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NORMALIZED GROUND STATES FOR SCHRODINGER EQUATIONS ON
METRIC GRAPHS WITH NONLINEAR POINT DEFECTS

FILIPPO BONI, SIMONE DOVETTA, AND ENRICO SERRA

ABsTRACT. We investigate the existence of normalized ground states for Schrédinger equations
on noncompact metric graphs in presence of nonlinear point defects, described by nonlinear
d-interactions at some of the vertices of the graph. For graphs with finitely many vertices, we
show that ground states exist for every mass and every L?-subcritical power. For graphs with
infinitely many vertices, we focus on periodic graphs and, in particular, on Z-periodic graphs
and on a prototypical Z2-periodic graph, the two-dimensional square grid. We provide a set of
results unravelling nontrivial threshold phenomena both on the mass and on the nonlinearity
power, showing the strong dependence of the ground state problem on the interplay between
the degree of periodicity of the graph, the total number of point defects and their dislocation
in the graph.

1. INTRODUCTION

In this paper we analyze existence and nonexistence of normalized solutions to the Schrodinger
equation on metric graphs in the presence of nonlinear point defects at some of the vertices.
Precisely, given a connected metric graph G = (Vg,Eg) and a subset V' C Vg of its vertices, for
fixed p > 0 we study the existence of a continuous v : G — R satisfying

u = Mu on every edge of G,

||u||%2(g) =K

Zu;(v) = —|u(V)|92u(v) at every v eV, (1)
e-v

Zu’e(v) =0 at every v € Vg \ V

eV

for some A € R. In problem (1), the exponent ¢ satisfies ¢ € (2,4) and the symbol e > VvV means
that the sum is extended to all edges incident at the vertex v.
The last requirement in (1) is the Kirchhoff, or natural, boundary condition, while

S wv) =~ v,  Yvev,

eV

can be thought of as representing the effect of a deep attractive potential well or also a strong
attractive defect at all vertices v € V. In the literature it is customary to call such condition
a nonlinear §d—interaction and interpret it as a model for strongly localized, point-like defects or
inhomogeneities in the medium that supports the propagation (see e.g. 2] for a wide overview on
non-Kirchhoff vertex conditions on graphs). Models with concentrated nonlinearities have been
proposed e.g. in semiconductor theory [26,30] to describe the quantum dynamics in resonant
tunneling diodes, as well as the effect of the confinement of charges in small regions.

Solutions to (1) correspond, formally, to standing waves for the nonlinear Schrodinger equation

Zaﬂ/) + 3m¢1 + Z 6v’¢‘q_2w =0 on g
vevVv

via the ansatz (¢, z) = eMu(z). Finally, the constraint on the L? norm of u in (1), which ac-
counts for the specification normalized attached to the solutions of (1), is a standard requirement
1
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FIGURE 1. A noncompact graph in G with finitely many vertices and edges.

on the mass of u (sometimes also interpreted as the number of particles in the condensate), a
quantity that is preserved along the evolution in time.
The solutions of (1) can be found variationally as the critical points of the energy functional

1 1
By (u,9) 1= 5|/ lag) = = D [u(v)[
q veV

on the space of mass-constrained functions

H,(9) = {w e B'(G) | wlag) = 1}

(for standard definitions of Lebesgue and Sobolev spaces on metric graphs see e.g. |7]). In this
respect, the condition ¢ € (2,4) corresponds to the so-called L?-subcritical case, i.e. the case in
which the energy functional E 1 is bounded from below in H ; (G) for every value of the mass u
and every set V' (see Lemma 3.2 below).

Due to their possible relevance in the applications, in this paper we are only concerned with
ground states, namely with functions u € H ;(g) solving the problem

E‘LV(u? g) = welj‘[{llf(g) Evi(w7 g) = E‘LV (M) g)

o

Although the study of nonlinear Schrédinger equations on metric graphs is relatively recent,
there is by now a very rich and steadily increasing literature, mostly devoted to the search of
ground states or bound states in presence of the diffused, standard nonlinearity fg |u|P dz, under
various conditions on p, both for the energy functional (see for instance [3,4,6-9,12-14,20, 23,
25,27,28,31,33,34|) and for the action functional (where A is fixed and the mass is unknown,
see e.g. [10,21,22,32]). A certain attention has been devoted also to localized nonlinearities in
the form f,c |u|P dz, that is when the nonlinear term is still some LP norm of the function but
restricted to a prescribed subset KC of the graph G (see [24,29,35-37]).

Conversely, the analysis of nonlinear point defects on graphs, i.e. nonlinear terms as in E,y
above, seems to be at its very beginning and, up to our knowledge, the available results concern
existence and nonexistence of normalized ground states for models involving both standard and
pointwise nonlinearities on noncompact graphs with finitely many vertices and edges (see [1,15—
17], and also [3,4] for the case of linear point defects on star graphs). These first investigations
for the doubly nonlinear model proved that the presence of pointwise nonlinearities is a source of
new phenomena, sensibly different from the ones usually observed with standard nonlinearities
only.

The purpose of the present work is to investigate normalized ground states for the model E, v/
with the sole pointwise nonlinearity. Our aim is to work at a high level of generality, enquiring
how the presence of point defects at some of the vertices affects the existence of ground states
on some classes of noncompact graphs. In particular, for reasons that will be clear once we state
our main results, our interest will be mainly devoted to noncompact periodic graphs, i.e. graphs
with infinitely many vertices and edges arranged in some periodic pattern. However, for the sake



FIGURE 2. Examples of Z-periodic graphs.

of completeness, we will also provide some results for noncompact graphs with finitely many
vertices and edges.

