&—z',t—&—t’—i%m((z,z’))
The group identity is the origin 0 and one has [z,#]7! = [~2z,—t]. In H" there is a natural one
parameter group of non isotropic dilations 8, (P) := [rz,r%t] , r > 0.

The group H™ can be endowed with the homogeneous norm
1P| oo = max{]z], [£|/*}
and with the left-invariant and homogeneous distance

doo(P,Q) = [P™" - Q| o-
The metric dy is equivalent to the standard Carnot-Carathéodory distance. It follows that the
Hausdorff dimension of (H",d,) is 2n + 2, whereas its topological dimension is 2n + 1.

The Lie algebra b, of left invariant vector fields is (linearly) generated by

0 1 0 0 1 0 0
Yi= — 4 i, j=1,... T=—
J ayj + ij 81‘;’ J ) y 1y ot

=0 2o
and the only nonvanishing commutators are
X,,Y;]=T, i=1,...n.
We also use the notation X; :=Y;_, for j =n+1,...,2n.

Horizontal fields and differential calculus. We shall identify vector fields and associated first
order differential operators; thus the vector fields X1,...,X,, Y1,...,Y, generate a vector bundle
on H", the so called horizontal vector bundle HH™ according to the notation of Gromov (see [16]),
that is a vector subbundle of TH", the tangent vector bundle of H™. Since each fiber of HH" can
be canonically identified with a vector subspace of R2"*+!, each section ¢ of HH" can be identified
with a map ¢ : H® — R?"+!. At each point P € H" the horizontal fiber is indicated as HH" p and
each fiber can be endowed with the scalar product (-,-) p and the associated norm || - || p that make
the vector fields Xy,..., X, Y1,...,Y, orthonormal.

Definition 2.1. A real valued function f, defined on an open set Q C H", is said to be of class
CH(Q) if f € C°(Q) and the distribution

V]Hlf = (lea7YTLf)
s represented by a continuous function.

Definition 2.2. We shall say that S C H" is an H-regular hypersurface if for every P € S there
ezist an open ball Us (P, ) and a function f € Clj(Us(P,7)) such that

i SNU(P,r)=4{Q € Ux(P,7): f(Q) =0};
ii: Vuf(P) # 0.

_ Vuf(P)

Vuf(P)|
In the spirit of [2 [3) 4 5] we set W := {(z,y,t) € H" : 27 =0} =R*", V := {(x,y,t) e H" : x5 =
0,...,y41 = 0,...,y, = 0} = R. Therefore if A € W then A = (0,22,...,Zn,Y1,Y2,---,Yn,t), We
will write A = (y1,v,t), where v = (z2,...,Zn,Y2,...,4s) if n > 2 and A = (y1,t) = (y,t) if n = 1.

The horizontal normal to S at P is vg(P) :=
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Definition 2.3. A set S C H" is an Xi-graph if there is a function ¢ : w C W — V such that
S = G]%ﬂ7¢(w) ={A-¢(A)e; : A € w}.

Let us recall the following results proved in [12].

Theorem 2.4 (Implicit Function Theorem). Let Q be an open set in H", 0 € Q, and let f € CL(Q)
be such that X1f > 0. Let S := {(z,y,t) € Q : f(x,y,t) = 0}; then there exist a connected open
neighborhood U of 0 and a unique continuous function ¢ : w C W — [—h, h] such that SNU = ®(w),
where h > 0 and ® is the map defined as

w > (ylvvvt) = Cb(yla 'U,t) = (yhvvt) : ¢(y17U7t)61
and given explicitly by

(I)(ylavat) = (¢(yl7v7t)ax2a <oy Ty Y1,Y2, - - 'ay’rut - %d)(ylﬂht)) an 2 2

q)(y177—) = <¢(i‘/17t)7y17t - %¢(y17t)> Zf’I'L =1.

Let n >2, Ag = (23,...,2%,949,...,49,t°) € R?" and define
I(Ag) = {(Tas s T Y1y s U t) ERP oy — o <1,
Yol —a?)? + (yi —y))?) <r?, [t =0 <r}.
When n = 1 and Ap = (y°,t°) € R? let
I(Ao) = {(y,t) €R®: [y —¢°| <, [t =% <7}
Following [2} [3, 25] we define the graph quasidistance dy on w. We set Oy := {(z,y,t) e H" : 21 =
0,t =0}, T:={(x,y,t) eH": 21 =0,...,y, =0}
Definition 2.5. For A = (y1,v,t), B = (y},v',t') € w we define
(2.2) dy(A, B) := ||mo, (2(A) ™" - ®(B))loc + |7r(2(A) ™" - &(B))]lo

If n > 2 we have explicitly
1/2

Yt L(6(A) + (B s — )+ o(v,v)

where o(v,v') = %E?ZQ(UH_H’U; —vv,15). If n=1and A= (y1,t), B = (y1,t') € w we have

dg(A, B) = |(y1,v") = (y1,v)] +

)

1/2

A(A, B) = 1o — ] + |¢ — £ = S(6(4) + (B) v — 1)

An intrinsic differentiable structure can be induced on W by means of dy, see [2, Bl 25]. We remind
that a map L: W — R is W-linear if it is a group homeomorphism and L(ry;,rv,r%t) = rL(y1,v,t)
for all » > 0 and (y1,v,t) € W. We remind then the notion of V?-differentiablility.

Definition 2.6. Let ¢ : w C W — R be a fized continuous function, and let Ag € w and ¥ : w — R
be given.

o We say that v is V?-differentiable at Aq if there is an W-linear functional L : W — R such
that

=0.

. Y(A) —(Ag) — L(Ay ' - A)
(2.3) Jim d¢(°AO’ i

o We say that v is uniformly V®-differentiable at Ay if there is an H-linear functional L :
W — R such that

- [¥(B) —¥(A) — L(B~' - A)|\ _
(2.4) lim  sup { (A, B) } =0

r—=0 A, Ber,-(Ag)
A#B
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If ¢ is uniformly V¢-differentiable at Ag, then ¢ is V?-differentiable at Ag.

In [2] it has been proved that each H- regular graph ®(w) admits an intrinsic gradient V%¢ €
C%(w;R?™), in sense of distributions, which shares a lot of properties with the Euclidean gradient.
Indeed, since W = exp(span{Xs,...,X,,Y1,...,Y,,T}), it is possible to define the differential
operators given, in sense of distributions, by

7] 10

oo 1 9 7& o L0 2 fi
Whosm Yo o) = 5, 0t gyt 550 " gy 0

Vo= (Xo, ..., Xnp, WP, Yo, ..., Yp) ifn>2

' Wo¢ ifn=1
We also denote by V¢ := (V, ..., an) the family of vector fields on R?", V? =X, forj=2,...,n,
V¢+1 =W?: =Y, + ¢T and V? =Y _,forj=n+2...,2n

n

19

2

(2.5)

The following characterizations were proved in [2, B} [5]. The definitions of broad* and distributional
solution of the system V?¢ = w are recalled in Section

Theorem 2.7. Let w C W = R2™ be an open set and let ¢ : w — R be a continuous function. Then

(i) The set S := ®(w) is an H-regular surface and vi(P) < 0 for all P € S, where vg(P) =
(v&(P),...,vE"(P)) is the horizontal normal to S at P.

is equivalent to each one of the following conditions:

(ii) There exists w € CO(w; R?"~1) and a family (¢)eso C CH(w) such that, as e — 0T,
pe— ¢ and Vp.—w in Lis(w),

and V¢ = w in w, in sense of distributions.
(i) There exists w € CO(w; R*"~1) such that ¢ is a broad* solution of the system V¢ = w.
(i) There emists w € CO(w; R2"~1) such that ¢ is a distributional solution of V¢ = w.
(iii) ¢ is uniformly V®-differentiable at A for all A € w.

