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Abstract

We study the continuous version of a hyperbolic rescaling of a discrete game, called open mancala. The
resulting PDE turns out to be a singular transport equation, with a forcing term taking values in {0, 1},
and discontinuous in the solution itself. We prove existence and uniqueness of a certain formulation of
the problem, based on a nonlocal equation satisfied by the free boundary dividing the region where the
forcing is one (active region) and the region where there is no forcing (tail region). Several examples, most
notably the Riemann problem, are provided, related to singularity formation. Interestingly, the solution
can be obtained by a suitable vertical rearrangement of a multi-function. Furthermore, the PDE admits a
Lyapunov functional.
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1. Introduction

The mancala game is a game that, in its open and idealized version, can be described in terms
of two moves as follows. Suppose to have an infinite sequence of holes on the half-line (0, +00),
each hole containing zero or more seeds (always in finite number). Suppose also that the first hole
is nonempty, that nonempty holes are consecutive and in finite number. The first half-mancala
move consists in taking all seeds in the first hole (the left-most nonempty hole, numbered 1), and
sow them in the subsequent holes, one seed per hole. In this way the first hole becomes empty; the
second half-mancala move consists in a left-translation of one position of all subsequent holes, so
that the new left-most hole becomes nonempty, and the two half-moves can therefore be repeated.
Of course, the total mass (i.e., the total number of seeds) is preserved. The open mancala game
is modeled as a discrete dynamical system, for which several interesting questions can be posed,
such as the classification of periodic configurations, the optimal number of moves necessary to
reach a periodic configuration, and so on, see for instance [6] and references therein. The aim
of this paper is to analyze a continuous version of this dynamical system, which turns out to be
modeled by a new type of transport equation.

After having introduced a natural discrete time, a suitable hyperbolic rescaling of the discrete
game and a simple algebraic manipulation (see Section 2 for the details) lead to

k+1)h k+Dh _ (k+Dh
”Eh : _“{(hh Uip —Ui_n .
- - - e <ty OB, (1.1)

where ih, i > 1 integer, denotes the discrete i-th space position, k%, k > 0 integer, denotes the
discrete k-th time, 4 is the space grid (equal to the time grid), ulj};l stands for the number of seeds
at (jh,lh), and 14 is the characteristic function of the set A C [0, 400). The discrete system
(1.1) is coupled with

ud, =uo(ih), i>1, (1.2)

uo being the given initial configuration.
It is then natural to consider the following hyperbolic pde, considered as a formal limit of
(1.1),(1.2)as h — 0T:

u(t, x) =uyx(t,x) + 1(0,,4(,,0))()6),

u(0) = uy. (1.3)

Notice carefully the {0, 1}-valued discontinuous forcing term on the right-hand side which, given
any t > 0, depends on the space right trace u(¢,0) of u(¢,-) at x = 0; this space dependent
forcing depends on u in a nonlinear and nonlocal way, and results the PDE in (1.3), to our best
knowledge, into a new type of partial differential equation. Observe also that, formally, the total
mass is conserved:
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J +o00 +00
E/u(l,x)dx:/ul(t,x)dx
0 0

+o0 +0oo
=/ (ux (7, %) + L0,u(r,00) (X)) dx =—u(t,0) + / Lo,u(r,0y) (x) dx =0.
0 0

The physical interpretation of (1.3) can be given in terms of mass transportation, as follows.
Imagine to have an horizontal conveyor belt transporting, at uniform speed, a certain amount of
sand toward the left; once a slice of sand of height x reaches the (left) boundary x = 0 and falls
down, it is uniformly redistributed horizontally for a length « on the conveyor, and the process
continues.

From the mathematical point of view, we are facing a homogeneous linear transport equation
in a “tail” region

Tw):={(t,x):t>0, x >u(t,0)},

where the forcing term is suppressed, and an inhomogeneous transport equation in an “active”
region

Aw):={¢,x):t>0,0<x <u(0)},

where the forcing term equals one. Tail and active regions are separated by an interface, a curve
in time-space in our setting, which is the (generalized) graph of u(-, 0) over R™, and that can be
considered as a sort of free boundary.

We anticipate here that, interestingly, some similarities with the typical phenomena of entropy
solutions of nonlinear first order conservation laws (say the Burger’s equation, just to fix ideas)
appear also for solutions of (1.3), such as possible creation of decreasing jumps, and the validity
of a unilateral Lipschitz condition [3]. Typically, for Burgers’ equation, increasing jumps disap-
pear instantaneously, while in the present model they are progressively eroded while traveling
toward the origin' at unit speed (see Figs. 7 and 8). The most surprising phenomenon happening
in the free boundary of (1.3) is what we have described through an affine transformation (equa-
tion (4.16)) followed by a vertical rearrangement (equation (4.17)), a procedure that reminds
the “equal area rule” of conservation laws (see [7, pag. 42], and [2]) and that will be carefully
analyzed in Sections 4.1 and 8. Roughly, it turns out that the free boundary is the (generalized)
graph G, of a BV|o. function £ which has to satisfy a nonlocal equation (see (1.6)) that can be
described in two steps: first the affine transformation forces the creation of a multi-valued graph,
in correspondence of certain previous parts of the graph of £ having slope less than —1 (called
critical slopes). In a second step, (1.6) reduces the multigraph to the graph of a single-valued
function by a geometric principle based on a vertical rearrangement (a Steiner symmetrization).
In turn, from such a genuine function, the solution u« can be directly recovered (Remark 5.1). The
remarkable operation of rearrangement is always necessary at a critical time (Definition 4.2), i.e.,
a time corresponding to the presence of a critical slope, and typically such times are unavoidable.

L After reaching the origin, they possibly disappear.
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In order to define and analyze a solution to (1.3), it is convenient to change variables in the
obvious way,

®: (1, x) € lquad = (1, &) € oy, Ti=t, &:=t+x, (1.4)

where Iguad := [0, +00) x [0, +00) is the closure of the open first quadrant Iquad, Hoct := {(7, &) €
[0, +00) x R, & > 1} is the closure of the open second octant Iy, and formally consider (1.3)
in the new coordinates, which after integration reads as

T

ﬁ(‘tsé):u()(g)—i_/ 1($,+OO) (ﬁ(svs)—i_s) ds’ (tv‘i:) eIIOC[? (15)
0

where u(s, s) is the right limit of %(s, ) at any s > 0.

Switching our perspective from (1.3) to (1.5), we are interested in the global existence, unique-
ness, and qualitative properties of a solution u: the leading idea is to try to identify a plane curve’
potentially representing the free boundary, and then reconstruct from it the values of % in Iloc.
It turns out that this strategy is successful (see Sections 3, 4 for detailed statements), the free
boundary being identified by the graph of the function £ in (1.6) below?; proving existence of a
solution to (1.6) is the central part of the proof.

Denote by | - | the one-dimensional Lebesgue measure in R.

Theorem 1.1. Let ug € BVioc ([0, +00)) be nonnegative. The nonlocal equation
() =uot)+|{s€[0,t] : £(t —5) > s} vVt € [0, +00), (1.6)

in the nonnegative unknown £ € BV, ([0, +00)), has a solution, which is unique provided u
is positive in a right neighborhood of the origin. In addition, £ cannot have increasing jumps,
unless uq has, while it may have decreasing jumps. Moreover, the function

v(t,8) :=uo) +{s€[0,7]:l(s) +s>&}  V(1,§) €lloc (1.7

is the global unique solution to (1.5) having the generalized graph Gy of € as free boundary, it
satisfies the mass conservation, and v(t, -) satisfies a unilateral Lipschitz condition, provided u
does.

Theorem 1.1 essentially says that the construction of a solution of (1.5) is equivalent to solve
the nonlocal equation (1.6) describing the free boundary: this is not immediate, and requires some
recursive argument. As already said, equation (1.6) has a geometric meaning (see Remark 4.1
and Section 4.1) and has also various equivalent formulations (see the end of Section 4): one of
them, see (4.21), is based on the generalized inverse of the vertical rearrangement of the function
L¢(¢) := €(t) + ¢, and may be used for the explicit construction of £ in specific examples.

The main difficulties in the proof of Theorem 1.1 are due to the fact that, at a point (7T, E), a
characteristic line {£ = £} passing through (7, £), may intersect several (possibly infinitely many)

2 Heuristically, the graph of u as a function of time, on the line {x = 0}.
3 How to guess the equation for £ is obtained in formula (3.11).
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times both the subgraph and the epigraph of ¢, before ending on the vertical axis {t = 0} where
keeping the value of ug; this happens in correspondence of critical slopes of £, corresponding
(roughly) to regions where L, becomes strictly decreasing and L, loses monotonicity. As already
said, in correspondence of these critical values function ¢ and the solution v exhibit interesting
features.

It is worthwhile to remark that equation (1.3) admits a Lyapunov functional, which is sug-
gested by looking at the discrete Lyapunov functional known for the open discrete mancala [6],
see (2.4) and Section 6.

It is immediate to devise a class of stationary solutions for the flow, i.e., u(x) = (W2m —
x)l[ 0.v3m] (Example 7.1), m > 0 being the initial mass. In an interesting example (the Riemann

problem corresponding to the initial datum ug = 19,1y, discussed in Section 8) it turns out that
the Lyapunov functional® is constant unless in proximity of a critical time, after which it is
strictly decreasing for a while. The Riemann problem is a nice example that illustrates a rather
complex solution starting from a very simple initial condition, and that shades light on the main
phenomena behind equation (1.3), in particular the vertical rearrangement. As already explained,
the main point is to construct the function £, and this can be done recursively, taking advantage
of the fact that £ must be polygonal,” and constructing the sequences of slopes connecting pairs
of local minima and local maxima. The explicit construction of ¢, though not in closed form,
is given by recurrence, and is rather intricated, due to the unavoidable presence of (a countable
number of) critical slopes, and therefore of a multivalued® graph; the most involved case is when
two vertical rearragements need to be performed in adjacent segments (see the first picture in
Fig. 5). It is proven in Section 8 that the corresponding stationary solution is reached in an
infinite time.

The content of the paper is the following. In Section 2, after briefly recalling the moves in
the open mancala game, we describe the rescaling leading to (1.1). In Section 3 we consider
the (¢, x) formulation of the PDE, and its transformed version in (z, &) variables, leading to the
notion of integral solution (Definition 3.3). In Section 4 we introduce the equation solved by ¢,
the graph of which will be the free boundary. Global existence and uniqueness of ¢, as well as
some qualitative properties, are proven in Theorem 4.1. The geometric meaning of equation (1.6)
in terms of the affine transformation and the vertical rearrangement is explained in Remark 4.1
and Section 4.1. The last part of Section 4 is concerned with a more general class of initial data,
in particular those that may vanish at zero. In Section 5 we prove the existence and uniqueness
of an integral solution to (1.3), in particular the solvability of (1.7). In Section 6 we study the
Lyapunov functional associated to (1.3). Section 7 contains some initial examples. Section 8 is
essentially devoted to the explicit construction of £ and the solution for the Riemann problem,
which are rather involved. The construction of £ is given in Theorem 8.1, on the basis of the
algorithm described in (8.3), (8.6), and (8.7). How to directly recover, in a computable way, the
integral solution from the knowledge of ¢ is explained in Remark 8.3, see also Fig. 6. A movie
of the solution is illustrated in Figs. 7, 8. A few final examples are described in Section 8.2.

