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ABSTRACT. We study convex and quasiconvex functions on a metric graph.
Given a set of points in the metric graph, we consider the largest convex func-
tion below the prescribed datum. We characterize this largest convex function
as the unique largest viscosity subsolution to a simple differential equation,
u”” = 0 on the edges, plus nonlinear transmission conditions at the vertices.
We also study the analogous problem for quasiconvex functions and obtain
a characterization of the largest quasiconvex function that is below a given
datum.

1. Introduction and description of the main results. Our main goal in this
paper is to study convex and quasiconvex functions on a metric graph.

Let us start this introduction by recalling the well-known definitions of convexity
and quasiconvexity in the Fuclidean space. A function u: S — R defined on a
convex subset S C RY is called convex if for all z,y € S and any \ € [0, 1], we have

u(Ar 4+ (1= N)y) < Aulz) + (1 — Nu(y).

That is, the value of the function at a point in the segment that joins z and y is
less or equal than the convex combination between the values at the extreme. An
alternative way of stating convexity is to say that u is convex on S if the epigraph
of u on S is a convex set on RV*1. We refer to [20, 26] for general references on
convex structures.
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A notion weaker than convexity is quasiconvexity. A function u: S — R defined
on a convex subset S of the Euclidean space is called quasiconvex if for all z,y € S
and any A € [0, 1], we have

u(Aa + (1 - N)y) < max {u(a), u(y)}

An alternative and more geometrical way of defining a quasiconvex function w is to
require that each sublevel set S, (u) = {x € S: u(x) < a} is a convex set. See [11]
and citations therein for an overview.

Notice that whether or not a function is convex depends on the numbers which
the function assigns to its level sets, not just on the shape of these level sets. The
problem with this is that a monotone transformation of a convex function need not
be convex; that is, if u is convex and ¢ : R — R is increasing, then g o u may fail
to be convex. For instance, f(x) = 22 is convex and g(z) = arctan(z) is increasing
but g o f(x) = arctan(x?) is not convex. However, the weaker condition, quasicon-
vexity, maintains this quality under monotonic transformations. Moreover, every
monotonic transformation of a convex function is quasiconvex (although it is not
true that every quasiconvex function can be written as a monotonic transformation
of a convex function).

Convex and quasiconvex functions have applications in a wide range of disciplines,
for example, mathematical analysis, optimization, game theory, and economics (see
[10, 23, 15, 25, 26]).

In the Euclidean space R, there is also a Partial Differential Equation approach
for convex and quasiconvex functions, see [1, 3, 5, 4, 7, 21, 22]. In fact, a function
u in the Euclidean space is convex if and only if it is a viscosity sub-solution to

mi‘ 1<D2u(:1c)v,v> =0, (1)
Lv|=
(for a proof, see Theorem 2 in [21]) and is quasiconvex if and only if it is a viscosity
sub-solution to

min  (D*u(x)v,v) =0 (2)

v: |v|=1,
(v,Vu(z))=0

(now we refer to Section 2, Theorem 2.6 and Theorem 2.7, in [4]). Moreover, the
convex and the quasiconvex envelope of a boundary datum are solutions to (1) and
(2), respectively. For numerical approximations we refer to [2, 1].

When one wants to expand the notion of convexity or quasiconvexity to an ambi-
ent space beyond the Euclidean setting, the key is to introduce what is a segment in
our space. For notions of convexity in discrete settings (like graphs and lattices) we
refer to [8, 9, 13, 14, 17, 18, 19, 24] and references therein. For viscosity solutions to
elliptic equations in finite graphs we refer to [16] and for nonlocal equations related

to game theory to [12].

1.1. Metric graphs. We start gathering some basic facts about metric graphs, see
for instance [6] and references therein.

A graph T consists of a finite set of vertices V(I') = {v;} and a set of edges
E(T') = {e;} connecting some of the vertices. The graph I' is simple when there is
not an edge connecting a vertex with itself. A graph I' is said a finite graph if the
number of edges and the number of vertices are finite. Two vertices u and v are
called adjacent (denoted u ~ v) if there is an edge connecting them. We denote
the set of all vertices adjacent to v by Vy(I'). An edge e € E is incident to v € V
when e connects v to another vertex and we denote it by e ~ v. We define E, (I")
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as the set of all edges incident to v. The degree d(T") of a vertex v is the number
of edges that incident to it. When there is no confusion, I" will be omitted from the
notation. A vertex v € V is called an interior vertex if d, > 1. Otherwise, we say
that v is exterior. The set all interior (exterior) vertices is denoted by Vint (Vext).
We will also refer to the exterior vertices as terminal vertices.