Introduction to the concern of this paper.
Let us now introduce the concept of intrinsic Lipschitz function and intrinsic Lipschitz graph.

Definition 2.8. Let ¢ : w C W — R. We say that ¢ is an intrinsic Lipschitz continuous function
in w and write ¢ € Lipy(w), if there is a constant L > 0 such that

(2.6) 6(A) — ¢(B)| < Lds(A,B) VA, Bew

Moreover we say that ¢ is a locally intrinsic Lipschitz function in w and we write ¢ € Lipy 1o (w)
if ¢ € Lipy(w) for every w' € w.

We remark that when ¢ is intrinsic Lipschitz, then there exists C' > 0 such that
1
c
In particular, the graph distance dy is also equivalent to the Carnot-Carathéodory distance restricted
to the corresponding points on the graph of the Lipschitz intrinsic hypersurface. This means that ¢
is Lipschitz continuous also in the classical sense when evaluated on any fixed integral curve of the
vector field W, while it is 1/2-Holder on the lines where t is fixed.

dy(A, B) < doo(®(A), ®(B)) < Cdy(A,B) VA Becw.

In [g] is proved the following characterization for intrinsic Lipschitz functions.

Theorem 2.9. Let w CW be open and bounded, let ¢ : w — R. Then the following are equivalent:

(1) ¢ € LipW,loc (w)
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(ii) there exist {¢y}ren C C®(w) and w € (LS, (w))*" ™! such that Vw' € w there exists C' =
C(w') > 0 such that
(iil) { bk }ren uniformly converges to ¢ on the compact sets of w;

(ii2) |V ¢r(A)| < C L?M-ae. z €W, kEN;

(ii3) VP pr(A) = w(A) L*"-ae. A€ w.

Moreover if (ii) holds, then V?¢(A) = w(A) L?-a.e. A € w.

Let us finally recall the following Rademacher type Theorem, proved in [15].
Theorem 2.10. If ¢ € Lipyw(w) then ¢ is V?-differentiable for L?"-a.e A € w.

3. DIFFERENT SOLUTIONS OF THE INTRINSIC GRADIENT DIFFERENTIAL EQUATION

Even when w € C%(w), where w is an open subset of W = R?, the equation

¢*(y t :
(3.1) oy(y,t) + |:2) = w(y,t) n w
t
allows in general for discontinuous solution. However, it is the case n = 1 of the system (|2.5))
Xj¢ =w;
(3.2) Ve =w & W) =wny1 j=2,...,0
Yjo = wn+;

where w € C%(w, R?"~1) and this system, by Theorern describes an H-regular surface S := ®(w)
which is an X;-graph. Since we want to study in the present paper intrinsic Lipschitz graphs, then
we do not require anymore the continuity of w but we allow w € L (w;R?"~!). Notwithstanding
that, the continuity of ¢ remains natural.

There are a priori different notions of continuous solutions ¢ : w — R. We recall some of them in
this section: distributional, Lagrangian, broad, broad*. All of them will finally coincide.

After giving in the present sections the definitions for all n, we will focus in the next one the
analysis on the non-linear equation in the case n = 1, which conveys the attention on the planar
case (3.1). We will remind this reduction by adopting often the variables (s,7) instead of (y,t).
The generalization to other cases n > 2 of most of the lemmas is straightforward, because the fields
X; and Yj are linear. It is not basically in Lemma @, where we prefer taking advantage of the
continuity of x; however, we have no reason to prove it in full generality.

We recall that in general solutions are not smooth, even if we assume the continuity—see e.g. Ex-
ample below. The equation is then interpreted in a distributional way.

Definition 3.1 (Distributional solution). A continuous function ¢ : w — R is a distributional
solution to (3.2)) if for each ¢ € CX(w)

(3.3) /(Z)ngodﬁmz—/wjgodﬁzn, /¢§/}<pd£2":—/wj+ng0d£2” ji=2,....n

and 0 0
4410 1 20¢ 2n _ 2n
/w ( 3y + > 5‘t) ac" = /wwnﬂgodﬁ .

We consider now different versions for the Lagrangian formulation of the PDE. The first one somehow
englobes a choice of trajectories for passing from Lagrangian to Eulerian variables, and imposes the
evolution equation on these trajectories. If B is a subset R?", we will denote

Byt ={y1 €R: (y1,v,t) € B}, By ,:={teR: (y1,v,t) € B}.
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Definition 3.2 (Lagrangian parameterization). A partial Lagrangian parameterization associated
to a continuous function ¢ : w — R and to the balance law (3.2)) is any couple (&, x) with & C R?",
usually open, and x : © 3 (y1,v,7) = R Borel, such that

(L.1): the function Y(y1,v,7) = (y1,v, x(y1,v,7)) is valued in w:
(L.2): x is nondecreasing in the T variable for each fixed yi1,v;
(L.3): for each v, T fized, x(y1,v,T) is absolutely continuous in y1 and almost everywhere

(3.4) y1,0,7) = ¢(L(y1,v,7)).

dT/lX(

We call it (full) Lagrangian parameterization if x(y1, v, T) is onto the section wy, , for all yi,v.

We remark again that we emphasized in this definition the nonlinear PDE of the system: a La-
grangian parameterizaiton provides a covering of w by characteristic lines for that equation. Indeed,
a covering by characteristic lines of the other equations is immediately given by an expression like

— % i=2,...,n
Xi(x27"'7xn,7y17"'7ynat): t—&—%yl i:n+2,...,2n’ \Iji(ylvvvt):(ylvvvxi(ylavat))'
Moreover, the reduction along characteristics for the linear equations, and thus the equivalence
between Lagrangian and distributional solution, holds with less technicality.

Definition 3.3. A (partial) parameterization (&, x) extends the (partial) parameterization (&', X'),
we denote (&', X') =2 (@, x), if there exists a Borel injective map

J:@" 3 (y1,v,7) = (y1,0,5(y1,v,7)) €@ such that  xoJ =¥
When (@', X") = (@, x) and (©,x) 2 (&', X') they are called equivalent.

Remark 3.4. The notion of Lagrangian parameterization given above does not consist in a different
formulation for the notion of regular Lagrangian flow in the sense by Ambrosio-Di Perna (see [9]
for an effective presentation). Particles are really allowed both to split and to join, therefore in
particular the compressibility condition here is not required, while instead we have a monotonicity

property.
Notation 3.5. When we need to distinguish letters, we denote with - functions defined on w but

possibly related to a parameterization, with * functions defined on @, and with * functions defined
on w not related to specific parameterizations.

Notice that a full Lagrangian parameterization is continuous in the two variables for free: indeed,
e.g. for n = 1, by monotonicity one has that for each s

sup x(s,7') < x(s,7) < inf x(s,7').

T'<T T'>T
By the surjectivity then equality must hold. Considering the Lipschitz continuity in the other
variables one gains the joint continuity in (s,7). The same holds for n > 1 provided that x is
continuous on the hyperplane y; = 0, since the argument above gives the continuity only on the
planes where v is constant. We do not mind about continuity in v.

Before giving the notion of Lagrangian solution, we recall that a set A C R"™ is universally measurable
if it is measurable w.r.t. every Borel measure. Universally measurable sets constitute a o-algebra,
which includes analytic sets. A function f : R™ — R is said universally measurable if it is measurable
w.r.t. this g-algebra. In particular, it will be measurable w.r.t. any Borel measure.

Notice that Borel counterimages of universally measurable sets are universally measurable. Then
the composition o1 of any universally measurable function ¢ with a Borel function v is universally
measurable. This composition would be nasty if ¢ were just Lebesgue measurable.

Since restrictions of Borel functions on Borel sets are Borel, all the terms in the following definition
are thus meaningful.