We conclude this introduction by remarking that the rigorous asymptotic analysis of the dis-
crete model as 4 — 0 is out of the scope of the present paper, and will be investigated elsewhere.

4 A Lipschitz function in time.

5 One can see that the flow starting from a polygonal initial condition (i.e., a piecewise affine possibly discontinuous
function, see Definition 3.1) generates a piecewise affine solution, a useful fact for the explicit computation of solutions.

6 1In this case there cannot be more than three values.
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2. Motivation: the discrete dynamical system and its rescaling

Let N be the nonnegative integers, and N* be the positive integers. Following [6], a config-
uration A is a map A: N* — N, and a mancala configuration is a configuration A such that
supp(r) := {i € N*: A; > 0} is connected, supp(r) = {1,2,...,len(A)}, with len(A) € N*
called the length of the configuration. The mass of a mancala configuration X is defined as
|A| = Z+°° A= Zlenm Ai. We denote with A the set of all mancala configurations, and with

Ay, the set of all mancala configurations with mass m > 0.

The open mancala game is a discrete dynamical system associated with a function M: A —

Aj; the action of M on a mancala configuration A is defined by

A1 if1<j<a,

o 2.1
Aj+l if j > Ap.

Conventionally we also assume M (000---) =000---.

For clarity, it is convenient to split M into two elementary “half-moves”: the sowing move S,
which consists in taking all seeds in the leftmost hole (j = 1) and redistribute them between the
next holes by putting one seed for each hole until the seeds are over,

0 if j =1,
S()»)j = )»j+1 if2<j<i+1,
Aj if j>A14+1,

and the left-shift move’ £, which shifts to the left all holes by one,
LA)j:=Ajy1, j=1L

The composite map £ o S maps mancala configurations into mancala configurations and indeed
we have Lo S(A) = M) : Ay — Ay

It is natural to introduce an integer parameter ¥ > 0, standing for the discrete time; given a
configuration A* € A,,, the sowing half-move is

1
k/}c+2 =0
1
M= AR 2 <k 41, 2.2)
1
M= if j> A+ 1,
and the left-shift half-move is
1. Lkt
)JJ‘. = Aj+12.

The composition of the two half-moves gives therefore the move

7 This is done for convenience in order to obtain a reference system following the configuration, and corresponds to a
right translation of the observer.
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,\;jllz)\jﬂ if2<j<a+1,
M =0k if j > +1,

1.€.,
A’}ﬂ =2+ Ly (), where I“(A) :={jeN:2<j<af+1},
with 17¢;)(j) =1if j € I“(X) and O else.

Remark 2.1 (Conservation of mass). It is clear that mass is conserved:

2.3)

Remark 2.2 (A discrete Lyapunov functional). In the discrete setting a Lyapunov functional,

mimicking a gravitational potential [6], can be defined as

L= >

(i, j)eN*x N*
i<j<i+h

Now, we suitably rescale the discrete dynamical system (2.3).
2.1. Rescaling

From (2.3) it immediately follows

57 = A )

2.4)

(2.5)

Now we rescale j, ¥ and A. If 0 < h « 1, we imagine a grid Gy, in time-space [0, +00) x
[0, +00) of the form { (kh,ih) : k, h € N*}. Next we substitute® in (2.5) kh in place of k, ih in

place of j, and we write A = u/h. The constraint j € I“ (1) is transformed into
ihe{nheNh:2h <nh <5+ Dh}={nheNh:2h <nh <ul"+h}.
We get from (2.5)

k+1)h (k+1)h (k+1h
uz('h : — ujy _ Hip —UG—1)h 1 "
A = A + None . <) @)

fori > 1, k > 0. We couple this rescaled dynamical system with the initial condition

ud, =uoih),  i>1.

8 Notice the hyperbolic rescaling: time and space are rescaled the same way.

7

2.6)

Q.7
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Our aim is to study a continuous version of (2.6), (2.7). If we interpret the quantities uf‘f: as the

values that a map (¢, x) € [0, +00) x [0, 400) > u(t, x) takes on the points of the grid G, (i.e.

uf‘,’f =u(kh,ih)) then the equation (2.6) suggests that # formally satisfies the PDE in (1.3).

Remark 2.3. We have

1 +o0
m=y Z iy
i=1
and the series is a finite sum.

3. The continuous problem: a singular transport equation

14 stands for the characteristic function of the set A CR¥, k=1,2,i.e., [4(x)=0ifx € A
and 14(x) =0if x € RF\ A. | - | denotes the Lebesgue measure in R. All functions we consider
are nonnegative and Lebesgue measurable.

We denote by BV ([0, +00)) the class of all functions v of finite pointwise variation in
[0, a], for any a > 0. We recall [1] that v is bounded in [0, a], there exists finite lim, _, o+ v(x) =:
v(0), and v admits finite right and left limits at any x € (0, +00). We also let [4]

subgr, (v) ;= {(t,x) € [0, +00) x [0, +00) : v(?) > x } 3.1

be the subgraph of v in [0, +00) x [0, +00); its reduced boundary in (0, +00) x (0, +00) is
given by the generalized graph of v, i.e., the graph of v with the addition of vertical segments
joining the left and the right limits at the jump points.

Definition 3.1 (Polygonal function). We say that v € BVjoc ([0, +00)) is polygonal if its gener-
alized graph consists, in any compact set K C [0, +00), of a finite number of segments (vertical
segments are allowed”).

Recall that if v: [0, +00) — [0, +00), then the function A € [0, +00) — |[{x € [0, +00) :
v(x) > A }| is nonincreasing and right-continuous.
We start the study of the PDE in (1.3); from now on, we always assume:

ug € BViec ([0, +00)), ug right continuous and nonnegative. 3.2)
3.1. (z,&)-formulation

Duly motivated by (2.6) we consider problem (1.3), for which we need a rigorous notion of
solution. Let be given a nonnegative function v defined everywhere on Iguad, and suppose that
for any ¢ > 0 there exists lim,_, o+ v(¢, x) =: v(¢, 0) € [0, +00).

9

v can be discontinuous, with a finite number of jump points in K.

8
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Definition 3.2 (Active and tail regions; free boundary). We call
AW)={(t,x):t>0,0<x <v(,0)}, Tw):={({,x):t>0, x>v(0)},

the active region'” and the tail region (of v), respectively. We also define the free boundary I'(v)
as

T(v) == { (1, %) € Iquad : x = v(1,0) }. 3.3)

The problem that we want to study reads formally as

ur(t, x) = ux(t,x) + Lo,uq,0)(x) if (¢, x) € (0, +00) x (0, +00), (3.4)
u(0, x) = ug(x) if x € [0, +00). '
Observe that
L0,u(,00) (X)) = 1(x, 400y (2, 0)) Vx>0
and that the PDE reads as

uy(t,x) if x >u(t,0), ie., (t,x) e T(u),

u(t, x) = {ux(t,x) F1 ifx <u(,0), ie., (¢, x) e Aw).

A natural sense in which we can interpret (3.4) is obtained using transformation ® in (1.4).
Given a function v: Iquad — [0, +00), define

(1, €)== v(@ (1,8)) = v(t, x) Y(t,§&) € ot 3.5)

Then formally the PDE in (3.4) transforms into

~ . (3.6)
u(0,8) =uo(§) if § € [0, +-00).

{ﬁf(r, ) =10acoyE — 1) = lgaenin@) if (1. £) € o,
Active (resp. tail) region A(u) (resp. T (1)) transforms into
A ={(1,&):t>0, 1 <& <u(t,n)+t}, Tw)={(r,€):1>0, E>u(r,1)+71)},
and the set I'(«) in (3.3) transforms into
Fr@={(t,&) &>, E=u(r,7)+1}. (3.7)

We are now in a position to define what we mean by a solution of (3.4).

10 The active region coincides with subgraph_ (v(-, 0)).
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Definition 3.3 (Integral solution). We say that a locally bounded function #: Ioeq — [0, +00)
defined everywhere is an integral solution to (1.3) if the following conditions hold:

(i) forany 7 >0
3 lim u(t, &) =:u(r, 1) € [0, +00);
E—tt

(1) for any (7, &) € g,

T

B(r.6) = uo(®) + / Lo 200004 (8 ds. (3.8)

0

Some comments are in order.

(a) if u is an integral solution then, for any & > 0, the function t € (0, &) — u(z, £) is nonde-
creasing and one-Lipschitz.
(b) For any (7, &) € e we have!!

T

1
/ l(s,ﬁ(s,s)—&-s)(‘i:)ds = / Hsel0,7]: l(s,ﬁ(s,s)-i-s)(é) > A}dA
0

0
1 (3.9
=/|{se[0,r]:s <& <u(s,s)+s}dr=|{s€[0,t]:5s <& <u(s,s)+s}|
0
=|{s €[0,t]:u(s,s)+s>E&},
so that (3.8) is equivalent to
u(t, &) =up(€) + |{s €10, 7] :u(s,s) +s > &} (3.10)

In particular, since ug is right-continuous, passing to the limit as £ — tT and using (i),

u(t,t) =uog(r) + |{s €[0, t]:u(s,s) +s>1} (3.11)
for all T € (0, +00).

We conclude this section with a notation: given ¢ > 0, we let hy = {(z,5) : s >0, s = hz(¢) }
be the half-line pointing up-left at 45° and passing through (z, 0), defined by h7(t) =7 —t.

11 1p the first equality of (3.9) we use that, if f: [0, +00) — [0, +00) is measurable and I C [0, +00), then fl fds =
f(0,+oo) [IN{f > A} dA.

10
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4. Solving the equation for the free boundary

In this section we solve an auxiliary problem (see Theorem 4.1) which, in view of the results
in Section 5, is essentially equivalent to find an integral solution of (1.3): the idea is to look for an
expression of what, a posteriori, will be the curve I" (%) and then to reconstruct # itself (and hence
1) by the method of characteristics, distinguishing the active and the tail regions; here a difficulty
arises since characteristic lines may pass from the active region to the tail region several times.
Recall our assumption (3.2) on ug, and keep in mind (3.11).