Assumption 1.1. Throughout this article we assume that all graphs are connected,
simple and with bounded degree, that is, 1 < sup,, d, < 00.

We consider also an orientation to each edge of I', that is, there is a map ¢: E —
V x V associating to each edge e € E the pair (e_,ey) € V x V of initial vertex
and terminal vertex respectively. The edge é is called the reversal of the edge e if
é_=ejpand é; =e_.

Definition 1.2 (See Definition 1.3.1 in [6]). A graph ' = (V,E) with a map
orientation ¢ is called a metric graph, if

1. Each edge e is assigned a positive length £, € (0,00]. If £, = oo, then e has
only one vertex due to the other end goes to “infinity”.

2. The lengths of the edges that are reversals of each other are assumed to be
equal, that is, £, = lg;

3. A coordinate x, € I, = [0, /] is increasing in the direction of the edge given
is assigned on each edge by ¢;

4. The relation zg = £, — x, holds between the coordinates on mutually reversed
edges.

For an edge e with associated interval [0, £, the vertices e_ and ey are identified
with the coordinates 0 and ¢, respectively. For a coordinate z € I, sometimes we
write x € e.

A sequence of edges {e; 7—1 C E forms a path, and its length is defined as
2?21 {o,. Note that we are not considering the orientation map to define paths. For
two vertices v and u, the distance dy(v,u) is defined as the length of the shortest
path between them. When two points « and y are located at the same edge e, that
is, z,y € I, = [0, 4], the distance between them is defined by do(x,y) = |z — y|.
The distance d in the metric graph T' = (V,E, ¢) is the natural extension of the
previous defined distances, that is,

d(z,y) = 1inf {de(z, z1) + do(21, 22) + ds(22,y): 21, 22 €V, 21 € €, 20 € €},

where x € e and y € € are two points that are not necessarily vertices or points at
the same edge. For =,y € T', we denote by [z, y] the minimal path between = and
y. A metric graph I" becomes a metric measure space with the distance d and the
measure obtained from the standard Lebesgue measure on each edge.

The metric graph I is connected and compact when it is connected and compact
in the sense of a topological space.

Assumption 1.3. We assume that T' is a connected compact metric graph. We
also assume that if v,y € [e_,e,] for some e € E then d(z,y) = |z — y|.

A function u on a metric graph I is a collection of functions u,. defined on [0, £]
for all e € E, not just at the vertices as in discrete models. The space C*(I") consists
of all continuous function on that belong to C*(e) := C¥(I,) for each e € E. Let
u € CYT), v eV ande € E,, we define the ingoing derivative of u over the edge e
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in v as follows

)

au / f =e_,
- (V):{ uf(v) if v

—ul(v) ifv=ey

that is, %(V) is the directional derivative taken in the direction into the edge

starting at v.
1.2. Convex functions in metric graphs. We use the classical notion of con-
vexity.

Definition 1.4. A function u: I' — R is conver when for any z,y € I" satisfies
d(x, z)
d(z,y)

u(y),

for any z € [z,y].

Remark 1. Note that convexity does not depend on the orientation map ¢ for the
edges.

As an example of a C? function that is convex in a star-shaped graph (a metric
graph with only one node with multiplicity higher than one) we mention u(z) =
(d(z,70))? with z the unique multiple node of the graph.

We are interested in the largest convex function that is below a given datum in
some subset of the graph. Let A C T be a closed set and f: A — R a bounded
function. Then we define,

(@) = sup {ula): u e ()} 0
where C(f) = {u: T — R: u is conver and u(z) < f(z), =z € A}.

Remark 2. Observe that C(f) # () due to the fact that u(z) = inf,ca{f(y)} is a
convex function. The function u} is well-defined and convex, since the supremum
of convex functions is also a convex function.

Remark 3. When the set A is the whole graph, A = I'; we have that u} is the
usual convex envelope of f in I'. When A is strictly contained in I we have a convex
envelope of f extended as +oo to I'\ A (that is, we deal with the convex envelope
of a partial datum). Notice that it may happen that u}(z) < f(z) for some points
x € A (it could be the case that there is no convex function that agrees with f in
A). When u} agrees with f in the whole A we have an optimal convex extension of
f to the set '\ A (optimal in the sense of being the largest).

Our first result states when u}i is bounded.