INTRINSIC LIPSCHITZ GRAPHS IN H" 11

Definition 3.6. [Lagrangian solution] A continuous function ¢ is a Lagrangian solution of (3.2)
if there exists a Lagrangian parameterization (0, X), associated to ¢, and a universally measurable
Junction Wy, : w — R, for which

(35) ¢(T($23Uat)) - ¢(T(Slavat)) = /52 wX(T(Tavat)) dr v(51352) C C‘N}v,‘m vT.

S1

We are going to prove in Section that ¢ above is a distributional solution to provided that
the function w, is a pointwise representative of the source term w, in L>(w, L£?™). The fact that
we do not require in the definition that w, and w represent the same function is just a notational
convenience for the proofs below.

We give now the strongest notion of solution: the evolution equation is imposed on every trajectories.

Definition 3.7. [Broad solution] A continuous function ¢ : w — R is a broad solution of (3.2]) if
there ezists a Souslin function 1w € £%°(w;R*~1) such that

(B.1): it is L*-a.e. equal to w;
(B.2): if for every continuous vector field V‘f having an integral curve T' € C1((—6,6);w), satisfies

6(0(s) - o(r0) = [ b (T(r) dr Vs € [-6.0].

We also remind the intermediate notion of broad* solution introduced in [4].

Definition 3.8. [Broad* solution] A continuous function ¢ is a broad* solution of (3.2) if for every
Ay € w there exists a map, that we will call exponential map,

(3.6) exp 4, (VF)(-) ¢ [-6,6] x I5(Ao) = I, (Ao) € w,
where 0 < § < &1 such that, if T4(s) = eXpAO(SVf)(A) for somei=2,...,2n, then

(E.1): T4 € CY([-4,0]; R?"),
[ A =vViorA
(E.3): there exists an L™ (w;R)-representative w of w such that

¢ (T4(s)) — ¢ (T4(0)) = /Ow (TA(r)) dr Vse€[-0,0] VA€ I;(A).

Being a distributional solution to the PDE, a Lagrangian solution will be in particular a broad*
solution with w := w. Viceversa, if the exponential map related to a broad solution satisfies the
relative monotonicity property, then one can prove that the broad* solution is also a Lagrangian
solution, with the same w. One can moreover derive a procedure for constructing a Lagrangian
parameterization in Lemma where the curves 7(s; 5,t) should be replaced by the ones of the
exponential map.

4. EXISTENCE OF LAGRANGIAN PARAMETERIZATIONS

As mentioned, we can focus in this section on the case n = 1. We will give information about the
generalization to the case n > 2 in Remark

Given a continuous function ¢ on clos(w) C W, we highlight here that one can directly construct a
partial Lagrangian parameterization. Extending it to a full one will be matter of the next section.
However, we immediately give an example of a global one (Lemma [4.2]).

Notices that the definition of Lagrangian parameterization concerns only classical theory on ODEs
with continuous coefficients, as therefore Lemmas [{.1] [4-4] [A7T] 5.4] [£:2]
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Lemma 4.1. Let ¢ : clos(w) — R be a continuous function, (0,0) € w. Then there are domains
Wm, Wy associated to the functions

Xom(s,7) i=min {(s) 1 (r,y(r) € elos(w), 3(r) = 6(r,7(r)), 2(0) =7}
Xar(s,7) 2= max {3(s) ¢ (r,7(r) € clos(w), (1) = 6(r, (1)), +(0) =7
for which (@Om, Xm), (Oan, xar) are partial Lagrangian parameterizaiton relative to ¢.

Proof. For every (§,7) € w one could consider the minimal and maximal curves satisfying the ODE
for characteristics (3.4)) and passing through that point: indeed the functions

(412)  yan(s) = min{y(s) : (ny() € clos(w), 4(r) = 6(r,(r)), 4(5) =7}

(1) AOD(s) = max {5(s) (7)) € clos(w), 4(r) = d(r, (1)), 4(5) =7

are well defined, Lipschitz, and because of the continuity of ¢ they are still integral curves. This
shows that the functions X,,, xas in the statement are C! in the s variable for every 7 fixed.

Denoting by r.i. the relative interior of a set, we define the domain

O =1.1.{(5,7) + (8, Xm(s,7)) € w}.
Since we are assuming that w contains the origin, @,, is nonempty. The domain @&y, is analogous.
Xm, XM are jointly Borel in (s, 7) by continuity in s and monotonicity in 7, that now we show.
Notice first the semigroup property: for ¢, h > 0, for example for ,

’7(077.)(8) =T, Y(s,7) (h) = %, — ’7(077.)(8 =+ h) =7.
This yields the monotonicity of xm(s,7) = 70,r)(s) for each s fixed. Indeed, if 71 < 7o and
Y(0,71)(8) = V(0,75 (8) at a certain § > 0, by the continuity of the curves there exists 0 < 5 < 5 when
Y(0,71)(8) = Y(0,r5)(5). But then the curve

f <3
’}/(8) _ ’Y(O?n)(s) or § =~ f
Y0,m)(s) fors>35
is a good competitor for the definition of ~(g ), which implies
ry(o,‘l’z)(é) = "}/(é) > ’Y(O,Tl)(é)?

and therefore equality. For 4(®7) the argument is similar. |

In Lemma we show how to make a partial parameterization x surjective: thus we cover w by
a family of characteristic curves which includes the ones of . In the following lemma, w.l.o.g. in a
simpler setting, we provide instead a full Lagrangian parameterization, defined at once instead of
extending a given one.

Lemma 4.2. There exists a Lagrangian parameterization associated to a continuous function ¢ :
(0,12 — R.

Proof. Let ¢ be a continuous function on [0,1]2. Then we associate to each point (5,%) € [0,1]? a
curve 7(s; §,t) which is minimal forward in s, maximal backward:

= )G (S) 525,
’ vt - 3 _
’Y(S S 3 {v(sa (S) s < 3.

where (5.7 (s), 758 (s) were defined in (&.1I). One can verify that the set of these curves is totally
ordered by the relation

(sistyt)lseon 2 {1(sis2t2)b oy & sisit) Sa(sisa,ta) Vs,
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Then one can consider the strictly order-preserving map from these curves to [0, 2]

0: {15550} ,coq = D 27" (s 50,

n€eNy

where {7, }nen is an enumeration of the rational numbers in [0, 1]. One can verify that the image is
an interval [0, T]. Therefore we can consider the continuous map x : [0,1] x [0,T] — [0, 1]

x(s,7) :=(s; 5,1) with 7 = 6(5, 7).
It is an easy verification that it provides a full Lagrangian parameterization. |

Remark 4.3. Notice that the same construction works with more variables, considering analo-
gous characteristic curves 7(s; 5, v, {)—having the same order relation at v frozen—and the relative
parameterization given by x(s,v,7) := v(s;5,v,t) with 7 = 0(y(s; 5,v,t)) defined as above. The
continuity in v however is not guaranteed.

The parameterization that we introduced in the above lemma, as well as the one of Lemma
below, satisfies

% whenever x(3,71) = x(8, 72), then x(s,71) = x(s, 72) either for s > 5 or for s < 8.

In Lemma we follow a computation in [I1] and we show that continuous distributional solutions
¢ to the balance law are Lipschitz continuous along characteristics. Therefore, the following
lemma will yield that continuous distributional solutions to the balance law are also Lagrangian
solutions. We prove it here because it is simple and on the ODE front. Moreover, in order to avoid
technicalities we give a proof valid for n = 2, since there will be a stronger (and independent) proof
for all n in Section [6.2] consisting in the construction of the universal source term .