Definition 4.1 (The function £). We say that the graph of a function £ = ¢[ug]: [0, +00) —
[0, +00) represents the free boundary of problem (1.3) if

L) =uo(t) + |{s €[0,1]:£(t —s) > s}]| vt € [0, +00). 4.1)
In what follows, we shall frequently use the obvious equality
{se[0,t]:8(t —s)>s}=|{s€[0,1]:L(s)+s >t} “4.2)
Notice that, since u is right-continuous, also £ is right-continuous; moreover
£(0) = uo(0).

Remark 4.1 (Geometric meaning). Formula (4.1) has a geometric meaning: recalling the no-
tation in the end of Section 3, consider the half-line h; = {(r — s, s5) : s > 0}. Next, take the
intersection I; of b, with subgraph, (£) = {(¢, s) € (0, +00) x (0, +00) : £(¢) > s}, so that

I ={(,s):s€[0,t], £(t —s)>s}.

Denote by 7> : [0, +00) x [0, +00) — {0} x [0, +00) the orthogonal projection on the vertical
s-axis. Then

£(t) =uo(t) + |m2(1)], 1=0. (4.3)
In particular, if uq is polygonal, then £ is polygonal.'”

Proving that (4.1) has a solution is nontrivial; in order to do that we start to show that if (4.1)
has a solution and uq has a suitable behavior close to the origin, then £ cannot go to zero at any
point of [0, +00).

Proposition 4.1 (Lower bound). Suppose that £ solves (4.1) and furthermore
da>0:up(t) >« vVt € [0, ). “4.4)
Then

L(t) > o Vt € [0, +00). 4.5)

12 Recall that jumps are not excluded.

11
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Assumption (4.4) says that we can pick a square Q = (0, &) x (0, @) contained in subgraph_ (¢),
and (4.5) says that we can slide Q horizontally remaining inside subgraph , (£), and this is crucial
in what follows; dropping this assumption is discussed in Theorem 4.2 and in Section 4.4.

Proof. Suppose by contradiction that (4.5) is false, and define #y := inf{7 € [0, +00) : £(¢) <« }.
From (4.4) and (4.1) it follows

f0 > a. (4.6)

Fix now ¢ € (0, «), that will be selected later (see (4.9)). Pick ¢ € (ty, to+€), and write t = 19+ 1,
with n € (0, ). In particular, n < «. Set

E:={s€[0,n):L(t—5)>s}, F:={se[na):Lt—s)>s}
From (4.1) and recalling that u¢ is nonnegative it follows
)= {se€l0,1]: 4t —s) >s}=|E|+{s€lnt]: €t —s) >s}| = |E|+|F|, (4.7)

where in the last inequality we have used (4.6), so that t > #y > .

Claim 1: We have |F|=a — 1.

Indeed, if s € F, in particular s > 7, and so t — s = fy + n — s < tp. Hence, recalling the
definition of 7y, we have £(t — s) > «. But for s € F we have s < «, and so £(t — s) > s, which
implies |F|=o — 7.

From (4.7), claim 1 and n € (0, &) it follows

L)y>a—c¢ Vi € (tg, tg + €). 4.8)
Claim 2: If e < a/2 then |E| = 1.
We start to observe that for any s € E we have tg <t —s <fgp+e¢.Indeed,t —s =tp+n—s <

to+ e sincen —s <& —s <¢&;onthe other hand, t —s =1+ n — s >ty since n — s > 0, from
the definition of E. Therefore we are allowed to replace ¢ with r — s in (4.8), and we get

Lt—s)>a—c¢ VseE.

Due to our choice of ¢, we have ¢ — ¢ > «/2, and «/2 > s, since o/2 > ¢ > n. Hence all
s € [0, n) are points of E, and the claim follows.

From (4.7) and claims 1 and 2 we deduce, provided
e € (0,a/2), 4.9)
that
W zn+a—n=a  Vie(o,to+¢),
which contradicts the definition of 5. O

12
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Lemma 4.1. Under assumption (4.4), £ is a solution of (4.1) if and only if

o) = uo(t) +1t Vi €0, o), 4.10)
ug®) +a+{sela,t]: €t —s)>s} Vt € [a, +00).

Proof. Suppose that £ satisfies (4.1). According to Proposition 4.1, £ must satisfy (4.5). Hence,
for any ¢ € [«, +00),

L) =uog(t)+|{s€l0,a): l(t —s)>s}+|{sela,t]: Lt —s)>s}
=ugt)+a+|{sela,t]:l(t—s)>s}
since, from (4.1), if s € [0, @), then £(f — s) > « > 5. The case r € [0, «) is a direct consequence

of (4.5) and (4.1).
The proof of the converse implication is similar. O

Theorem 4.1 (Global existence and uniqueness of £). Let uy be as in (3.2), and suppose that
(4.4) holds. Then (4.1) admits a unique solution £ € BViyc([0, +00)). Furthermore £ satisfies
(4.5), £(t) < |luglleo + t for all t € [0, +00), and

L+71)—L(@1) <up(t+7t)—uo()+r, t>0, t>0. 4.11)

In particular, suppose spt(ug) C [0, a] and ¢ > a; then £ cannot have increasing jumps, as well
as increasing Cantor parts, in (a, 4-00).

Proof. We construct £ as follows: first we set
£(t) ;== ug(t) +t vVt € [0, o]. 4.12)
Next, keeping in mind (4.10), we define
L) :=ug(t)+a+ |{sela,t] : £t —5)>s5} Vt € [o, 2a]. 4.13)
Note that £ is well-defined in the interval [«, 2« ], since if ¢ € [, 2a] and s € [, ], thent — s €
[0, @], and we can use (4.12).
We now repeat the argument inductively for ¢ € [ka, (k + 1)a] for any integer k > 2; for

instance, if k = 2, for any 7 € [2«, 3] we set

£(t) :==uo(t) +a+|{s €la,t]: Lt —s)>s}
=uog(t) +a + |{s €[, 2] : £(t — 5) > s}| 4.14)
+{s € Qat]:l(t —s)>s},

where we notice that if s € [, 2] then t — s € [0, 2], so that

{s ela,20]: Lt —s)>s} =|{sela,2a]:t —5s€[0,a],l(t —s) >s}

+ {sela,2a]:t —s5 € (a,2a], £(t —5) > s }],

13
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and if s € [2a, ¢] then t — s € [0, «]; thus (4.14) is well-defined by (4.12) and (4. 13).13

In this way we construct a globally defined function £ : [0, 4-00) — (0, +00) satisfying (4.10)
and (4.5). Hence the existence of a solution to (4.1) follows from Lemma 4.1. To prove that £ is
unique, it is sufficient to show that it is unique in [0, ); since £ > ug > « in [0, «], it follows
from (4.13) that £(¢t) = ug(t) 4+t for any ¢ € [0, ), as desired.

From (4.12) and the assumption (3.2) it follows £ € BV ([0, «]); then the BV, -regularity of
£ follows observing that the term |{s € [0, ] : £(t — s) > s }| in (4.1) can be written as difference
of two nondecreasing functions. More specifically, using also (4.2),

{se[0,t]:8(t—s)>s}=t—|{se[0,t]:£(—s5)<s}
=t —|{r €l0,1]: £(v) + T <1},
and the last term on the right-hand side is nondecreasing in ¢. Clearly, the bound €(¢) < ||ug|lco +?
for all ¢ € [0, +00), follows from (4.1).

It remains to prove that £ satisfies the one-sided Lipschitz condition (4.11). Let 7 > 0 and
7 > 0; since

{tel0,t]:hsy (1) <€)} S{t €[0,1]: he(t) < L(1)},
we have

{1 €l0,7]: bz (1) <€DVt € (.14 T]hy (1) < £(1) }]
={t€[0,f]:hi (&) <O+t e 1+ 1] hy (1) <L)}
<t el0,2]:he(t) <€} + {1 € (t, 1+ 1] hi (1) <€) }]
<|{tel0,1]:hs(t) <€)} + .
Whence (4.11) follows from Remark 4.1, since the Lebesgue measures of the ortoghonal pro-

jection of Iz, and I7 on the t-axis, are the same as the Lebesgue measure of the corresponding
projections on the s-axis. O

13 For any ¢t € [ka, (k + 1)a] we set

(@) :=ug(t) +a+ |{s €, t]: £(t —s) > s}
k—1
=up() +a+ Y (s €ljor. (j+ Deal: 6@ —5) > 5| (4.15)
j=1
+ |{s € [ka,t]: £(t —5) > s},
where, if s € [ja, (j + Da] thent —s € [(k— 1 — j)a, (k+ 1 — j)a], so that
{seljo, +Dal:lt—s)>s}={seljo,(j+Dal:t —se[k—1—a, (k— jal, Lt —s) > s}

+Hselja. G+ Dal:t—se(k— o, (k=14 j)al, £ —5) > s},

and if s € [2ke, t] then t — s € [0, «]; thus (4.14) is well-defined by recursion.

14
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Remark 4.2 (Shorter steps). Suppose (4.4), and take 8 € (0, «); in particular £(¢t) > B forany ¢ €
[0, B]. Then the constructive proof in Theorem 4.1 (see (4.13), (4.14), (4.15)) obtained replacing
o with B leads to the same £.

The following useful result has a straightforward proof.

Lemma 4.2 (Monotonicity). Suppose that ugi,ug, are two nonnegative functions in
BVioc ([0, +00)), both satisfying (4.4). Let £1, £> be the corresponding solutions given by Theo-
rem 4.1. Then

uo) <ugy =1 < bs.

Proof. Let o > 0 be such that (4.4) holds both for up; and ug,. From our assumption and (4.10)
it immediately follows that £; < £5 in [0, «]. Then the same inequality holds for ¢ € [o, 2], as a
consequence of the inclusion {s € [o, t] : £1(t —s) > 5} C{s € [a, t]: €2(t —s) > s } and (4.10).
Then the assertion follows, recalling the recurrence proof of Theorem 4.1. O

We conclude this section with a crucial definition which, as we shall see, is related to the
vertical rearrangement.

Definition 4.2 (Critical segments and critical times). Any segment in the graph of £ having slope
in [—o0, —1) is called a critical segment, and the corresponding slope is called a critical slope.
The ¢-coordinate of the left extremum of a critical segment is called a critical time.'*

Note carefully that any critical segment in the graph of ¢ forces the existence of a range of
t > 0 for which b, N subgraph , (¢) is not connected.

4.1. Transformation R and rearrangement

In this short section we deepen the geometric meaning of formula (4.3); this shades light on
the meaning of ¢, and is useful to construct examples (see Sections 7 and 8).
Let us introduce the affine transformation

R: Tquad — iquadv R(,s) :=(t+s,s). (4.16)

It moves a point to the right (same s, larger ) of an amount equal to its vertical s-component.'?
Then there is a peculiar relation between subgraph, (£) (which is a locally finite perimeter set
[4]) and its R-transformed: the former is a kind of rearrangement of the latter.