Theorem 1.5. Let A CI' be closed and f: A — R bounded. Consider u} be given
by (3). Then, uy is bounded on T' if and only if A contains every terminal node of
T'. In this case, we have

inf f <wj(x) <supf Ve eT.
A A
Next, we show an equation together with a nonlinear coupling at the nodes that

characterizes u} on I'.
Our first result is a characterization of convex functions in a metric graph.
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Theorem 1.6. A function u: I' — R is convez if and only if u is a viscosity solution
to

u” >0, on the edges of I’

. (4)
min
e,e€E,

ou ) + ou
0%e M 0xs

Next, we characterize the largest convex function below f in A, u}, in terms of
an obstacle problem.

(v)} >0, ifvE Vi

Theorem 1.7. Let u} be given by (3) for a given datum f defined in A C T, where
f is bounded and A closed. Let the contact set be given by

C={zeA:up(z)= f(x)}.
Then, u} is a viscosity solution to
u” =0, on the edges of T'\ C,
(5)

(%rénei]ralv {Ba;e (v)+ g;; (V)} =0, foranynodevel\C,
and therefore u% is the solution to the obstacle problem for the equations in (5) with
fle as obstacle.

Remark 4. Notice that the result covers the problem for the convex envelope
(when f is given in the whole graph T') and the optimal convex extension problem
(the situation when there is a convex function that agrees with f in A and hence
up = fin A).

Notice that for a finite metric graph we have a finite number of degrees of freedom
for the largest convex function below f in A. In fact, we have for each edge two
degrees of freedom (since u} is a solution to u” = 0 on each edge we have that it
takes the form u(z) = az +b). Therefore, to find u} we just have to select the
constants a, b, on each edge such that the resulting function is continuous, verifies
the nonlinear condition in (5) at the nodes and agrees with the given datum in C.

The equation (5) in the metric graph is the analogous to (1) in the Euclidean
space. In fact, notice that on the edges there is only one direction (and the equation
(1) says that the second derivative in that direction is zero) and at a vertex the
nonlinear condition says that in the union of two edges that contain the vertex (a
direction) the second derivative of u is zero while is greater or equal than zero in
any other possible direction.

A quantum graph is a metric graph in which we associate a differential law with
each edge with a coupling condition on the nodes, see [6]. Quantum graphs (in
contrast to more elementary graph models, such as simple unweighted or weighted
graphs) are used to model thin tubular structures, so-called graph-like spaces, they
are their natural limits, when the radius of a graph-like space tends to zero, see [6].
Remark that our convex envelope is characterized as being affine in each edge (a
solution to the linear equation w” = 0), and verifies a nonlinear condition at the
nodes (a min is involved). Therefore, the characterization of the convex envelope
turns I" into a quantum graph.

1.3. Quasiconvex functions in metric graphs. Now we turn out attention to
quasiconvex functions in a metric graph I'. As for the convex case, let us use the
classical definition.
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Definition 1.8. A function u : I' — R is quasiconvez if for any z,y € I" we have
u(z) < max{u(z); u(y)},
for any z € [z,y].

For A C T closed and f: A — R bounded, the largest quasiconvex function on I"
that is below f in A is defined as follows:

¥ (a) = sup {u(z): u € QC(N)}. ©)
where QC(f) = {u: T — R: u is quasiconver and u(z) < f(x), © € A}. Observe

that QC(f) # 0 since, for instance, u} € QC(f) (a convex function is also quasicon-
vex, so, u? is quasiconvex). Moreover, we have that

uy(r) < u]@ (z) forall z € I.

Remark 5. A remark analogous to Remark 3 is also useful here. When the set
A is the whole graph, A = I', we have that u? is the quasiconvex envelope of f
in I'. On the other hand, when A is strictly contained in T, u? is the quasiconvex
envelope of f extended by +oo to T'\ A (that is, we deal with the quasiconvex
envelope of a partial datum). Notice that it may happen that u??(x) < f(z) for
some points € A (it could be the case that there is no quasiconvex function in
I that agrees with f in A). When u?’? agrees with f in the whole A we have an
optimal quasiconvex extension of f to the complement of A, I' \ A (optimal in the
sense of being the largest).

For this optimal quasiconvex function u?, we have a discrete equation on the
vertices, and in the edges, the function is piecewise constant. Notice that, in general,
u? is discontinuous.