Lemma 4.4. Let ¢ be a continuous function. Consider a Lagrangian parameterization (@, x(s,7))
satisfying % and assume that ¢(s,x(s,7)) is Lipschitz in s for all 7. Then there exists a Borel
function w : w — R such that for all T

0s0(s,x(5,7)) = Ossx(s,7) = w(s,x(5,7)) for L -a.e. s.

Before giving the proof of the lemma, we just remind that, as recalled just after the Definition [2.8] an
intrinsic Lipschitz continuous function is Lipschitz along characteristics. We immediately emphasize
therefore the following corollary as a particular case.

Corollary 4.5. If ¢ : w C W — R is an intrinsic Lipschitz continuous function, then it is a
Lagrangian solution to the equation W%¢ = w.

Proof. By assumption dsx(s,7) = ¢(s, x(s,7)) is Lipschitz in s. Being ¢ continuous, one can see
that the subset B C @ of those (s, 7) where x(s,7) is twice s-differentiable is F,s, and Ossx(s, ) is
a Borel function on it. Moreover, by Rademacher’s theorem the 7-sections of B have full measure.
Clearly, by Tonelli theorem also B has full measure. However, we have still to work because we are
looking for a function defined on w, not on @.

Consider the map
T:0—-w Y(s,7):= (s, x(s,7)).

In order to check that Y lifts Js5x to a map w a.e. defined on w, which would provide our thesis, it
would be natural to show that

e T(B) is a Lebesgue measurable subset of w with full measure;
e Ossx(s,7) is constant on the level set of T intersected with B.
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Since x is not Lipschitz, we do not prove at this point that Y(B) has full measure. We instead
assign a specific value, 0, to the function out of T(B). This choice of the extension does not affect
our claim. It could be however noticed for completeness that Y (B) has full measure because of the
approximation given in Corollary

Exact study of Y(B). The proof of the Borel measurability of Y(B) requires some technicality:
we apply a theorem due to Srivastava ([24], Theorem 5.9.2) deriving that there exists a Borel
restriction y which is one-to-one to Y(B); then Theorem 4.12.4 in [24], due to Lusin, would provide
the thesis. In order to apply the first theorem, we partition @ into the level sets of T, which are
Gs. We need also to observe that T~1(T)(O) is Borel for each open set O. For simplicity, consider
the case when y is already a full parameterization and thus it is continuous. Every open set O is
o-compact: thus by continuity T(O) is o-compact, and finally Y=1(Y)(O) is o-compact. Therefore
by Srivastava’s theorem there is a Borel cross section S for the partition: Y restricted to SN B is
Borel, injective and onto Y (B). Being a Borel image by a one-to-one map, Lusin’s theorem asserts
on one hand that that Y(B) is Borel, and moreover that this restriction has a Borel inverse

Ziw — w.

Maybe there is a more elementary argument which allows to approximate B with a o-compact
subset By whose 7-section have full measure. Then one could as well work with By instead of B
avoiding measurability difficulties, even without investigating the size of its image.

Analysis of Ossx(s,7). Whenever T maps two points (8, 71), (5, 72) to a single point (5,7), then
by construction the curves x(s,7) coincide for s > § and 7 € |1y, 72]. In particular, they will have
precisely the same second s-derivative at points of second s-differentiability. This means that the
set

{Ossx(s,7) + t=x(s,7), (s,7) € B}
is at most a singleton. We can thus define w as

@(s,t) = {assX(S,T) t=x(s,7), (s,7) € B,

0 otherwise,

and this map will be exactly @ o Z on Y(B). ]

We remark that one could prove the same statement for any Lagrangian parameterization y, with an
argument similar to the proof of Theorem [6.8] We preferred above this simpler statement. Indeed,
since we prove below that Lagrangian solutions are broad solution, the lemma will hold for free of
any Lagrangian parameterization.

Notice finally that for the moment the function w in the proof of Lemma has no relation with
the RHS of (3.1)), which will come from Section As well ¢ has not been yet related to the PDE.

5. EQUIVALENCE AMONG DISTRIBUTIONAL PDE AND INTRINSIC LIPSCHITZ CONDITION.
In this section we prove Theorem without dimensional restrictions.

5.1. Some properties of distributional solutions. Preliminary we highlight here two properties
of continuous distributional solutions ¢(y;,v,t) to the problem V?®¢ = w. In particular we need
regularity results of the solution along the characteristics lines v of the fields V?. In the case
of the non linear field W, the integral curves of 4(s) = ¢(s,v,7(s)) exist by the continuity and
boundedness of ¢.

Lemma 5.1. Let w C W be an open set. A continuous distributional solution ¢ : w — R to
V¢ = w is ||wni1|leo-Lipschitz along any characteristic line v : [—6,8] — R satisfying

A(s) = &(s,v,7v(s)) s € [-6,0], v fixed.
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Proof. In the same way in Dafermos [I1] we obtain for a,b € (—4,0) and v fixed

() +e y(a)+e b pv(s)te
(5.1) / qi)(b,v,t)dt—/ (b(a,v,t)dt—/ / w(s,v,t) dtds =
v(b) 7(a) a Jy(s)
b
=~ [8(s0.705) + ) = Bls, v, ()P ds <0
and then

A(b)+e +(a)+e b py(s)be
/ gb(b,v,t)dt—/ d)(a,v,t)dtg/ / w(s, v,1) dtds < [wnpa |l (o) (b — a)e
7(b) v(a) a Jy(s)

Dividing by € and getting to the limit to ¢ — 0 we obtain
¢(b,v,7(b)) = ¢(a,v,7(a)) < [[wni1lLe@w) (b — a).

The opposite inequality is obtained in a similar way integrating on the left of the characteristic. [

We obtain the same result of Lemma for the linear fileds X, Y; following the same proof.

Lemma 5.2. Let w C W be an open set. A continuous distributional solution ¢ : w — R to
V?h = w is ||wj||Le () -Lipschitz along any characteristic line T : [—0,0] — w satisfying

I"(s):VfOF(s) ji=2,...,n,n+2,...,2n.

As announced before Lemma where we assumed the regularity of the above lemma, we can now
state that a continuous distributional solution ¢ to the balance law (3.2)) always solves a Lagrangian
formulation.

Corollary 5.3. A continuous distributional solution ¢ to (3.2) is also a Lagrangian solution.

The fact that the function @ introduced in the Lagrangian formulation is a representative of the
source term w can be deduce by the next section (Theorem [6.1)). The fact that there exists a
universal ¥ independent of y is proved instead in Theorem

We pass now to the Holder continuity in the other variable.
Lemma 5.4. Let f € C%(w) be such that of all T € R there are v : [—§,0] — R satisfying
Y(s) = f(s,7(s)) s €[=0,0]
10) =7
and that
|f(s,7(s5)) = f(s",2(s) < L|s = &)

Then we have

54
|7(0,71) — (0, 72)| < 2V2L+\/|11 — 72| for|m — 1| <rg, 0<ry< 6
Proof. Let us denote
B:=L, «:=max{2V 2L,7‘é/4}, fo(r) = £(0,7).
1
Let us observe that % < -
« 8
By contradiction, let us assume there exist —§ < 75 < 71 < 4, 0 < 7 < 79 < 6 such that
(5.2) 0< |m—m|<F

1as mentioned, Lemma is proved there for simplicity with n = 2. It has an independent generalization in

Section
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fo(r) = fo(r2)]
Vi

The idea of the proof is the following: the Lipschitz condition in the hypothesis is an upper bound
on the second derivative of the mentioned curves . Therefore, if their first derivative wants to
change it takes some time in s. If we assume that at s = 0 the first derivative differs at two points
T1, Ty at least of the ratio , then the the relative curves 71, starting from those points must
meet soon. However, at the time they meet the first derivative did not have the time to change
enough to become equal, providing an absurd.

(5'3) > Q.