Specifically, consider the vertical rearrangement F* of a locally finite perimeter set F C
[0, +00) X [0, +00), defined as follows: for any 7 € [0, +00), if F;:={r =%} N F, and Ftli =
{t} x [0, | F7|], then

Fo:=| JF/,

t>0

14 1f the segment has slope —oo, its projection on the 7-axis is one point, still called a critical time.
15 In particular, it transforms a square ((k — 1)a, k) x (0, @) into the square (ker, (k + 1)) x (0, ), k € N.

15
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which is still [5, Theorem 14.4] a locally finite perimeter subset of [0, +00) x [0, +00), hav-
ing the same Lebesgue measure as F. Suppose for simplicity that uo has compact support, say
spt(uo) C [0, c]. Then the validity of (4.3) for all # € [¢, +-00) can be equivalently expressed as

subgraph,, (£) N ([c, +00) x [0, +oo)) = R(subgraph, (£)) N ([c, +00) x [0, +oo)). @.17)
Then it is immediately seen from (4.17) that, provided k« > ¢, we have

sup L) < sup £(1)

tel[(k+De, (k+2)a] telke, (k+De] (4.18)
inf £(t) > inf £(1)
telte+Da, (k+2)a] telka, (k+1)a]

so that the oscillation of ¢ in [k«, (k + 1)«] is nonincreasing in k.

It is interesting to observe that the strict inequalities hold in (4.18) under certain conditions
on ug: for instance, suppose that uq, beside having support contained in [0, c], is polygonal. If
there is a critical segment in the generalized graph of £ whose projection on the horizontal #-
axis is contained in [k, (k + 1)], then the strict inequalities hold in (4.18). Finally, segments
with slope —1 are transformed via R to vertical segments, and a critical segment, together with
its left-adjacent, are transformed into a polygonal which is not a graph with respect to ¢. This
construction will be employed in the examples, in particular the Riemann problem considered in
Section 8.

4.2. The functions L and Sy

It is convenient to introduce the following functions, that have been implicitly used in the end
of the proof of Theorem 4.1.

Definition 4.3 (Ly and S;). Let ug and £ = £[ug] be as in Definition 4.1. We set
Le(t) :=L(t)+1t V>0
and

Su(s) = 0 ?fs € [0, £(0)], 4.19)
[{o€[0,s]:L¢(o) <s}| ifs>£(0).

Remark 4.3. The function Sy is nondecreasing in [0, +00), and for any ¢ > 0
t—Se(t)=|{s€[0,t]:4(s) >t —s}=|{s€[0,t]:£(t —s) > s} (4.20)
Hence formula (4.1) is equivalent to
£(t) =ug(t) +t — Se(t) vVt € [0, +00). 4.21)
Before concluding this section, we summarize some of the obtained results.

16
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Remark 4.4. The function £ can be described in various equivalent ways:

(1) algebraically, using equation (4.1) or, equivalently, equation (4.10) or also equation (4.21);

(i) geometrically, computing the Lebesgue measure of the projection on one of the coordinate
axes of the intersection of the up-left half-lines at 45° with subgraph, (¢) (see formula (4.3)),
or using the transformation R and the vertical rearrangement, as explained in Section 4.1.

4.3. Examples

It is worth showing some explicit computations of £; more involved and interesting examples
will be illustrated in Sections 7 and 8. The next example is particularly simple, and concerns an
initial condition not with compact support; curiously enough, this example involves the triangular
numbers

k

k(k+1)
no=y k=D
i=0
Example 4.1 (Constant initial condition, I). Let
uo = 1[0, 400),

which has infinite mass. From (4.12) and (4.13) one checks that £: [0, +00) — [1, +00) is the
Lipschitz piecewise affine function that interpolates the points (7, k + 1), so that

t k
()= —+=-+1, te|Ty, T, , ke N, 4.22
@) k+1+2+ € [Tk, Tr+11, k € (4.22)

see Fig. 1. Hence Ly: [0, 400) — [1, +00) is also Lipschitz piecewise affine, L;(Ty) = Tx+1,
and reads as

k+2
Ll(t)zm(t—Tk)+Tk+la t €Ty, Try1], keN. (4.23)

Functions £ and L, are strictly increasing and surjective.

Equivalently, £ can be constructed recursively using Sy as follows. Since o = 1, from (4.12)
we obtain £(t) =1+t (and L,(t) =1+ 2¢t) for t € [0, 1]; from (4.19) we have S¢ =0 1in [0, 1],
and S¢(s) = (s — 1)/2 for any s € [1,3] = L,([0, 1]). Since we know the function S, in the
interval [1, 3] we can find, using (4.21), L, in [1,3]. We have £(t) = (t + 3)/2 and L,(t) =
3(t+1)/2 for t € [1, 3] and so on. In general, S;: [0, +00) — [0, +00),

k+1
Se(s) = m(s —Tiy1) + T, s €[Tiq1, Trg2l, k=0,

and is the inverse of L, and interpolates the values S¢(T}) = Ty—1.

The next interesting example will be completely solved in Section 8, and it is useful in order
to understand how to construct €.

17
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2 subgr, (£)

0 Ty=1 Tp=3 T3=6 Ty=10 Ts=15 Te=21

Fig. 1. Graph of ¢ for Example 4.1. Time ¢ is horizontal.
Example 4.2 (Riemann problem in [0, 11 + 3/2]). Let

],{0 = 1[0,1)' (424)

Let us calculate £ = £[ug], which we know to be polygonal, since ug is polygonal (Remark 4.1).
We shall construct £ in the time interval [0, 11 + 3/2]. Taking o = 1, Lemma 4.1 tells us that

() =uo(t)+t=1+¢t, te(,1). (4.25)

It is convenient to add the vertical segment {0} x [0, 1] = {0} x [0, #((0)] in the generalized graph
of £.In [0, 1) x [0, +00) the set subgraph, (£) is enclosed between the segment {(¢, 1 +1¢) : t €
[0, 1)]} and the horizontal axis and, by Proposition 4.1,

subgraph, (£) 2 (0, +00) x (0, 1). (4.26)

Hence, for t € [1, 2], the intersection /; = h; Nsubgraph , (£) of the half-line fj; with subgraph, (£)
is the segment joining (¢, 0) with (¢/2 — 1/2,¢/2 + 1/2), and so (Remark 4.1)

t 1
E(t):i—i-i, vt e[1,2]. 4.27)

Therefore the left limit of £ at 1 is 2 > £(1) = 1, and ¢ has a decreasing jump at t = 1; it is
convenient to draw the generalized graph of ¢ in [0, 2], in particular the vertical segment {1} x
[1,2], see Fig. 4.'°

Now, using (4.25), (4.27) and (4.26), we see that for ¢ € [2, 3] the intersection I; = h; N
subgraph, (£) is not connected, and splits into two segments: one joining (¢, 0) with (/2 —
1/2,t/2 4 1/2), and another one joining (1, ¢ — 1) with ((2/3)t —1/3,¢/3 4+ 1/3). Hence

t 1 —t+11
—+§—(t—l)=

to1
t=5+5+ Vi € [2,3].

23

16 We have furthermore Sy =0 on [0, 11, Sg(x) = (x — 1)/2 for x € [1,2), Sg(x) = (x — 1)/2 +2x/3 —4/3 = 5x /6 —
11/6 for x € [2,7/2].
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For times ¢ € [3, 11) the intersection I; turns out to be connected, and £ can be found by iter-
atively moving on the right (recall the affine transformation in Section 4.1) the point (2,3/2)
by 3/2 (its height), and the point (3,4/3) by 4/3 (its height) till the transformed points have
the same first coordinate, i.e., when 2 + (3/2)n = 3 + (4/3)n for n € N, giving n = 6 and so
t =24 (3/2)6 =11. The graph of £ in [3, 11) is plotted in Fig. 4.

Time ¢ = 11 is similar to = 1, when £ has a decreasing jump discontinuity, and time 37/3 =
11+44/3 is critical. For ¢ € (11, 37/3) we find, by a direct computation similar to the one made in
[2,3], £(t) = (1 4+1)/9, while for ¢t € (37/3,25/2 = 11 4 3/2) the intersection I; consists of two
segments: a direct computation gives £(r) = (1 +1¢)/9 — (t — 11) + (1 +1)/10 = —(71/90)t +
1009/90. Now since the solution of 37/3 4+ (40/27)n =25/2 4+ (27/20)n isn =1 = [90/71],
we have t = 1009/71.

The complete recursive construction of £ is complicated, and will be done in Section 8.

4.4. Initial conditions vanishing at the origin
If we drop assumption (4.4) we have the following result.

Proposition 4.2. Let ug be bounded and satisfying (3.2). Then there exists a function £ satisfying
4.11) and

L) =uop(t)+|s €[0,t]:£(t —5) > 5| vVt € [0, 4+00). (4.28)
Proof. For any § > 0 let £5 be the unique solution of (4.1) given by Theorem 4.1, with ug + 8
in place of ug. Recall from Lemma 4.2 that, if 0 < §; < &, then €5, < €s,. Fix a decreasing
sequence (8,) C (0, +00) converging to zero; by monotonicity and since each £5, is positive,
3 lim {5, (1) =:£(t) € [0, +00) vVt € [0, +00).
n—+00
We know from Theorem 4.1 that
Ls, (1) =uo(t) + 8, + [{s € [0, 1] : €5, (t —5) > s} vVt € [0, 400),Vn e N, (4.29)
so it is sufficient to prove that
lim |E!|=|E'| vt € [0, +00), (4.30)
n——+00
where
El:={s€[0,1]: 45, (t —s)>s} DE" :={s€[0,1]: £(t —5) > s}.
But E” = N,N EY, and so (4.28) follows passing to the limit in (4.29) as n — +o00. Also, (4.11)
follows passing to the limit, as n — +00, in equation (4.11) written with £5, in place of £ and
ug + 8, in place of ug. 0O
The next result in particular ensures that if #( is zero on a right interval of + = 0 and then
becomes strictly positive, and if £ exists, then also ¢ must vanish in that interval; this allows to

use a restarting procedure for computing ¢, via Theorem 4.1.
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Proposition 4.3. Let k > 0, a > 0, and let y be the positive root of y> + ky —k =0. If

uo(t) <«t vVt €0, a], 4.31)
then a solution to (4.1) satisfies
£(t) <kt+yt vVt € [0, a]. (4.32)
Conversely, if
ug(t) >kt vVt €10, al], (4.33)
then
L) >kt + pt vVt € [0, a]. (4.34)

Proof. Suppose (4.31). From (4.1) it follows £(¢) < kt + ¢t for any ¢ € [0, a]. Hence

{sel0,t]: £(t—5s)>s}C{s€[0,t]:s<k(t—s)+1t—s5} vVt €0, a].