Theorem 1.9. Let u? be given by (6) for a given bounded datum f defined in
A CT, where A is closed. Then it holds that u}’@ is bounded if and only if A verifies
that the convex hull of A is the whole T, i.e., Conv(A) =T. In that case, we have

inf f < u??(x) <supf Ve eT.
A A

Moreover, let the contact set be given by
C={zxecA: uf?(x) = f(2)}.
then u?? verifies
u(z) = max{u(ey);ule_)}, ifree ecE\C,
w(v) = min max{u(u),u(w)} if ve V\C, (7)

u,weVy
u#EwW
where Vy denotes the set of vertices that are adjacent to v. Therefore, us? is the
solution to the obstacle problem for the equations in (7) with f|c as obstacle.

As happens in the convex case, for the quasiconvex case, we have a finite number
of degrees of freedom. In fact, we have only to obtain the values of u% at the
vertices of I'. The values at these points are uniquely determined by the relation
u??(v) = min, wev, max{u??(u); u?’?(v)}, that says that the value of u?’? at v is the
second one among the values at nodes that are adjacent to v (ordering these values
from the smallest to the largest).
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The paper is organized as follows: in Section 2 we deal with the convex case; in
Section 3 we prove our results for the quasiconvex case; and, finally, in Section 4
we collect some examples that illustrate our results.

2. Convex functions. Let us start this section by recalling our definition of a
convex function. A function u: I' — R is conwvez if for any =,y € I' we have

dy.2) . d(,2)
U S Gy "D T )

Remark 6. Let u: I' = R be a convex function. Using the smoothness properties
of convex functions on intervals, we have that

u(y)  forall z € [z,y].

e 1 is upper semi-continuous on I’

e v is continuous on IV = T'\ V¢u;. In fact w admits left and right derivatives
on I, and these are monotonically non-decreasing. As a consequence, u is
differentiable at all but at most countably many points on I".

e Finally, by Alexandrov’s theorem, u is almost everywhere twice differentiable
on I'.

We refer to [20] for the proofs of these facts.

Remark 7. Keeping in mind that the only convex functions on a circle are the
constants, we have that when u is a convex function on I', then w is constant on
every closed minimal path.

Now, we need to introduce the notion of viscosity sub(super)-solution to the
problem
u” =0, on the edges of T’

ou ou
1 e 1 . 8
e,l,énelgv {axe (V) + axé (V)} 07 lf Ve Vznt7 ( )
u(v) = 1i_1>n u(z), if v € Ve

Definition 2.1. Let u: I' — R be an upper (lower) semicontinuous function. We
say that w is a viscosity sub(super)-solution to (8) if only if
e For every o € T'\ V and every time there exist 6 > 0 and a test function
¢ € C%(xg—0,20+0) such that p(xg) = u(wg) and p(x) > u(z) (p(z) < u(x))
for all x € (zg — 0, ¢ + 0), then
" (x0) 2 0(< 0);
e For every v € V;,; and every time there exist e,é € E, and a test function
¢ € C(eU®) such that p(v) = u(v) and p(z) > u(x) (p(z) < u(x)) for all
x € eUe, then
Iy Iy
Ox, Ors
A viscosity solution of (8) is a continuous function u which is at the same time
a sub-solution and super-solution.

(v) + (v) >0(<0).

Remark 8. The boundary condition in (8) is a direct consequence of the regularity
results for convex functions on a metric graph stated in Remark 6.

Our first result is a characterization of convex functions in a metric graph.

Theorem 2.2. A function u: I' — R is convex if and only if u is a viscosity
sub-solution of (8).
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Proof of Theorem 2.2. Let us start by assuming that w is a convex function. If
2o € '\ 'V and there exist § > 0 and a test function ¢ € C?(z¢ — J,2¢ + §) such
that p(zo) = u(zo) and p(z) > u(z) for all x € (zg — d, 29 + 0), then we have that

1 1 1 1
¢(r0) = u(zo) < 5”(% +€) + gu(xo —€) < 5@(% +e€) + 5@(% —€)

for any 0 < & < 4, due to the fact that u is convex. It follows that
" (x9) > 0.

Therefore, w holds (8). A similar argument shows that u satisfies the boundary
condition and so, is a viscosity sub-solution to (8).