Let us introduce curves 71,72 such that for i = 1,2, s € (=4, 9)
Yi(s) = f(s,7(s)),
~i(0) :=7;.
We observe that, by our Lipschitz assumption, %f(s,yi(s)) := h;(s) is a function bounded by L.

Therefore we can represent each v;(s) for each s € [-4, ] as

(5.4) M@=n+43@%wmw

=Ti+g(n—)s+/ / hi(z)dz do Vs € [=d,0].
0o Jo

In particular by the second equality in , for 0 < s <6,

(5.5) 7(s) = 72(s) <71 =72+ (fo(m) = fo(2))s + 285
for s € [-4,6]. By we get

(5.6) fo(r) = fo(r) < —a v/ =7

or

(5.7) fo(m1) = fo(m2) > avr — 7

Let us prove now that if holds then there exists 0 < s* < 4 such that

(5.8) Y1(5") = 72(s%).
Let 5:= 2 Lla_” then
(5.9) 5€[0,9], m(s") <a(s").

Indeed by (5.2)) and the definition of a, 5§ = 2 ¥ < 2(1y — 7'2)1/4 < 2714 < §. On the other
hand by (5.5)) (with s = 3), (5.6]) gives

1) =125 <m-m-2(n—-7)+ i—f (11 — T2)

(7’1 —7'2) (—1 + i§> SO

Then (5.9)) follows. Let

*

s* = sup{s € [0,d2] : 71(s) > 72(s)}

then by (5.8) 0 < s* < § < ¢ and it satisfies (5.8).

If (5.7) holds we can repeat the argument reversing the s-axis getting that there exist —6 < sx < 0
such that (5.8) still holds.
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Let us prove now that

(5.10) f(s,71(s%)) # (s, 72(s%)),

then a contradiction and the thesis will follow. Indeed, for instance, let us assume (5.6). Then by

and the bound on h;
f(sx,71(s%)) — f(s%,72(s%)) = fo(T1) — fo(m2) + /0 hi(o) — ha(o)do <

< fo(m1) = fo(me) +2B8s% < fo(1) — fo(m2) + 285
< —avim 2D <

§2GM[—;+26]

Therefore we get that
f(sx,71(s%)) — f(s%,72(s%))) <0
and ([5.10) follows. O

5.2. Proof of the equivalence. We are now able to give the proof of Theorem [[.1} We distinguish
the two different implications in the following two lemmas.

Lemma 5.5. Let w C W be an open set. If ¢ is a distributional solution of V¢ = w, then
¢ S LipW,loc(w)‘

Proof. Let B, B’ € I5,(A) for a sufficiently small §;. For n > 2 let X, W? be the vector fields given
by

2n
0 0
— W .= —— —.
Z v~ vi)X o 0
it
Define
B = oaX)B)
= * (0, (V) — V2, ..., V), = U,y U)o — Upg2s e, U, — V2p),0)
= (ylavlat_a(vl7v))
B" = exp((y} —y1)W?)(B*) = (y},v',t") (for a certain ¢);

observe that B* and B" are well defined. For n = 1, X is not defined and we set B* = B and
B" := exp((yy — y1)W?)(B) = (y},t").

We have to show that there exists L > 0 such that

(5.11) [6(B) — ¢(B')| < Ldy(B, B).

We have

(5.12) 6(B) = ¢(B')| < [6(B) — ¢(B")| + [¢(B") = 6(B")| + |¢(B") — ¢(B')]|
Notice that from Lemma [5.2]

(5.13) |9(B) — ¢(B*)| < [[(wa, ..., Wn, Wnta, - - ., Wan)||Loo (o, r2n—2) [0 — ]
and then |¢(B) — ¢(B*)| < dy(B, B'), from Lemma [5.1]

(5.14) 6(B") = ¢(B")| < llwnsillLw) ly1 — nl

and then |¢p(B*) — ¢(B")| < dy(B,B’).
By (5.14) we can apply Lemma and obtain

(5.15) [6(B") = o(B")| < Cy/|t — 1|
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Let’s observe that
|t/ _ t”|

' —t+ o, v) - /Oyl_yl d(exp(sW?)(B*)) ds‘

< |-t 5B+ 6B~ u) + ot o)+
(5.16) +gle) + o -m) -2 [ otexp(sw) 57 ds|
< (B BY +510(B) — 6(B")| i — il + 516(B) — (B s — wil+

430 + 6N - —2 [ otexps)57) ds
0

=: dy(B',B)*+ Ry (B',B) + Ry(B’, B) + R3(B’, B).

For the case n = 1 we arrive to (5.16) with the same line (it is sufficient to follow the same steps
“erasing” the term o(v',v)).

Now we want to prove that for all € > 0 there is a . €]0, dp] such that, for § €]0, é.],

(5.17) Ri(B',B) <lyp — 1| +eft’ — "]
for all B', B € I5(A) and that there exist Cy,Cy > 0 such that
(5.18) Ry(B', B) < Cady(B’, B)?
(5.19) R3(B',B) < Cily; — |

for all B', B € Is,(A),

These estimates are sufficient to conclude: in fact, choosing € := 1/2 and using (5.16)), (5.19), (5.17)
and ((5.18)), we get
[t —t"| < dg(B', B)* + Cilys — > + vy —wl> +|t" = 1"|/2 + Cady(B', B)?

whence
|tl _ t//|1/2 < C3d¢(B7 B/)
which is |¢(B") — ¢(B")| < dy(B, B’) and then the thesis (5.11).

By (5.15) we obtain
1
Ry(B', B) <20Vt = t"| [yr — 1| < elt’ ="+ ~ly1 — [,
whence (5.17)) follows.
Observe that (5.18) follows from Ry (B, B’) =0 if n = 1, and from

Ry (B', B) ly1 — w1llo(B) — ¢(B™)|
< 200y — |l — v < Col(yh — y1,v" — v)|? < Cady(B', B)?

if n > 2. Finally, for s € [—dg, dp] we can define
(5.20) gls) =2 / plexp(rIV)(BY)) dr — [p(exp(sW)(BY)) + 6(B")] s
We have
g(s) = 2/0 [¢(exp(rW?)(B*)) — ¢(B*)] dr — [¢(exp(sW?)(B*)) = ¢(B*)]s = o(s”)

because (—dp, dg) > s — ¢(exp(sW?)(B*)) is Lipschitz. Therefore (5.19)) follows with s = y{—y;. O



INTRINSIC LIPSCHITZ GRAPHS IN H" 19

Corollary 5.6. Let w C W be an open set. If ¢ € CO(w) is a distributional solution of V¢ = w in
w, then

(5.21) 6(A) - (B)| < CV[A-B] VABew

Lemma 5.7. If ¢ € Lipy 1o.(w), then ¢ is a distributional solution of V¢ = w in w.

Proof. By Theorem [2.9|there exist {¢ }ren C C(w), such that ¢y uniformly converges to ¢ on the
compact sets of w, VP ¢y (A)| < C LM-ae. A€ w for every k € N and V% ¢, (A) — w(A) L -a.e.
A € w. Therefore, denoting wy, := V? ¢;,, we have for every k € N and for every ¢ € C°(w)

o XjpdlL? = — [ w;ppdl®™, j=2,...,m
J 3,

0 1,0
/ <¢ka§ + 2¢iaf) e = */ wn+1,k¢d£2n-

/ OrYjpdL*" = —/ Wiinkpdl?™,  j=2,....n
w w

Getting to the limit for k¥ — oo we obtain

/¢Xj<pd£2":—/wjg0d£2", j=2,...,n

% 1 p0Y g [ i
/w< 6y+2¢ N dc" = wwcpdﬁ

/¢Yj(pd£2"=—/wj+n<pd£2", j=2,...,n
w w

i.e. ¢ is a distributional solution of the problem V¢¢ = w. |

6. FURTHER EQUIVALENCES

In the previous section we established the equivalence between
‘0w CW — R is intrinsic Lipschitz continuous’
and
‘¢ € C°w;R) and there exists w € L°°(w; R*"™1) such that V?¢ = w in D’'(w)".
We establish now a characterization more related to the Lagrangian formulation: we prove that one
can the reduce the PDE
V% =w
along any integral line of the vector fields V‘f7 1 =2,...,n, provided that one chooses suitably the

L (w; R?"~1) representative 1 of the distribution identified by w. As well, if the characteristic
equation is satisfied one has a distributional solution to the PDE.