Kk+1

!t =1yt so from (4.1) we have the improved

The inequality s < k(t —s) +¢ — s implies s <
estimate

L(t) <kt + gt Vvt € [0, a].
We now iterate the argument, and obtain that
(1) <Kt + yut vVt € [0, a], Vn e N*,

with
Vo 1= K+Vn—l
i I+x+ Yn—1 '

. .. . — 2
The decreasing sequence (y;,) converges to the positive solution y = H++4"

y = 1_’:};)} or equivalently % + «ky — k =0, and (4.32) follows.

Conversely, suppose (4.33). Then, from (4.1) it follows £(¢) > «t for any ¢ € [0, a]. Hence

of the equation

{se[0,7]:(t—s)>s}D{s€[0,t]:s <k(t—y5)}.

The inequality s < k(¢ — s) implies s < KL_Ht =: at, so that from (4.1) we have the improved
estimate

£(t) > Kkt + aqt Vvt €10, a].
We now iterate the argument, and obtain that

20
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£(t) > Kt + aut vt €[0,a),Vn € N*,
with

K +op—1
Oy .

=— n>2.
14+k+a,-1

The increasing sequence (c,) converges to y, and (4.34) follows. O
5. Construction of a solution

In this section we prove existence and uniqueness of an integral solution (Definition 3.3). The
next result shows that the function £ studied in Section 4 captures the relevant information to
solve (1.3).

Theorem 5.1 (Existence and uniqueness of an integral solution). Let uq satisfy (3.2) ang 4.4).
Let £ = L[ug] : [0, +00) — [0, +00) be the solution to (4.1). Then the function v : Uyey —
[0, +00) defined as

v(T, &) i=ug(&) + |{s € [0, T]: £(s) +5 > &} V(1,&) € o, (5.1

is the unique integral solution of (1.3), and

v(t, ) =4£(1) V1 € [0, +00). 5.2)
Moreover:
(1) for any & € [0, +00) the function v(-, §) is one-Lipschitz;
(i1) v(z,:) € BViec([T, +00)) for any T > 0;

(i) ifuo;, i =1, 2, satisfies (3.2) and (4.4), and if v; stands for the expression on the right-hand
side of (5.1) with ug replaced by uy;, then

Uy < upy = v < 025 (5.3)
@iv) if there exists C > 0 such that for all £ € [0, 4+00)

ug(& +h) —uo(é) -
P <

C, h>0, (5.4)

then for all (t,£),(t,€+h) € Moct,

v(t,§+h)—v(r,§) <C
h <C,

h>0; (5.5)
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(v) ifug e L'((0, +00)) is bounded then v(z, -) € L' ((t, +00)) and v satisfies the conservation
of mass"’

+00 +00

/ v(t, £)dE = / ug(€) dé ¥t [0, +00). (5.6)

T 0

A comment on the expression of v in (5.1) is in order. Fix & > 0; as usual in linear transport
equations, we look at the characteristic line {£ = £}, and for a solution we should take the value
uo(£) for (t, ) in the tail region, and u((£) + 7 for (z, £) in the active region; if the (generalized)
graph G, of Ly =id + £ is a graph with respect to the vertical £-axis, v(t, &) = uo(§) in the
tail region, while the second addendum on the right-hand side of (5.1) activates when (z, £) is in
the active region. However, in general G, needs not be a graph with respect to the £-axis (see
for instance Fig. 4); in case that a characteristic line intersects G, (once or) more than once, we
have to add to uo(£), both in the tail region and in the active region, the Lebesgue measure of the
intersection of {£ = £} with the subgraph of Ly, i.e., the time spent by the characteristic line in
the active region.

Proof. Nonnegativity of v is immediate, since u( is nonnegative.
(i) v is one-Lipschitz in t, since clearly, for any £ > 0 and any 7 € R with £ + 7 > 0,

(T +h,§) —v(w. &) =[l{s € [0, T + 1] : £(s) +5 > £}
— s €10, 7]: £(s) +5 > &}|| < |nl.
(ii) v(z, -) € BVioc ([T, 400)), since ug € BVie ([0, +00)) and the second addendum on the right-
hand side of (5.1) is nonincreasing (and right-continuous) if considered as a function of &.

Let 7 > 0; passing to the limit as £ — T in (5.1) and using the right-continuity of the right-
hand side, gives

glim+ v(t, &) =v(t,t)=uo(r)+ {s € [0, t]: €(s) + s > T}| = £(7),

where the last equality follows from (4.1), and (5.2) follows.
From (5.1) and (5.2) it follows

v(t,§) =uo) + I{s €0, 7] : v(s,s) +5 > &},
i.e., we have that (3.10) holds, which is equivalent to (3.8).

Concerning uniqueness, suppose that w is another integral solution of (1.3); from (3.10) it
follows

w(t, ) =up(r) + |{s € [0, t]: w(s,s) + s > T} V1 € [0, +00).

17 Note that v(-, &) is increasing; this is not in contradiction with the conservation of mass (5.6), which is required in
the time-decreasing interval (7, 4-00).
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Thus w(z, t) satisfies the same equation as £(7); from the uniqueness property stated in Theo-
rem 4.1, we get w(t, ) = £(t) for any 7 € [0, +00). Thus

v(t,7)=w(t, 1) vVt € [0, +00),

and so v = w from (5.1) and (5.2).

(iii) If ug; < uoy, then (5.3) follows straightforwardly from (5.1) and (4.1).

(iv) It immediately follows from (5.4), (5.1), and the inclusion {s € [0, 7] : s + £(s) > & + h} C
{sel0,t]:s+L(s) > E&}.

(v) Given t > 0, v(t,-) € L'((t, 400)), since ¢ is bounded on [0, T'] for any T > 0, and so
the integral f;roo [{s € [0, 7] : £(s) + s > &}| d& actually reduces to an integral on a bounded
interval. Using the boundedness of u( and that v(-, §) is Lipschitz, it follows that f t+°° v(t, &) dé&
is locally absolutely continuous in t, hence differentiable on a set I C (t, +00) of full measure.
Since ¢ € BV, ([0, +00)), almost every point of [ is a continuity point of £. Fix such a point t:
writing the limits of the incremental quotients around T we get

+00 +00 oo
d
" f v(r, &) dE = — v(, 7) + / ve(r,6) dE = —v(r,7) + / Lenteorio &) dE

=—v(r,t)+t+v(r,7)—7t=0. O

The next observation can be used to quickly deduce v from the knowledge of ¢, and it is used
to find the solution of the Riemann problem, see the pictures in Figs. 7, 8 and also Remark 8.3.

Remark 5.1 (Finding v from £). If v is as in (5.1), it is immediate to check that

v(t,8) =) — {s €[r,§]: £(s) +5 > &}
=t@E) -G -+ {selr.§]:l(s) =& — s}l

V(z,£) € o (5.7)

Indeed, from (4.1) and (4.2),

&) =uoé) +1{s €[0,8]:4(s) +5 > &}
=uo(§) + [{s € [0,&]: £(s) +5 > &}

+GE—1)—lselr.f]:4(s) +s <&} — s e[r,§]: £(s) + 5> &}
=ug(E) + |{s €[0, 7] : €(s) +5 > &} + (E —1) — |{s € [1,E] : £(s) + 5 < E}]
=v(7, &) + [{s € [7,£] : €(s) + 5 > &},

where the last equality follows from (5.1).

Without passing to coordinates (t, £) a possible definition of solution (less transparent than
Definition 3.3) is the following.
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Definition 5.1 (Distributional solution). We say that a nonnegative function v € LllOC (Iquad) de-
fined everywhere is a distributional solution to (3.4) if for any ¢ > O there exists lim, _, g+ u (¢, x) =:
u(t, 0) € [0, +00), and for any ¢ € C! ([0, +00) x (0, +00)) we have

—+00 +00 +00 +00

/ / —u(pr — o) dxdi — / / Low(e.0n ()@t ) dxdr
0 0
+

00 (5.8)

+ / ug(x)e(0,x) dx =0.
0

Proposition 5.1 (Integral solutions and distributional solutions). Let # =u(z, &) be an integral
solution of (3.4) as in Theorem 5.1. Then u := u(®) = u(t, x) is a distributional solution of (3.4).
Conversely, let u = u(t, x) € BVioc(Iquad) be a locally bounded distributional solution of (3.4).
Then i = u(®~") satisfies (i) of Definition 3.3 and (ii) for any t > 0 and for almost every & with
(tv E) € Hoct~

Proof. Let ¢ = ¢(t, x) € C([0, +00) x (0, +00)), and set  := (P~ 1).
Suppose that % is an integral solution. From (5.1) we have

u(t,x)=ug(t +x)+|{s €[0,1]:£(s) +5 > x +t}|, (, x) € lquaa-
Hence
= [ wtor = g0 drdx == [ wott 0010~ 0,30 drd
Iquad Iquzu:l
— / |{sE[O,t]:ﬂ(s)+s>x+t}|(g0,(t,x)—gox(t,x))dtdx
Iquad
+00 £ foo &
=—fu0($)<f@(f,$)df)d§—/(/I{SE[O,T]IE(S)+S>$}|@(f,%‘)d1)d$
0 0 0 0
=:1+1L

It is immediate that

+00 +00
- / 50, E)uo(¥) d& = / (0, g (x) dx.
0 0

Moreover, using (3.9),

s €[0,7]: €(s) +5 > &} = / Lo+ (E)ds  VE=1,
0

24



G. Bellettini, A. Betti and M. Paolini Journal of Differential Equations 396 (2024) 1-43

and hence

+00

& 1
~ [ ([ ([ 16xoro@as)oerar ) ae
0 0 0

+oo &
= [(/ 1(r,l(t)+r)($)a(f,€)d‘[)dg‘-= / l(oyu(t,o))(x)go(t,x)dtdx,

0 0 Iquad

where the second equality follows integrating by parts, and the last equality follows from (5.2).
This proves that u is a distributional solution of (3.4).

Conversely, suppose that # € BVioc(Iquad) N L
From (5.8) it follows

10C(Iquad) is a distributional solution of (3.4).

oo &€ 400

f Le.ate.orin €9 &) drdé + / uo(6)P(0, £) d& = 0,
0 0

+

e¢]

&
/ Ar, £)9 (z, &) drde —
0

+

o\
o\

Taking ¢ with compact support in Iot, it follows that the distributional partial derivative D1,
which is a measure with locally finite total variation in Iy, satisfies

D u(t, &)= 1(r,ﬁ(r,r)+r) &) (5.9

in the sense of measures in Il,c¢. Since the right-hand side of (5.9) is a locally integrable function
(taking values in {0, 1}), D, u coincides with its absolutely continuous part, the density of which
we denote by V7. For any & € [0, +00) consider the slice 7% : [0, £] — R of @, i.e., the re-
striction of # in Tquad to the horizontal line passing through &. By [1, Proposition 4.35] for almost
every & € [0, +00) we have 1) € BVioc ([0, £]), its distributional derivative #'6) is absolutely
continuous, and Ti@)(r) = V. u(t, &) for almost every t € [0, £]. We deduce

79 (1) = lesenenE)  forae. 1 e[0,£].