We now assume that u is a viscosity sub-solution of (8). We argue by contra-
diction and assume that u is not convex. First, we suppose that u is not convex at
z € e, that is, there exist x,y € e such that

d(y, z) d(x, z)
d(y, ) d(y,z)

We use an idea from [21, Theorem 1]. Let ¢ be the parabola which interpolates
uw on I, at the points z,y,z. By (9), ¢ < 0. Since the function u — ¢ is lower
semi-continuous, it has a maximum M on the compact set [z,y]. If M = 0, we have
that @ = ¢ is a test function that contradicts the definition of sub-solution for wu.
When M > 0 is positive, and it is attached at o in the interior of the set [z,y], the
function ¢ = g+ M is a test function for which u does not satisfy the sub-solution
condition at tg.

Now, assume that the convexity does not hold on v € V;,;. Then, there exist
e,e € E,, x € e and y € € such that

dy,2)
d(y, z)

for any z € [z, v] U [v,y]. Then, if we define

u(z) >

u(z) +

u(y)- (9)

u(z) > u(y) (10)

u(z) —u(v) z,v) +ulv) ife =v
) u(g)(@(x)d(, rutw e =y
d(x,v) d(z,v) tu(x) ifer =v,
u(y) - U(V) d(Z, V) + U(V) ife_ = v,
e = 3 w2 )
i) dEv) tul) e =v,

and

o(z) = {cpe(z) if z € e,

ve(z) ifz €€,

we get that ¢ € Cl(eU&). As u is convex on every edge, it holds that u is below ¢
on [z,v] and [v,y]. Therefore we conclude that

o(2) > u(z), Vz € [x,y].
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Moreover, by (10) we have
dp 9p oy _ ul@) —ulv) uly) —ulv)
Oxe ) Oxe (v) = d(z,v) + d(y,v)

_ dly, v)ulz) + d(z, v)u(y) — d(z, y)u(v)
d(x, v)d(y,v)

<0.
This gives a contradiction with the fact that  is a viscosity sub-solution to (8). O

We are now in a position to study the largest convex function that is below of a
given datum in some subset of the graph. Recall that for A C I" a closed set and
f: A — R a bounded function, the optimal convex function on I' that is below f in
A is defined by

wi(@) = sup {u(@): u € C(f)},
where C(f) = {u: T — R: u is conver and u(z) < f(z), = € A}.

First, we just observe that u} is convex. The proof of this fact is immediate and

included only for completeness.

Lemma 2.3. Let A C T be a closed set and f: A — R be a bounded function. Then
u} is a convex function.

Proof. For any u € C(f) and z,y € I" we have

d(y, z) d(x, 2) d(y,z) , d(x,z)

for any z € [z,y], and taking supremum it follows that u} is a convex function. [

Proposition 1. Let A C T be a closed set and f: A — R be a bounded function.
Then u} is bounded in I' if and only if A verifies that every terminal node is in A,
that is, Vegs C A.

Proof. First, we assume that there is a terminal node v € I' such that v ¢ A. As
A is closed there is an interval in the edge that contains v as one of its endpoints
such that (b,v] C e C T' and (b,v] N A = 0. Then, for any n € N such that
n > inf{f(y): y € A}, the function

inf {f(y)} if x & (b, v],
n(z —b) + nf {f(y)} ifae®v,

belongs to C(f). Therefore, u} is not bounded.
Now, we assume that A contains every terminal node. Suppose, arguing by
contradiction, that u} is not bounded. Recall that any convex function is continuous

u(z) =

on IV =T'\ V¢u¢ and upper semi-continuous on I'. Hence, there is a convex function
u € C(f) and a point z¢ € T such that,

u(xo) = maxu(y) = M > sup f.
yer A

Consider the set M = {x € T": u(x) = M}. Notice that M C '\ A C I". Hence,
M is closed since u is continuous. Given x € M, we have that for any segment
[a, b] such that x € [a,b], we must have u = M on the whole segment. This shows
that M is an open set. Since I' is assumed to be connected, we get M = I' which
contradicts the fact that A # 0. O
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Remark 9. The previous proof and the Remark 2 prove that if A contains every
terminal node, we have

inf f <wujp(z) <supf for all z € T.
A A

Throughout the rest of this section, we assume that A is a closed subset of T’
such that A contains every terminal node. Consequently, u}, the largest convex
function below a finite datum in A, is bounded.