We already motivated why focusing on the case n = 1, whereas the equation reduces to

3.1) by(y,t) + V)Q%t)] =w(y,1).

We give generalizations to the case n > 2 in Remark [6.5]
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6.1. Lagrangian solutions are distributional solutions. In this section we prove, without pass-
ing through the implicit function theorem, that if a continuous function ¢ satisfies the Lagrangian
formulation of the balance law , then in the Eulerian variables ¢ solves indeed the balance
law in distributional sense. See also [§], where a different, pointwise approximation of the distribu-
tional solution is provided, starting from a broad* solution. This basically shows the converse of
Dafermos’ statement in [I1].

Theorem 6.1. Fvery Lagrangian solution to (3.1) is also a distributional solution.
Corollary 6.2. Any continuous broad solution ¢ to (3.1)) is also a distributional solution.

Proof. Let x(s,7) be a Lagrangian parameterization associated to ¢, and w : w — R such that

S
8(5:x(5:7)) = 60.x(0.7) = [ wlroxtr.m)ar
0
We prove then that ¢ is a distributional solution of the balance equation

%mw+ﬁﬁ”m=www

Smoothing of ¢,x in the 7-variable. Cousider a suitable convolution kernel p.(7), so that the
7-regularized function x°(s,7) given by

X“(s,7) = x(s,7) * pe(7)

is strictly monotone in the 7 variable. Define then the approximation ¢°(s,t) by

¢ (5,X°(5,7)) = 0sx"(5,7) = Osx(5,7) % pe(7) = d(5, X(5,7)) * pe(7).
Since both x and ¢ are continuous, the above relations immediately imply the uniform convergence
of the regularized functions:

X(s,7) = x(7) ¢°(5,X°(5,7)) = b(s,x(5,7))-

Convergence in the (s,t)-variables of ¢°. We have chosen p in order that 0;x° is strictly
positive and x€ : (s,7) — y is invertible in the 7 variable, for each s. Notice that 9;x(s, T)dsdr
is converging (as a measure) to 9, x(s,7). The above procedure then not only defines correctly the
continuous functions ¢ (s, t), but it allows to establish their convergence in L!: indeed

16760 = o501y = [ 16753 5.7)) = 955, )0 s )
S/ﬁﬂ&f@ﬂ%%@m@ﬁM&f@ﬂw
+ [ 16(s0x(5,7) = 006 5 )10 (5,

The first factor in both the integrals is uniformly convergent to zero, while 9, x°(s, T)dy converges
to the measure 9, x (s, 7). The convergence of (¢)?/2 is then straightforward.

Approximation of the source. Define now an approximate source we(s,t) by

W (5,7 (5,7)) = 0yox“(s,7) = 267 (5,17 (5,7).

Being a smooth function, the above relation is immediately equivalent to

(6.1) 5500+ |G| = wn anctsn) = s,

Since we started from a Lagrangian parameterization, the further regularity in the ¢ variable

ds(b(SvX(S?T)) = 11)(8, X(S’T))

638)((87 T) =
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for the relative pointwise representative w implies the relation

wE (8, X°(8, 7)) = s X" (8, 7) = Ossx(8,7) # pe(7) = W(s, X (8, 7)) * pe (7).

In particular, the sources w® are uniformly bounded by the L bound for w. Moreover, for each t
fixed we(s, x°(s, 7)) converges in all LP(dt) to w(s, x(s,7)), and thus in LP(dydt); the convergence
is clearly uniform when w is continuous.

The LHS of equation ([6.1)) passes to the weak limit by the L!-convergence of ¢°(y,t) to ¢(y,t)
established above. The same holds as well for the RHS, since w®(y, t)dydt converge in w* — L to
w(y, t)dydt. Thus

0.0+ |5 ) =0l

holds, with ¢, w(y,t) precisely the functions given in the Lagrangian formulation. O

We recall that the converse of this theorem is provided by Corollary [5.3} now we know also that w
is a representative of the £°(dydt)-function w. We emphasize it with the following statement.

Corollary 6.3. Suppose ¢ is a distributional solution to V®¢ = w. Then there exists a Borel
pointwise representative w of w, associated to a Lagrangian parameterization, such that ¢ is a
Lagrangian solution satisfying (3.5)) precisely with w.

We state separately the approximation result in the proof of Theorem It is useful for example
in order to prove that if Y=!(B) is Lebesgue negligible, for some Borel set B C w, then also B must
be Lebesgue negligible, even if T is not Lipschitz. We remind that Y (s,7) = (s, x(s,7)).

Corollary 6.4. Under the hypothesis of Theorem[6.1] the T-regularized functions
X“(s,7) = x(5,7) * pe(7)
provide a strictly monotone in space flux whose associated vector field
¢ (y,1) = Dox" (s, (x*) ' (#))

satisfies the Burgers equation with source term w®(y,t) = w(s, x(5,7T)) * pe(T) li=x(s,7), y=s

¢*%(y, 1)
2

9y9°(y,t) + O = w(y,1),

and converge in L1 (dydt) to the vector field ¢. The function w® converges to w in Wy,

Remark 6.5. We finally remark that Theorem works immediately also in higher dimensions,
because for (almost every) v € R2("~1) the restriction to the plane w, of ¢ is still a Lagrangian
solution, with source term the restriction w [,,,. For every test function ¢ € C2°(w,R) we have
then by Fubini-Tonelli Theorem

2
// {%ﬁﬂ% ] // v/ dydt |:50y1¢+90t¢;:| [
R2(n 1) W
Th. BT // dv/ dy1dt [ [o,] = — //
R2(n—1) Wy

Considering also the linear fields we gain the implication to (i) in Theorem and more
generally that a Lagrangian solution is also a distributional solution.
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6.2. Distributional solutions are broad solutions. Here we show that there exists a Borel
function w(y, t) such that every curve «(s) satisfying the ODE #(s) = ¢(s,v(s)) has time derivative
Lipschitz, and it has second derivative precisely w(s,7(s)) for a.e. s. The remarkable fact is that
w(y,t) could be defined independently of any set of characteristic curves. This is thus different, and
stronger, from what we already proved, which is that there exists a Lagrangian parameterization x
and an associated function w, satisfying 92x(s,7) = wy (s, x(s,7)). The new point is indeed that
W is a universal representative for the source term.

Moreover, due to its nature this proof works for any n with no further complication. The only
difference is that w will be a subset of R?" instead of R2. We write it with n = 1 only for notational
convenience. Thus in particular we generalize here the previous Lemma [4.4] where we opted for a
shortcut taking advantage from the continuity of x, immediate only for n = 1.

Since the argument is more intuitive, we mention first how to construct such a Souslin function
w(y,t). We proceed then with the Borel construction because it gives a better result.

6.2.1. Souslin selection. The first idea is to define pointwise, but in a measurable way, a function
w(y, t) such that ¢ is a Lebesgue point for the second derivative of a curve s — v(s) with y(y) = ¢
and satisfying the ODE, whenever there exists one. Therefore one applies a selection theorem to
the subset of

wal XRDQ9 (yat7r}/7§)
defined by

1 yto
6= {100 =t 7=6° (81, 1) =50 < el = ol ¢ =l [ s

Lemma 6.6. G is Borel. It has full measure projection on (y,t) € w.