Integrating, (3.8) follows for almost any £ > 0 and for almost every t € [0, £], and hence for any
te[0,&]. O

6. A Lyapunov functional

The functional £ : D(£) C L*(R) — [0, +00), corresponding to the continuous version of
(2.4), is

+oo x+4u(x)
L) = / / ydydx,
0 x

where the domain D(£) of £ consists of all nonnegative u € L*((0, +00)) such that xu €
L' ((0, +00)), and the height y has the meaning of a potential energy. It can be evaluated as
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—+00
1 1
Lwy=3 / (uz(x) +2xu(x)> dx =2l + (v, u) 2
0
and is a strictly convex functional.

Proposition 6.1 (Stationary solutions). Fix m > 0. Then the solution of the variational problem

+o00
min{S(u) :u e D(L), / u(x) dx :m},

0

1(x) = max {sz —x, 0} Vi € [0, +00).
Proof. Given u € D(£), introduce the function ¢ = /u, so that

u(x) = (pz(x) forevery x>0.

In this way the pointwise constraint u(x) > 0 is trivially satisfied for every x > 0 and the varia-
tional problem reads as follows:

+00 +00

1
Irgn 3 / (@4(x)+2xg02(x)) dx  subject to /(pz(x) dx =m.
0 0

The Euler-Lagrange equation associated to the above variational problem is

4g03(x) +4dxp(x) —2Ap(x) =0 < @(x) <¢2(x) +x — %) =0,

where A denotes the Lagrange multiplier of the mass constraint. Such a condition is clearly
satisfied if

A
=0 or goz(x) =3 —x Vxel0,+400),
or, equivalently
A
u=0 or ulx)= 3 —x Vx e€[0,+400).
We have thus determined that a stationary point of the variational problem has the form
A
u(x):max{z—x,O} Vx € [0, +00).
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In order to determine A we impose the mass constraint on u, obtaining
+00 A/2
A A2 A%\ A2
m= u(x)dx = ——Xx dx:(———)z_,
2 4 8 8
0 0
which implies A = 2+/2m. Plugging it in the expression for u and recalling that £ is strictly
convex, we get the statement. [
6.1. £ decreases along a solution

Let ug € D(£) N L*°((0, +00)) satisfy (4.4) and denote by u the solution given by Theo-
rem 5.1. In coordinates (t, £) we have

+o0 §—T+il(1.§) | +00
sawn=[ [ yaae=; [ (a@er+26 - oneo)ds,
T E—1 T

where u(t)(-) :=u(z, -), and one checks that u(t) € D(£) for any T > 0. We claim that for all
o, T € [0, 400) with 0 < T we have

T 400
Lu(1)) +/ / u(r, &) dé dr = £(u(0)), 6.1)
O r+L(r)

where we recall that £(r) =u(r, r), with £ given by Theorem 4.1.

Since u(-, &) is Lipschitz, the function T — £(z(7)) is locally absolutely continuous. Hence,
at each of its differentiability points which are also continuity points for £ (hence, at almost every
T > 0) we have, using also (5.2),

+00 +00

d 1
8@ = @ + / (2. 8) + & — 2], (2. £) db — / A(r.€)de
1 o v
=—§€(f)2+ /[ﬁ(f,$)+§—f]l(r,r+Iz(r))(E)d$— /ﬁ(ff)dé
| +00 T+0(7) (6.2)
= U@? - / A(r.6) dt + / & —1)ds
T+L(T) T
+00
- / i, &) d <0.
T4+L(7)

The nonnegative (double) integral term in (6.1) can be considered as a dissipated quantity by the
system, when passing from time o to a later time .
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7. Examples
Given uy, our strategy to construct a solution of (1.3) is as follows: first compute £ using one
of the methods illustrated in Section 4 (see Remark 4.4); next, using (5.1), compute an integral

solution in variables (7, £) and, whenever convenient, re-express it in variables (¢, x).

Example 7.1 (Stationary solutions). Let m > 0,
1o (x) :=max{@—x,o} Vx >0, 1.1)
so that m = f[0,+oo) uo dx. Then
u(t, x) == up(x), (t,x) € [0, 400) x [0, +00) (7.2)
is a stationary solution of (1.3), and £(¢) = /2m for any t >0,
T(u) = {(t,v2m) : t > 0}.
In (7, &)-variables, u(t, &) = uog(§ — 1) is a traveling wave.

The next example concerns the initial condition in Example 4.1: it shows that maxima can
increase, and also that smoothness can be lost.

Example 7.2 (Constant initial condition, II). Let

1o = 1{0,400)» (7.3)

which has infinite mass. Recall that £ and L, have been computed in (4.22) and (4.23), see Figs. 1
and 2.
For (¢, x) in the interior of Ily \ subgraph, (¢) we have u(z, x) = 1. Observe that

(¢, x) € subgraph, (£) N ([Tx, Tg+1] X [0, +00)) = t +x € [Tk, Ti+11 U [Ti+1, Ti42],

and we have t + x € [T, Tx+1] when 0 < x < —f + Tp41 while ¢t + x € [Ti+1, Tx42] when
—t+Tiy1 < x < £(2). Equivalently, in (z, &) variables, we can split subgraph , () N ([T, Ti+1] %
[0, +00)) as the union of two disjoint regions:

St:={(t,€) €Moer: Tk < T < Tit1, T <& < Tit1},

k
SH::{(T E)GIIOCt Tk<T<Tk+laTk+l <§<L£(T)—T+m+2+l}

For (T, &) € Sy, in order to find the time spent by the characteristic line {§ = £} in subgraph +(0)
before reaching the vertical axis, we need to compute the t-coordinate of the intersection point
of {£ = &) with graph(Ly)|z;_,.7,3; with & = L(r) = 5l + &1 (see (4.23)) we get

T=

é:_—

— k+1
k+1( J2r>
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28

21

subgr, (£)

15

10

0 Ty=3 T3=6 Ty=10 T5=15 Te=21

Fig. 2. Graph of L, for Example 7.2.

The time spent is therefore T — 7 =7 — ,{"?(E k“) and so, recalling (5.1) and (7.3),

k1 o
V@ E) =147 — m(g—T) V(T,E) € 5. (7.4)

For (7,€) € Sy, we need the t-coordinate of the intersection point of (& = £} with

graph(L ) |73, 73, 1; With § = Ly(7) = iﬁr + &2 we get

),

?V‘

The time spent is therefore T —t =7 — % £ — %), and so

VEE) = 14T — —— Y(%,) € Sq1. (7.5)

k+2

k+l<§_k;—2)

Note (see Fig. 3) that for any k € N,
(i) for any T € (T, Tx+1), the derivative of v(T, -) has two jumps, corresponding to the inter-
section of {t =T} with {§ = T4} and with graph(L¢)|(7;,7;,1)5

(i) forany & € (Tk, Tx+1), the derivative of v(-, &) has one jump, corresponding to the intersec-
tion of {& = &} with graph(L/Z)KTk,TkH).
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:
;

t=2.875

i

Fig. 3. Time-slices of the solution # in Example 7.2.

Going back to (¢, x)-coordinates, from (7.4) and (7.5) we have, for any kK > 0 and any ¢ €
[Tks Tk+1]

T+ 14+5 for0<x<—1+Tiy,
k1 k-1 k
u(t,x) =1 s — max+ 1+ for—t+ T <x < g5 +1+3, (7.6)
t k
for x > =1 +14+ 5
Function u is Lipschitz, piecewise affine, it forms an initial plateau, originating from x = 1, that
moves vertically upwards with speed one, which is next linearly interpolated with the constant

one (which does not move, and is eroded), the x-slope of the interpolants being equal to —1/2.
The two points (both originating from x = 1) on the x-axis corresponding to the two corners in
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the graph of u(z, -), t € (0, 1] move with unit speed, one toward the left and the other one toward
the right; see Fig. 3.

Example 7.3 (Increasing jump). Let uo(x) = 1jo,1) + 21{1,400). For ¢ € [0, 1] a solution is
u(t,x) =1p—,1y(x) + @2+ 1)11,144) +21{144,400)- In this case, the initial increasing jump trav-
els toward the left at unit constant speed and then disappears, and meanwhile a new decreasing
jump is formed during the evolution.

8. The Riemann problem

The next example, which has been initially discussed in Example 4.2, exhibits interesting
phenomena (Figs. 7, 8), and shows in particular a solution for which:

(i) the initial jump persists for some time, it moves with unit speed toward the origin, and then
disappears;

(ii) at suitable later times new jumps may form (and persist for some time with a similar behavior
as in (i));

(iii) there are countably many critical times, and so vertical rearrangement is necessary a count-
able number of times;

(iv) the solution converges to a stationary solution in infinite time;

(v) the Lyapunov functional along the solution is Lipschitz and is constant excluding segments
which are projection on the 7-axis of critical segments, where instead it strictly decreases.

Let

uo = 1po,1y. (8.1)

In Example 4.2 we have found £ in [0, 11 4 3/2]; here we give the general rule for finding £
(recall that £ may have jumps, and over a jump point there is a vertical segment in its general-
ized graph; correspondingly, we have a minimal and a maximal value of ¢; for convenience, the
generalized graph of £ contains the initial vertical segment {0} x [0, 1]).

Our aim is to define inductively a polygonal curve that we shall subsequently prove (Theo-
rem 8.1) to be the graph of the function £ with the initial condition (8.1).

Inspired by the computations in Example 4.2 let us first define a real sequence (o),>0 and
a sequence (B,)n>0, With 8, € [—00,0) U (0, +00), that will be shown to be the slopes of the
increasing (resp. decreasing'®) segments of the graph of ¢; it is convenient to introduce also a
real sequence (8;),>1. Specifically:

Definition 8.1 (The sequences (o), (B;r), (Bn)). We set
ap:=1, Bo := —o0, (8.2)

and for any n > 0,

18 I Lemma 8.1 we shall prove that 8, € [—00,0).
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L,
2 14
3/2
1
E 19 29 37 25 373 277
o 1 2 37 85 4 B7 8% F U 2 F S

Fig. 4. The Riemann problem with uq in (8.1): graphs of £ (the polygonal defined by (8.10)) and of Ly (the bold one).
At the local maximum Ty = 37/3 the value of £ is Mg = 40/27 which is strictly smaller than the one (Mg = 3/2) at
time 7g = 11. At the first local minimum #9 > Ty the value of £ is mg = 27/20 which is strictly larger than the value
(mg = 4/3) of £ at tg. The first critical time (Definition 4.2) is # = 1, and the second one is t = 37/3. The distance
ty41 — tn =4/3 between two local minimizers (after # = 1) remains constant before the first critical time; next it slightly
increases, remaining constant before the second critical time, and so on.