Now we prove our result concerning the equation verified by u}. Here we assume
that the contact set C'= {z € A: u}(z) = f(z)} coincides with the whole A (notice

that the optimal function u} associated with g := f|¢ coincides with u}i)

g

Theorem 2.4. The function u} s a viscosity solution to

u”’ =0, on the edges of T\ A, (11)

(v)} =0, ifvE Vi A (12)

min
e,ecE,

ou ) + ou

—(v

0%e 0xs
Proof. Since u} is convex on I', by Theorem 2.2, we have that u} is a viscosity sub-
solution of (8). Thus, we only need to show that u} is a viscosity super-solution

of (11)-(12). Suppose, arguing by contradiction, that u} is not a super-solution of
(11)-(12). We have two possibilities:

First case. There exist 1o € T'\ (VU A), § > 0 and a test function ¢ € C?(xg —
8,0 + &) such that (zo — §,20 + ) N A =0, p(z0) = u}(20) and p(x) < u}(z) for
all x € (g — 6,20 + 9), such that

©" (o) > 0.

Since ¢ € C?(20—0d, 29+0), without loss of generality, we can assume that " (x) > €
for all z € (zg — 0,20 + ) for £ small enough. Let r be the tangent line to ¢ at xg,

r(z) = p(xo) + ¢’ (x0)(x — z9),
and define 7(z) = r(z) + €.

Since u} is convex, there exist z1,22 € (xg — 6,20 + &) such that zg € [21, 22],
uf(z1) = 7(21), uf(22) = 7(22), and 7(x) > u}(z) for any x € [21, 22]. It follows that
w: ' = R defined as

w(z) = fix) %f x € |21, 22,
up(z) if o & [21, 2],
is a convex function and verifies

w(zo) = ¢(zo) + € > uf(zo),

with w(z) = u}(z) < f(x) if z € A. Then, it contradicts the the fact that u} is
the supremum of convex functions below f in A. Therefore, u} is viscosity super-
solution of (11).

Second case. There exists v € V¢ \ A, such that for any e, & € E, for which there
is a test function ¢ € Cl(e U@) so that op(v) = u(v) and p(z) < uj(z) for all
x € eUe, we have

Iy Iy
. 1
W+ e >0 (13)
Since A is closed, there are z € e, y € € such that [z,y] = [z,v] U [v,y], and

[z,y] N A=1.
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By the previous step, we have that u; is the viscosity solution of
v =0 in[z,v]U[v,y]\ {v}.

Then u} is a linear function in [z, v] and [v,y]. Hence, by (13)

Ouy (V) + Ouy () > d¢ dp

O0Te Oxs O, 0rs

Let r be the linear function on e such that at the points x and v reaches the

values u}(z) and u}(v) + € respectively, where € > 0 will chosen later. In analogous
way define 7 linear on @ such that 7(v) = u}(v) + € and 7(y) = u}(y).

Using (14) one can pick € > 0 small enough such that the sum of the ingoing

derivatives at v of r and 7 is still positive. Hence, the function w: I' = R defined
by

(v) +

(v) > 0. (14)

r(z forz €e

w(z) =< 7z

)
)

u}(z) otherwise

for z€e

is convex. We have also that w(v) = u}(v) +¢& > u}(v) and w restricted to A is
dominated by f, which is a contradiction with the definition of u}. Therefore, u}
is viscosity super-solution of (12). O

3. Quasiconvex functions. To begin this section, we recall the notion of qua-
siconvex function. A function u: I' — R is quasiconvez if for any z,y € T' we
have

u(z) < max{u(z),u(y)} for any z € [z, y].
Let A CT be a closed set and f: A — R be a bounded function. Recall that we
want to study the largest quasiconvex function below f in A that is given by

uf?(m) =sup {u(z): ue QC(f)}, (15)

where QC(f) = {u: T' = R: u is quasiconvexr and u(x) < f(z), x € A}.
Let us first prove that is quasiconvex as happens for convex functions. Again the
result is immediate, and we include the proof for completeness.

Lemma 3.1. Let A C T be a closed set and f: A — R be a bounded function. Then
u]@? i a quasiconver function.

Proof. For any u € QC(f) and =,y € I we have
u(z) < max{u(z),u(y)} < max{uf (z),uf (y)},
for any z € [z,y]. It follows that u? is a quasiconvex function. O
Next, we turn our attention to the boundedness of uf?.

Proposition 2. Let A C T be a closed set and f: A — R be a bounded function.
Then, u](’? is bounded if and only if A verifies that Conv(A) =T.

Proof. First, assume that u]@? is bounded. Arguing by contradiction, assume that
Conv(A) # T and consider the function

inf f for x € Conv(A4),
up(z) =< A
n for « ¢ Conv(A).
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The function w,, is quasiconvex for every n > inf4 f. Indeed, the sub level sets are

0 for a < i%f 1
Sa(un) ={z €T up(zr) <a} = Conv(4) for ae [iI}lf fin),
Iy for a > n,

that are all convex subsets of I'. Since n can be arbitrarily large, this contradicts
that u]@ is bounded.