Proof. Components (y,t,7v). The subset
(6.2) (y,t,7,() 2C Cwx C'(R) x R
identified by the constraints
W)=z F=uoley) 1) =7(0)] <llwlle|r =0

is closed. By Lemma moreover, its projection on (y,t) is all Rt x R. By Rademacher theorem,
we have moreover seen in the same lemma also that the projection of G on (y,t) has full measure.

Component (, discretization. In order to establish the existence (and the value) of the limit for
the second derivative of v at y, it suffices to consider e.g. the sequence

R hy =1/2.

n?

Indeed, then for h € (hy11, hyl, for example at y =0

\/Ov—/ = Goa) [ o] ot

By construction however

|hn - h| < |hn - hn+1| = h1217
yielding that the existence of the limit along {hn}njmplies the existence of the limit for any h | 0.
Notice that this would not hold choosing a generic h,, | 0 instead of {hy, },.

Measurability of §. The further constraint in v can be written as

Vk In Vi > n s| <27k,

+hs
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Therefore, we are considering the following subset of C:

G- CﬂﬂUﬂ{ Yy £ ha) — (y)’§2_k}.

+hp
keNneNna>n

Since the set within brackets is closed, G is Borel. O

This allows to define an A-selection (y,t) — 7(y.+), which by construction is a measurable function
assigning to every point (y,t) an integral curve -y, ;) for the ODE 4, +)(s) = &(s, ¥(y,)(s)), whenever
there exists a Lipschitz one having y as a Lebesgue point for the right, left and total second derivative.
As well, one can define the Souslin function

(yv t) = ’lD(y, t) = ;)'/(y,t) (t) = w(y,t)-
The importance of this selection is due to the following theorem.

Theorem 6.7. For every curve vy satisfying the ODE 4(s) = ¢(s,7(s)), one has
8(5,7(9) = 60.9(0)) = [ (7))
0
Corollary 6.8. A continuous distributional solution ¢ to V®¢p = w is also a broad solution.

6.2.2. Borel selection. Before proving the theorem, for the sake of completeness we show that one
can define as well a Borel fucntion, that we still denote as w(y,t) = wy ¢, for which Theorem
still holds. This requires a bit more work than the previous argument, and it is conceptually a little
more involved: we do not associate immediately to each point (where it is possible) an eligible curve
and its second derivative, but something which must be close to it. We will find then with the proof
of Theorem [6.7] that we end up basically with the same selection.

Lemma 6.9. For every e > 0, there is a Borel function defined on the (y,t)-projection D of G

(y> t) — (76,3;.,26; ws,y,t)
such that (Y, t, Ve yt, We yt) € C of (6.2) and that for |h| sufficiently small

1 y+h
We,y,t — E/ Ve,y,t
y

Definition 6.10. We define the Borel representative of w as the function

<e.

'LZ)(y, t) = Wyt = X{(y,t)eD} hgl&)nf We y,t-

Proof of Lemma[6.9 We apply Arsenin-Kunugui selection theorem ([I8], or Th. 5.12.1 of [24]) to
the set

(6.3) Un {y,t% Jeo ‘w_ﬁ(erhm)—ﬁ(y)‘Ss}’

h
neNm>n m

where C' was defined in (6.2)) and {h,, } neny immediately below that, in the same proof. More precisely,

C' is closed and
Yy +h) —Ay
(0 fo- 010 )
is also closed: therefore each (y, t)-section of (6.3) is o-compact. Then the hypothesis of the theorem
are satisfied: it assures that the projection of (6.3)) on the first factor w > (y,t) is Borel and there
exists a Borel section of (6.3) defied on it, which is the function in our statement.

Notice that the domain fo this function, containing D, has full Lebesgue measure. O



24 F. BIGOLIN, L. CARAVENNA, F. SERRA CASSANO

6.2.3. Proof of Theorem|[6.7. We provide now the proof of Theorem [6.7| with w, ; either the Borel or
the Souslin one: we consider any characteristic 4 for the balance law and we prove that for almost
every y its second derivative is precisely wy, 5(,). We remind that 4(y) is Lipschitz (Lemma [5.1)).

Step 1, countable decomposition. The set of y where the second derivative of 7(y) exists and
it is different from w; 5(,) can be reduced to

U{s: lwysw —3W)| = ¢}

0

) 1 [yt
CUU{y:VU<2 ‘“’m(y)a/y g

1 /Y .
=2 ‘wyﬁ(y) - ;/ 7‘ > 5}
el0neN y—o

| | 1 yto 1 yto
. —n . .
- 5<EwnL€JN {y s ’w“(y) N :I:U/y 7’ 2 3¢, ’wm(s) - / Ve t7()

If one is considering the Souslin selection, clearly there is the simplification vz, ¢ = vy.¢-

<e}

cannot contain points yi,ys with |y; — ya| < 27™. Then the thesis will follow: by the previous
step the set of y where the second derivative of 4(y) exists and it is different from w; 5, will be
countable. Therefore the second derivative of ¥(y) will be almost everywhere precisely wy 5)-

Step 2, reduction argument. We prove that the set

g

1 vt
6.4 : Y 2—"n 5 — v+ 3
(6.4) {y o< Wy ~(y) > j:o/y ¥+ 3¢,

1 [vte
Wy, 5(y) — */ Ve (y)
Y

Step 3, analysis of the single sets. By contradiction, assume that (6.4) contains two such
points, for example y; = 0, yo = 0. By definition of the set of points we are considering, the two
selected curves through (0,%(0)), (o,5(c)),

Y0 = 7£,0,7(0)» Yo ‘= Yé,0,9(c)

must intersect in the time interval [0, 0], say at time o’. Since they satisfy the ODE for charac-
teristics, where they intersect they have the same derivative. Being all of them Lipschitz, we have
then

50+ [ o= = 60) - [ 4.

Comparing the LHS and the RHS, one arrives to

&(o)—«m:/o”’m/:%.

However, since the times 0,0 belong by construction to the set (6.4)) one has

|0t [ e > w000’ + wosoo )~ 2> [ Ge=i(e) ~5(0) ¢
0 o’ 0
reaching a contradiction. O

Corollary 6.11. The various notions of continuous solutions we have considered are thus equivalent.

APPENDIX A. FROM PARTIAL TO FULL LAGRANGIAN PARAMETERIZATIONS

In the present section we deal with the issue of extending a partial Lagrangian parameterization to a
‘full’ one. We construct a function x(s, 7) satisfying the ODE , both monotone and surjective in
the 7 variable, which extends a given one x. This is the matter of Lemma [A T} we recall below how
to extend a solution to an ODE with continuous coefficients, whose existence is a classical result.
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The procedure can be first understood considering Example [A-2] below, illustrated in Figure[2] This
deals with the simpler case of an s-independent ¢, but it has all the ingredients of the construction
below.

Moreover, Example provides a counterexample for the following fact: even if characteristics
are C! in s with Lipschitz derivative, it is not possible in general to extend a partial, monotone
Lagrangian parameterization to a full one which is locally Lipschitz continuous.

The reduction of the balance law along characteristics, which is Equation (3.5, will be instead
studied more deeply in the following. Here we just notice that it holds, with some w, pointwise
defined in w, for a particular Lagrangian parameterization (@, x). The argument is 2-dimensional.

Lemma A.1. Any partial Lagrangian parameterization can be extended to a full one.

Proof. Let x(s,7) be a partial Lagrangian parameterization. Focus e.g. the attention on s,7 € [0, 1]
and (s, 7) valued in [0, 1] and right continuous, the general case being similar.

We construct an extension Y’ by a recursive procedure. For convenience, the induction index is
given by couples (h,n) withn € Nand h =0,...,2"~! — 1. The ordering is lexicographic, starting
from the second variable: (hy,n1) < (hg,ng) iff either ny < ng or ny = ny and hy < hs.