1 1 . 1
=—+1, e oy =——,
Oyt oy, n—+1
| a1 g #—1,0,
— =11 if B, = —o0, (8.3)
oo if B, =—1,
Brst = nil if By, =0,

1 o2 =By iR >0,
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Ty T: Tn+1 T;+1
My 1
«
M1y
/3* Mn+1
n
Bn  Ontl -
Mn41
Mn
Mn—1
Thn—1 tn—1 ty  tn thit lntl
Tnt1 Tpiq
M
M, _1 " M
B M1
n
Qn
Bn Ant1
Mn41
Mn—1 Mn
Th-1 tn_1 Tn tn thiy  tntl

Fig. 5. Vertical rearrangement takes place in the interval (t};"_H, Tn*+1) where the thin zig-zag line (which is part of the
polygonal P*) is no-longer a graph. The result of the rearrangement is the bold decreasing segment (which is part of the

polygonal P) with negative slope f, and can be obtained by linear interpolation. In the previous interval (15, T,%) we

may have either vertical rearrangement (top figure; the segments over (7,1, #,—1) and (1,5, ;) are both critical) or no
vertical rearrangement (bottom figure; only the segment over (75, #,) is critical).

where the value 0~ indicates that when computing its reciprocal we select the value —oo, i.e.,
Bpi1 = —00.

Forinstance, 1/8] =1, 1 =ay +a; — 1 =—1/6.
Set

To =0, My :=0, to:=0, mo:=1. (8.4)

Now, we iteratively define nine sequences (the first five sequences could be considered as just
auxiliary), as follows:
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Definition 8.2 (The sequences (1)), (m}), (T,}), (M), (A}), (T,), (My), (t,), (my)). Forn >0
define the quantities:

iy =th+my, my g i=my, Tr o =T,+M, M =M, (8.5)

n n n
R *
An — fn+l T tn—H'

Furthermore:
(i) if A} <0 we set

Tht1 = Tn*+1 +6n, Mpyyq:= M;,k+1 + 26,

(8.6)
L o *
Int1 =141, Mpt1 =My,
where §,, is 1 if n = 0, zero otherwise;
(ii) if A} > 0 we set
Tht1:= t:.;,.p Myt = M;,k_t,_l - A:an,
8.7)

. * . * *
tn+1 =Ly Mmuy41 = mn+1 + AnDl,H_l.

Forinstance Aj=—1,T1 =1, M =2, t1 =1,m =1, AT=1, T =2, M, =3/2,1p =3,

my=4/3,T3=17/2, M3 =3/2.
Clearly, for alln > 0

0<T, =Thy1, O<ty<tyy1, My <M, <2, muy1>m,>1.

Remark 8.1 (A} as an indicator of rearrangement). We shall prove in Proposition 8.1 that 7, <

t, for all n > 0; this however does not entail Tn* = t:: 1 If this is not the case we shall need to

perform the so-called vertical rearrangement, as explained next'?: so if A% <0 there will be no
vertical rearrangement, whereas if A% > 0 there will be vertical rearrangement.
In Proposition 8.2 we shall see that condition 7,7, > 7 , is equivalent to 87 | > 0.

We now use the sequences defined in (8.5), (8.6), (8.7) as coordinates of points in the (¢, y)-
plane, setting

gn = (th,my), G,:= Ty, Mp), g: = (t;:(v m;; N G; = (Tn*v M:)’
and observe that from (8.5) that

g:f+1 =R(gn), Z.H =R(Gy), (8.8)

where R is the affine transformation of Section 4.1.

19 For example, the first rearrangement happens for n + 1 =2, leading to My, .1 /m, 4| = (3/2)2 -1/2=9/8 > 1; the
second one is for n + 1 =9, leading to Mg/mg = (10/9)2 -8/9=2800/729 > 1, and the third one for n + 1 = 11, with
Mi1/mq1 = (12/11)% - 729/800 = 6561/6050 > 1.
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Definition 8.3 (Polygonals P* and P). The polygonal P* is defined by the points

G1.81.G5.85, ... Gy 8rpys - (8.9)

and the polygonal P is defined by the points

GngOle»gla~--»Gnvgn’--- (810)

We will show that the function having graph P is the result of the vertical rearrangement
applied to the open set enclosed by P* and the positive 7-axis, after addition of the initial datum
up. See also Figs. 5 and 6.

Proposition 8.1 (Characterization). The sequences (T,), (1), (My), (my), (M), (m}) defined
in (8.4) and in Definition 8.2 can be characterized as follows: for all n > 0

Ty1 =min{Ty, + My, ty +my}, tnt1 = max{T, + My, t, +m,}, (8.11)
My =0,(1+T,41), My+1 = p+1(1 + tnt1), (8.12)
M =L+ Ty, mby = (115, (8.13)

In particular, mpy1 > 0, M1 > 0, and

Tn+1 =ln4l.

Proof. Letn > 0.If AY <O0,ie., T, + My, <tn +my, then T, 11 =T, + M, and t,, 1 = t,, + my,
while if A¥ > 0,1i.e., T, + M, >t, +my, then T, 1| =t, + my, and t, | =T, + M, and (8.11)
follows.

Forn >0 let y =r,(t) := «,(1 + t) denote the equation of the line with slope «,, through
(—1,0). With a small abuse of notation we also denote by r, the line itself. The key observation
is that the affine transformation R maps line r,, onto line r,, . Given that go, G| € ro, we now
argue by induction to prove that for any n > 1 points gu, g,, Gn+1, G, | € rn. Now suppose
&n, Gnt1 € 1y, then (8.8) implies that g;':H, GZ+2 € rpt1- If gnv1 # g;l“H, i.e. rearrangement
occurs at step n (resp. Gu42 # G, i.e. rearrangement occurs at step n + 1), equation (8.7)
tells us that the segment g | gn+1 (resp. Gn42G, | ») has slope @y, so that the “unstarred” points
are the result of suitably moving along line 7,4 the corresponding “starred” point. This con-
cludes the induction step and the claim follows together with the equivalent assertions (8.12) and
(8.13). O

Remark 8.2. It follows from Proposition 8.1, using e.g. a‘:ﬁ = 1 + a, that the sequences (t,)
and (7},) can be decoupled from the sequences (m,,) and (M,,), and for all n > 0

. Up—1 (049
Tht1 =mln{an71 + o Ty, an + o tn}a
n n+1 (8.14)

Op—1 Oy
th+1 =Mmaxjo,—1 + T,,a, + tht-
Oy Ap+1
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Concerning the values (my), (M), in the interesting case A¥ > 0 (rearrangement), enforcing
(8.5), (8.7), (8.12), (8.13), we obtain

An+1

(04

* n
A>0= Myt =—my, myp=
Ap+1 (277}

M, (8.15)

leading to the remarkable fact that m, M, 41 = m, M, regardless whether we have rearrange-
ment. Consequently

maM, =m M| =2 Vn > 1. (8.16)
Recalling that (m,,) is non-decreasing and (M,,) is non-increasing, using (8.11) we get

my > 1, M, <2,
=ty +my+my+---+my_1 >t + 0 —Dmy =n,

L <Th+M +~My+---+My_1 <T1 +(n— 1M =2n—1.

Lemma 8.1 (Sign of B,,). We have B,, € [—00,0) and B, € [—00, =1 + o, + &y 1] for all n > 0.

Proof. The result is clearly true for n = 0. We first prove B, € [—00,0) for all n € N.
Suppose by induction that 8, € [—o0,0) for some n > 0. If 8, € [—1,0) then (8.3) gives

Bt =Br = ﬁfil < 0. Suppose now that B, < —1,i.e. B;, | > 1. We have that o + ctp+1

is (strictly) decreasing and o] + op = %, so that (8.3), second case in definition of 8,41, entails
Bn+1 = 0pt1 + api2 _ﬁ:+1 =< % —-1<0.

Now, let us prove B, € [-o0, —1 + o, + «,41] for all n € N. We first observe that in case
of no vertical rearrangement (B} < 0) we have B, < B,—1, so that we need to prove the result
only in case of vertical rearrangement (8, < 0 < 8,7). Definition (8.3) of 8 entails 1/8; =
1/B,—1+ 1 < 1. Itfollows B > 1,so that B, = =B + oty + otpy1 < —1 4+ oty + atpq1 (Which is
<0ifn>1). O

In connection with the next result, it is useful to notice that a segment/line of slope y is
transformed via R into a segment/line of slope Y’ with % = % + 1 (with the position % = 00).

Proposition 8.2 (Slopes of polygonals). For any n > 0 we have:

(i) points g, and G, lie of a line having slope o, ;

(ii) the segment with endpoints G, |, g, has slope B,;
(iil) the segment with endpoints G41, gn+1 has slope B, ;
(iv) Ay >0 < B >0;

(V) mpyy1 < Mpy1;

Vi) 1ty < Tyt

Proof. To prove (i)-(iv) we argue by induction. All assertions (i) to (iv) are true for n = 0.
Suppose that all claims are true for n and let us prove them for n + 1. Segment s from g to
G: 41 is obtained from segment from g,_; to G, via the affine transformation R, hence it has

inverse slope given by ﬁ + 1, so that its slope is «,. Point G4 (resp. g,) either coincides
e

36



G. Bellettini, A. Betti and M. Paolini Journal of Differential Equations 396 (2024) 1-43

with G, (resp. g,), the right (resp. left) endpoint of s, or, in case of vertical rearrangement,
can be checked to lie on segment s using the first equation in (8.7) (resp. the second equation
taking » in place of n + 1). In either case the corresponding segment from g, to G, has itself
slope a,,. Likewise segment r with endpoints G |, g, | has inverse slope ﬂnl—l + 1, i.e. slope
B This entails A} >0 <= B; > 0. In case of no vertical rearrangement (7,", | <17, ) we
have B, = B, and we have finished. In case of vertical rearrangement we have both A% > 0 and
» > 0, the slope of G,,+18,+1 can be obtained by computing the vertical displacement of a point
that starts from G, 1, moves to G 41 along a segment with slope «,, then to g, 41 (slope B)),
then to g,41 (slope &,+1). The horizontal displacements have size AY, —A*, A* for a combined
consistently with the definition of 8, (Fig. 5). This concludes the proof

n’

slope of a, + apt1 — B,
of (i)-(iv).
We are left with (v) and (vi), which we also prove by induction, observing that the claims are
true for n = 0.