Now, we assume that A verifies that Conv(A) =T. Let « € T be any point such
that there are aj,as € A with © € [a1,as]. From the fact that u?? is quasiconvex
we get that

uf (@) < max{f(ar), f(a)} < sup f < x.

proving that uj(? is bounded in the set of convex combinations of points in A. Then,

we obtain that uf? is bounded by sup, f in Conv(A) = I' which it concludes the
proof. O

For ug’? we have a discrete equation on the vertices, and in the edges, the function
is piecewise constant. Therefore, uf? is discontinuous in general.

As we did for convex functions, it can be proved that a function is quasiconvex
if and only if it is a viscosity solution to

u(r) < max{u(es),u(e_)}, forx e, eckE, (16)
u(v) < uglér\l/y max{u(u),u(w)} forveV\A, (17)
uFEw

where V, denotes the set of vertices that are adjacent to v. The proof is analogous
to the one of Theorem 2.2 and therefore we omit it.

Now we prove our result concerning the equation verified by ujf). As before, we
assume that the contact set C' = {z € A : uj? (x) = f(z)} coincides with the whole
A (notice that u(g@ the largest quasiconvex function below g := f|¢ in C coincides
with uj(’?).

Theorem 3.2. Consider a closed set A CT" such that Conv(A) =T and let f: A —
R be a bounded function. Then, ui}B verifies

u(z) = max{u(es),u(e~)}, forxece\A ecE, (18)
u(v) = uglér\lfv max{u(u),u(w)} forveV\A, (19)
u#EwW

where V, denotes the set of vertices that are adjacent to v.

Proof. We define the function w: I' = R as

u?(x) if z € A,
w(z) = max{uy (e1), u} (e-)} ifzece\A ecE,
. i ® ® e
u’%r\llvmax{uf (u),uf (W)} ifz=veV\A

Using that uf? is quasiconvex, it is easy to check that w > u? in I'. Moreover, since

ug? is given by (15), we also have w > f in A. Therefore, to conclude the proof, it

is enough to show that w is a quasiconvex function.
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Let x,y € T" and z € [z, y]. We split the rest of the proof into five cases:
Case 1. x,y,z ¢ V and there is e € E such that z € e and either z € e or else y € e.
In this case, either w(z) = w(z) or else w(z) = w(y). Therefore

w(z) < max{w(z),w(y)}.

Case 2. z ¢ V and there is e € E such that z € e and either z is vertex of e or else
y is vertex of e.
In that case, either

w(z) < max{u?(z),u?(v)},
or else
w(z) < max{uf (y),uf (v)},

where here v denotes the other vertex of e. Since, u?’? is quasiconvex and v € [z, y]
we have that

u®(v) < max{u®(z), uf (y)} < max{w(x), w(y)},

and therefore w(z) < max{w(x),w(y)}.
Case 3. z ¢ V, and there are vy, ...,v, € V such that

[l',y] = [.’E,Vl] U [V17V2} U---u [Vnay]a

and z € [vj,v;41] for some j € {2,...,n —1}.
Then

w(z) < max{uf (v;),uf (vjt1)}-
Using that u? is quasiconvex, we get
max{uf (v;), uf (vj+1)} < max{uf (z), v} (y)} < max{w(z), w(y)}.

Therefore w(z) < max{w(z),w(y)}.
Case 4. z € V, there are e,& € E, such that « € [e_,e;] and y € [6_,84].
Observe that

w(z) > u?(v) and w(y) > u??(\’/)
where v and v are the other vertices of e and € respectively. Then
max{w(w), w(y)} > maxfu? (v),u®(¥)} > w(z)

due to v,v € V.
Case 5. z € V, and there are vq,...,V;_1,Vj+1,...,Vy € V such that

[z,y] = [x,v1] U - U [vj_1,2] U [z, vjs1] U--- U vy, y].
Then,
w(z) < max{uf (vj-1),uf (vj+1)}-
Using that uj(’? is quasiconvex, we get
max{uf (vj_1),uf (vj+1)} < max{uf (z),uf (y)} < max{w(z), w(y)}.