The starting point is x° = ¥ defined for s € [0,1], 7 € Ty = [0, 1]. Consider the dichotomous points
shm =27 4 27"+l which go from 27" to 1 — 2™ at step 27 "*!, associated to the indexes (h,n)
withn e Nand h=0,...,2" 1 — 1.

Induction step (h,n), n > 1: Assume you have been given x defined on (s,7) € [0,1] x T by a
previous step. If at s = s"" the map 7+ x(s™",7) is not onto [x(s"",0), x(s"™,1)] we construct
an extension x™" such that

- 7= P (M 1) is onto [x(s"™,0), x(s"", 1)] for h=0,...,2"71 —1;
- there exists a strictly increasing map ™", with £1(j7™(T)) — £1(T) < 21727, such that

XMt 3" (7)) = x(s, 7).

These properties of the new partial Lagrangian parameterization will determine that we get at the
end a limit which is a full parameterization extending x.

Because of monotonicity the complementary of the image of 7 — x(s™", 7) is the at most countable
union of disjoint intervals {Ij}5. Let 7, be those points corresponding to characteristics in x which
bifurcate, and open to an interval I, at time shm.

min [, = x(s"*, (7,)7) sup [, = x(s"", ).
Define consequently the strictly increasing map opening each of those points 7 into an interval
proportional (with factor 1/22"~1) to the hole I} that the relative characteristics leave at s™™:
T — T = [0,5"" (1))

jhom T — T—O—/.Zl(UTkSTIk)/QQ”*l.

J

The inequality [T}, ,| — |T'] < 2'72" holds because we are assuming that y is valued in [0, 1], thus
LY UkIy) < 1.

For each z € I, consider the C' maximal curve through (s, 2) until it touches s + x(s,77"):
recalling the curve v(**) defined at (@.1]), and setting
SE(s™7,2) = inf{s > s"m s 0 (s) = (s, 5)}

sE(s"7,2) = supfs > 8" 1 ) (5) = x (s, 7)),
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then a possible right continuous extension is give by

(sssn 2y e [7) for maxsT(sh",2) < s < maxs(sh 2),
7 ’ X (8, 7k) otherwise.

Then define on [0,1] x T}, , the Lagrangian parameterization

Xh’n(S,UJ) — {X(S,T) ifw:jh,n(T)’

~(s; sh’",z) ifwe [jhm(Tl;),jhm(Tk)), z = x(sh’kmk) — (]h (1) — w).

h,n

Notice that also the surjectivity property at s = s is satisfied.

Conclusion. Let us first look at how much the domain Ty grows in the extension process. Since
27~1 couples of indices have second variable n, then the total size of the intervals added by those
couples alltogether is at most 27": thus, setting T;, = UpTh »,

To=1[0,1, T, cC0,3/2], ..., T,cC[0,2—2""],

The maps j"7 o --- 0 j%! are strictly increasing, valued in [0,2 — 2] with 1-Lipschitz inverses. By
Ascoli-Arzela theorem the inverses converge uniformly, to a monotone map which is the inverse of
a right continuous function j : [0, 1] — [0, 2]. By construction j is strictly increasing.

h,n

Moreover, by construction each ™" is surjective at each s = s with (h,n) < (h,7).

Being |[x"" — x""||oc < 27" for (h,n) > (h,n), the sequence " converges uniformly. One
immediately verifies that the limit is a monotone, Lagrangian parameterization y which extends ¥,
with injection map j.

Being surjective and monotone, each 7 — x(s"™, 7) is continuous. By the continuity in s we deduce
then surjectivity also at the remaining times: indeed if by absurd we had x(5,77) # x(5,71), we
could not have x(s"™,77) = x(s™,71) at s™™ arbitrarily close to 5. O

The following example introduces the extension of a Lagrangian parameterization. It shows moreover
that it is not possible in general to get a full one which is Lipschitz continuous, even though
characteristics below are twice continuously differentiable.

Example A.2. We consider x., for the very simple case of an equation (¢?/2); = w, ¢, = 0. The
function ¢ will be constructed below, and its integral curves ¥(s) = ¢(y(s)) are as in Figure@ that
now we describe.

Define first a smooth function (s), for s € [0,1], which increases continuously from 0 to 1. Let
(s —1/2) be even, strictly increasing in the first half interval from 0 to its mazimum. Let 5 vanish
at 0;1/2;1 and be positive in [0,1/2]. For instance, consider

~v(s) = s+ 1/(2n) sin(27s — ), 7' (s) = 1+ cos(2ms — ).

Define then the following points where ¢(t) and w(t) will vanish: fori € N, h=0,...,2

=0, Zln3+2

Z = Z9i ; = 20. Zhi = Z4 2_2ih
1Hj—|—2 2.4 — ~0,i+1, h, -— <i—1 1H(Z—|—2)

The first {z;}ien are appro:cimatz'vely 0, —0.455, —0.635, —0.713, —0.748, —0.764, —0.772, ..., and

each interval [z; 11, 2] is divided into 2° equal subintervals.
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51
= 83,3
| = 51,2
= 80,1 v(s)
| — o
/ | / = 50,2
3 — 50,3
20t 0 t
FIGURE 2. A partial monotone Lagrangian p ameteri t' is extende d to a ‘full’
one. Different colors denote different steps th exten n, wh ch a t ably
many. Each step corresponds to a dichotomo l f : the rela t t ension

of the parameterization must cover the relativ I this mpl the full
parameterization can not be locally Lipschitz.

Now we d ﬁ the functio ¢( ) (t) ach subinterval [zp+1,,2n,:]. As a preliminary step
consider the rescaled smo thf S Vn, ( ) Xm(S,Z;TH,,') given by

7(2's)
22iIn(i + 2)’
Notice that each increases monotonically from zpy1; to zn,i. Define then

o(t) =Vhi(s), w(t)=7p,.:(s) : nils) =t

Since |%;| < 02 t/In(i + 2) and || < C/log(i + 2), therefore w and ¢ are continuous up to Zo,
wh e they vanish.

s €[0,277,

Yh,i(8) = 2ha1,i +

In this there o Lipschitz extension of the parameterization X, to a surjective one. Indeed,
min mlh acter t ttgfm —Od not ¢ lmtllth interval at s = 1. Adding
those starting at s 1 it remains to c open inter l of total length

- 2-

2j—:z — Zoo
]Z n(G+2)
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at s = 1/2. Including all those characteristics which intersect the line s = 1/2, similarly, one do
not cover the whole line s = 1/4;3/4: a length

o0

> 27 +2) =21 — 200

=2
remains to cover at both those two values of s. At the subsequent i-th step, one has to cover a length
dei277In(j +2) at sp; =271+ h27 for h=0,...,2"7" — 1. In the whole process, it must be
covered a total length equal to

o0 ; o0 o0

14...49i1 2J+1
Z( teoet )ln]+2 Z 1n]—|—2

j=1 j=1

]+2 = +o00.

Any monotone, Lagrangian parameterization x must map a disjoint family of real intervals {Ip ;}n.;
with 32, ; [In:| <1 to the intervals {[voo, Tit1]}i, respectively at the above sy, ;. However, we have
just computed that for all constant C

00 = > |Zit1 — Tool

h=0,...,2i=1—1, €N

— Z X(Sh,i» [In,i])

h=0,...,2i=1—1, €N

>C > Zn,il,

h=0,...,2i-1—1, €N

preventing any Lipschitz reqularity. Indeed, the map T — x(sp,i,T) can be Lipschitz with some
constant C;, but C; must blow up as i — co. At other values of s, this map is just WH1(R).

One can as well construct examples where x has a Cantor part.
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