). If A} <Owehave my11 =m, <M, =M,41.If A} > 0 we use that 8, < 0 (Lemma 8.1)
and item (iii): we have m, 1 — My4+1 = B, A} <O.

(vi). Since my+1 > m, we get M,,+1 > m, and from item (i) and the fact that o, > 0 we
directly obtain

1
Typt = tn = —(Myy1 = my) > 0. 0 (8.17)

n

The sequence of points so constructed defines the polygonal P which is the graph of a func-
tion £. We finally prove:

Theorem 8.1. The function £ so defined verifies (4.1).

Proof. In view of Section 4.1, we only need to compute the vertical rearrangement of the multi-
valued function having polygonal P* as graph. We have vertical rearrangement only in segments
(Tu+1, th+1) Where A > 0. Since each of the three values varies linearly, the result can be com-
puted by linear interpolation between the values M, and m,1, giving, except for the interval
[0, 1], the polygonal P as graph. The result follows after the addition of ug. O

In the end, (#,),>1 is the sequence of positive local minima of £, m,, := £(t,), Th+1 € (tn, ta+1]
is the local maximum of £ in [f,, t,+1], and M, 41 := £(T;,+1). Equality 7,41 = f,+1 holds only
at a jump, where £(t,41) (resp. £(T;,+1)) indicates here the smallest (resp. largest) value of £.

Remark 8.3 (Recovering geometrically the solution from €). Having constructed, although not
in closed form, function ¢, we are in a position to recover from it the solution v(z, -) at any given
positive time 7. To this aim we can resort to Remark 5.1, which provides a convenient way to
achieve our goal. Particularly important is the term |{s € [, &]: £(s) <& — s}| in formula (5.7),
which can actually be written in a slightly different way, if we consider the image

A* :=R(subgraph  (£)).

A* is bounded by the polygonal P* and the positive t-axis, it gets intersected with the vertical
line lifted from abscissa &, and more specifically
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r=1.40 a: /

/" partial R

/

7=3.20 e

Fig. 6. Various typical situations in the reconstruction of v(z, -) at specific times during the evolution of the Riemann
problem. The bold polygonal represents the graph of v(z, -), the thin lines display part of the polygonals P and P*
(defined by (8.10) and (8.9) respectively), whereas the bold dashed line is the graph of v(r, &) + (§ — 7). R stands for
(vertical) rearrangement.

s elr,61:4(s) <& —s} =&, 5):5€[0,§ — ]} \ A7)

which, in view of (4.1) and (4.2), can be recognized as a “partial” vertical rearrangement of A*
happening only inside .

This is illustrated in Fig. 6, containing the evolution of the present Example at specific times.
At time 7 = 0.8 the “zig-zag” in polygonal P*, in particular the triangular “void” that is bound
to be filled by the vertical rearrangement, is completely below the dashed line with slope 1. This
implies that no rearrangement is taking place yet in the reconstruction of v(t, -) and we simply
use the top segment in the zig-zag of P*. This gives the same result as re-adding the size of the
void triangle intersected with the vertical line at & to the quantity £(§) —(§ — 7). Attime 7 = 1.4
the zig-zag (the “void” triangle) is partially above the dashed line with slope 1. This implies
partial vertical rearrangement of only the part of A* lying above this line, which is the same
as re-adding to £(&) — (£ — 1) that part of the vertical segment at £ that is in the void triangle
and below the line at 45 degrees. At time 7 = 1.8 the zig-zag is completely above the line at 45
degrees, so that there is no portion of the void triangle below that line and there is no contribution
from {(&,s):s €[0,& — 7]} \ A* in the reconstruction of v. Finally, time t = 3.2 illustrates the
situation where there is no vertical rearrangement at all in function £. Clearly in this case we also
have no contribution from {(§,s) :s € [0,& — ]} \ A™.

It should be noted that the Lyapunov functional decreases strictly exactly when we have only
partial rearrangement (e.g. in a neighborhood of time t = 1.4 in Fig. 6).
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Once ¢ is known, the solution u is uniquely determined via Theorem 5.1 (and using the map
&~ 1); for instance (see Figs. 7 and 8):

1+t tel0,1), 0<x<1-—1¢,
u(t,x)=3—tx+4t+5 tel0, D), 1—t<x <1+t (8.18)
0 tef0, 1), x>1+t.

Note that u is discontinuous along {(¢, x) : t € [0, 1], x + ¢ = 1}. Also
) 1
limu(s, x) = (1 - —x) VO,  xe(0,+00),
st 2

which is piecewise affine and Lipschitz, and

L-lx-1 0=x=<2-1,
Y-fu-g 2-r<asi+d,
u(t,x) =1 t o te[l,5/3]. (8.19)
372-2 atz<x=3-1
0 x>3—t,

Recalling (6.2), one checks that T € [0, +00) — £(u(z)) is Lipschitz and nonincreasing,
strictly decreasing (quadratically) only on those intervals where L, becomes strictly decreas-
ing. In particular, since £(up) =1, L (17, -)) = 1, it follows £(u(¢,-)) =1 for all # € [0, 1]. In
addition £ (u(%, )) = % < 1.Fort € (5/3, 11) the value £(u(t, -)) remains constant, and next
it decreases slightly in the interval [11, 11 4 3/20].

8.1. Asymptotic properties of the solution
A direct consequence of the results of the previous section is the convergence of the solution

to a stationary configuration (described in Example 7.1) in infinite time.
From (v) of Proposition 8.2 it follows

l<i™:= lim m,<At:= lim M, <2. (8.20)

n— 400 n—-+00

This immediately leads to the desired convergence property as t — +00.

Proposition 8.3 (Asymptotic convergence to the stationary solution). We have
AT=a"=V2 (8.21)

and limy_, oo |lu(2, ) — Ustar (D1l 20 ([0, 4-00)) = 0, where ugar(x) = max{v/2 — x, 0} is the station-
ary solution with unit mass.
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t=0.00 9 t=0.20 t=0.40 t=0.60 9 t=0.80
1] 1
0 0

t=1.00 9 t=1.20 t=1.40 t=1.60 9 t=1.80
1 \ 1
0 0

t=2.00 9 t=2.20 t=2.40 t=2.60 9 t=2.80
1 \ 1
0 0

t=3.00 9 t=3.20 t=3.40 t=3.60 2 t=3.80
\ 1 1
0 0

——— t=4.00 9 t=4.20 t=4.40 t=4.60 9 t=4.80
\ 1 \ \ 1
0 0

t=>5.00 9 t=5.20 ———— t=5.40 ———— t=5.60 9 t=>5.80
! \ \ 1
0 0

t=6.00 9 t=6.20 t=6.40 t=6.60 9 t=6.80
\ 1 1
0 0

t=7.00 9 t=7.20 t=7.40 t=7.60 9 t=7.80
\ 1 \ 1
0 0

t=8.00 9 t=8.20 ——— t=8.40 t=8.60 9 t=8.80
1 \ 1
0 0

Fig. 7. Time-movie of the solution of the Riemann problem (1 = 1{g, 1)), up to time 7 = 8.80.
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t=9.00 9 t=9.20 t=9.40 t=9.60 9 t=9.80
1 1
0 0

t=10.0 9 t=10.2 t=10.4 t=10.6 9 t=10.8
1 \ 1
0 0

t=11.0 9 t=11.2 t=11.4 t=11.6 9 t=11.8
1 \ \ 1
0 0

t=12.0 9 t=12.2 t=12.4 t=12.6 9 t=12.8
1 \ 1
0 0

t=13.0 9 t=13.2 t=13.4 t=13.6 9 t=13.8
\ 1 \ 1
0 0

t=14.0 9 t=14.2 t=14.4 t=14.6 9 t=14.8
\ 1 \ \ 1
0 0

t=15.0 9 t=15.2 t=15.4 —————t=15.6 9 t=15.8
1 \ 1
0 0

t=16.0 9 t=16.2 t=16.4 t=16.6 9 t=16.8
\ 1 1
0 0

t=17.0 9 t=17.2 t=17.4 t=17.6 2 t=17.8
\ 1 1
0 0

41

Fig. 8. Time-movie of the solution of the Riemann problem (1o = 1{¢, 1)), from time # = 9.00 up to time ¢ = 17.8.
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Proof. From the definition we have 7,41 < Tn* e Using T, < t, (Proposition 8.1) we obtain the
estimate

Tii1 —tn <T)  — Ty =M, <2.

Then (8.21) follows from
lim (M1 —my) = lim o, (Ty41 — 1) <2 lim a, =0,
n—oo n—o0 n—o0
where we use (8.17).
Hence lim;_;, 4 oo sup,.; [€(s) — \/§| = 0, which, from (5.1), implies the desired convergence

of the solution to ugy,,. O
8.2. Final examples
Example 8.1 (Parent of 1(9,1): creation of a decreasing jump). Let

up(x)=2—-2x)vo Vx >0.

We have () = —t +2 for t € (0, 1], and €(¢) = ¢ for t € [1, 2]. Applying transformation R for
t € [0, 1] produces the vertical segment {1} x [1, 2]. We have

u(l, ) =1p,1n.
The flow for times larger than 1 is then the same as the flow of the Riemann problem.

Example 8.2 (Riemann problem with a parameter). Let ug = 1[0 ) with a > 1. Let T be ob-
tained as the intersection between the lines {x —¢t =1} and {x +¢ =a},ie., T = %, and set
T; = min(1, %). The solution is given, for any (¢, x) € [0, T1] x (0, +00) by
—S4+543 ifl—r<x<l+t,

ifl+t<x<a-—t,
0 ifx+t>a,

u(t,x)=

as depicted in Fig. 9.

Stationary solutions can be reached also in finite time, as shown in this final example; notice
that here the positivity condition (4.4) on ug is not satisfied.

Example 8.3 (Reaching a stationary solution in finite time). Let ug be the linear interpolation of
uo(0) =0, ug(1) = 1/2 and uo(2) = 0. Then

t ifre]0,1],

() =
® 1 ifr>1,
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t=0 t=0.125 [ | [ | t=0.25 [ | | | t=0.375
2 2 2 2
0 1 0 10 1 0 J
t=0.5 [ [ | | ¢=0.625 [ | | | =075 [ | | | t=0.875
2 2 2 2
1 _¥\_ 1 1 1
0 1 0 0 0

Fig. 9. Time-slices of the solution u1 (¢, x) described in Example 8.2 (a = 3), for ¢ in the allowed range: the slope of the
oblique segment is —1/2.

and the corresponding solution u reaches the stationary solution max{1 — x, O} at time r = 1.
Data availability
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