Therefore w(z) < max{w(z),w(y)}. O
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4. Examples. To illustrate our results, we include some examples. Recall that the
convex and quasiconvex optimal functions do not depend on the orientation of the
edges. However, we use the orientation of the edges to parametrize them and then
describe a function on the metric graph T'.

In all of our examples we will assume that all edges have the same length ¢, = 1
and are parameterized by (0,1) with the given orientation in the figure.

Example 4.1. First, we give an example of a set A that contains every terminal
node, but the convex hull of A is not the whole I'. Consider the following graph:

ve\ €4
/Qv €5

€3

Set A = {v4,vs}. Notice that T" has exactly two terminal nodes v4 and vs (and
A is chosen precisely as the set of terminal nodes). However, the convex hull of A
is given by
COHV(A) = {Vl,V4,V5} @] {64, 65} 7é I.
In this example, if we set f(v4) = a, f(vs) = b, the function u} is given by

‘IT‘H’ if x € {e1,e9,e3} U{vy,va,v3},

+b —b .
) _ G2+ 5rr if v € ey,
up(e) = b b :
% +5%x  if x € es,
flx) if v € A.
Also, in this example, the function

[ min{a, b} x € Conv(A),
un(z) = { n z €T\ Conv(A),

is quasiconvex for every n > min{a, b}. Indeed, the sub level sets are

0 if & < min{a, b},
So(un) ={z €T: uy(xz) <a} =< Conv(A) if a € [min{a,b},n),
r if a > n,

that are all convex subsets of I'. Since n can be very large, we obtain that the
supremum of quasiconvex functions below any datum on A is not bounded.

Example 4.2. Consider the metric graph I' given in the following figure:

e/\k*z
—_—
€3

Notice that in this example, there a no terminal nodes. If we fix just one value,
say f(v1) = a, we get that the largest convex function below f at vy is constant
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by Remark 7, u} = a, while the corresponding largest quasiconvex function is not
bounded.

Now, consider three values at the nodes f(v1) = a, f(v2) =, f(v3) = ¢, that is,
A = {vi1,v9,v3}. Then, u} is given by

a+(b—a)x ifx€Ee,
. c+(a—c)x ifx € ey,
Uf(x) = .
b+ (c—bx ifx€es,
f(l‘) ifx € {Vl,Vg,V3}.

Observe that u} is just the line that connects the boundary values on every edge.
For the quasiconvex case, looking for uff), we assume that the given values are
ordered as a < b < c¢. Then, we have

c ifl’EeguegU{Vg},
u?(z) =< b ifzxeeU{va},
a ifx=vy.

This example can be generalized to the circular graph with n vertices vq,...,v,
and edges of the same length between v; and v;11 (i = 1,...,n — 1) and between
vy and v,,.

Example 4.3. Let us consider a star-shaped graph as shown in the following figure:
N4

Then, if for instance, we set A = {v1,va,v4} and f(v1) =0, f(ve) =1 and f(v4) =
2, we have that

%—%x if x € ey,

%—l—%x if x € eq, 1 if x € e; Ueg U {vs},
wi(z) =< 143z ifzces, and u??(x) =q 2 if x € eg,

i if z = vs, flx) ifze A

f(x) if v € A.

This example can be generalized to a star-shaped graph with n + 1 vertices
Vi,...,Vne1 and edges of the same length between v; and v,4q fori=1,... n.

Example 4.4. We consider the graph:

L
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Let A ={vy,vs,vs,ve} and f(v1) =0, f(vs) =2, f(vs) =1, f(ve) = 3. Then,

1

gx
2—%3@
1 1
3+ 3¢
T
U\ ) =
! 3—%x
1
3
2
3
f(z)

if x € eq,
if x € eg,
if x € e,
if x € eq,
if x € e5,
if £ = vo,
if £ = vy,
ifx € A,

if v €egUegUeqU{va,vya},
if x € eg,
if z € e5,
ifx e A.

Example 4.5. Finally, we consider a binary tree of two generations where edges
are oriented to the root (see the figure below).

7N

case, we have that

1 1
3 a7
3 1
2 27
1
51’
1
1—51‘
21,
* 2
ur(r) =
1
1
2
3
2
f(z)

b

Let A = {v4,vs5,ve,v7} and f(v4) = 0, f(vs) = 1, f(ve) = 2, f(vy) = 3. In this

if x € eq,
if x € eq,
if x € eg,
if x € ey,
if x € e,
if x € eg,
if x = vy,
if © = vy,
if x = vs,
ifxe A,

This analysis can be extended to larger trees.
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