To simplify the notation, in what follows we denote by G the class of graphs G = (Vg,Eg)
such that

- G is connected and has an at most countable number of edges;

- deg(Vv) < oo for every v € Vg, where deg(Vv) denotes the degree of the vertex v, i.e. the
number of edges incident at v;

. 1€r11Ef le| > 0, where |e| denotes the length of the edge e.
eckg

All the graphs considered in this paper will be noncompact. For graphs in the class G noncom-
pactness is ascribable either to the presence of some unbounded edges, as usual identified with a
half-line, or to the set Eg being infinite.

It is reasonable to expect the existence of ground states of F,y on a graph G to depend not
only on topological or metric properties of the graph itself, but also on the total number of point
defects (i.e. the cardinality of the set V') and perhaps on how they are dislocated in the structure.
Actually, with our first result we show that, if the graph has finitely many vertices, the problem
is insensitive to any other features of G and V' and ground states always exist.

Theorem 1.1. Let G € G be noncompact with #Vg < oo. Then, for every nonempty V C Vg,
every q € (2,4) and every > 0, there results Eqv (1, G) < 0 and ground states of By in H}(G)
extst.

Observe that, if G € G is noncompact and such that #Vg < oo, then G has finitely many
edges and at least one is a half-line (see Figure 1). For this type of graphs, the fact that ground
states with point defects always exist already marks a difference with models involving standard
nonlinearities, for which it is by now well-known that there are both topological and metric
conditions ruling out existence of ground states (see e.g. [7]).

Let us then consider graphs in G with infinitely many vertices, i.e. #Vg = oco. Since this
class of graphs is extremely large and contains objects sensibly different from each other, here we
will not treat it in its full generality. In fact, also in view of their possible relevance, we focus on
periodic graphs, i.e. graphs with infinitely many vertices and edges arranged in a given periodic
fashion.

We avoid reporting a rigorous and general definition of periodic graph, for which we refer
the interested reader to [11, Definition 4.1.1|, and we rather focus in detail on two subclasses of
periodic graphs. First, we will consider Z-periodic graphs, for us being graphs obtained gluing
together in a Z-symmetric pattern infinitely many copies of a given compact graph (see Figure
2 for some examples and Section 2 for the precise definition). Second, we will focus on the two-
dimensional square grid (see Figure 3), which we take as a prototypical model for Z2-periodic
graphs.

As for Z-periodic graphs, our main result is the following.

Theorem 1.2. Let G € G be a Z-periodic graph. Then, for every nonempty V. C Vg, every
q € (2,4) and every p > 0, there results £, v (1, G) < 0. Moreover,
(i) if #V < 400, ground states of Eqy in H}L(g) exist for every q € (2,4) and every p > 0;
(1t) if #V = +oo and V is a Z-periodic subset of Vg, then ground states of Eyy in H;(Q)
exist for every q € (2,4) and every u > 0;



F1GURE 3. The infinite two—dimensional square grid Q.

(iii) there exists V (with #V = +00), for which ground states of Eqy in Hy(G) do not exist
for any q € (2,4) and any p > 0.

Theorems 1.1-1.2 establish a similarity between graphs with finitely many vertices and Z-
periodic graphs, since in both classes of graphs the ground state level &,y is always strictly
negative and ground states always exist when the number of point defects is finite. However,
since on Z-periodic graphs it is possible to have infinitely many point defects, the existence
of ground states may be affected also by a loss of compactness at infinity. On the one hand,
Theorem 1.2(ii) shows that, when the set of point defects V' is infinite but is itself Z-periodic (i.e.
it has the same periodicity of the graph, see Section 2 below for a precise definition), one recovers
enough compactness to ensure existence of ground states. On the other hand, even though at a
first glance the periodicity of V' may seem a quite restrictive assumption, Theorem 1.2(iii) proves
that, dropping it, one can easily exhibit infinite sets V' for which existence of ground states is
ruled out, independently of ¢ and .

Let us now turn to the two—dimensional square grid Q with edges of unitary length (Figure 3).
This is, in our opinion, the most interesting case discussed in this paper, since new phenomena
occur, revealing a strong dependence of the ground state problem not only on the dislocation of
point defects, but also on their total number, in contrast to the other graphs considered so far.

We begin by assuming that V is finite. In this case, we have the next general result.

Theorem 1.3. Let Q be the two—dimensional square grid. Then, for every nonempty V C Vg
with #V < 400 and every q € (2,4), there exists a critical mass g > 0, depending on V' and g,
such that

=0 of p<py

<0 ifp>py.

Eqv (1, Q) {

Moreover,
(i) if p < g, ground states of Eq v in Hﬁ(Q) do not exist;
(i) if pp > py, ground states of Eq v in Hﬁ(Q) exist.
Furthemore,
lim pu>=0.
g—2+ Ha
This theorem describes a general, abstract feature of the energy E,y on the grid: when the
number of point defects is finite, independently of any other properties of V', the ground state
level undergoes a sharp transition from 0 to strictly negative values as soon as the mass crosses
a threshold pg. This is sensibly different with respect to all graphs discussed before and suggests
that in presence of Z?-periodicity, finitely many nonlinear point defects are not strong enough
to trap ground states at small masses. It is also worth noticing that this is a purely nonlinear
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effect, since it is easy to prove that ground states with linear point defects (i.e. the energy above
with ¢ = 2) always exist on Q (see Lemma A.3). This is further confirmed by the asymptotic
behaviour of the critical mass i, as g approaches 2 obtained in Theorem 1.3.

In the special case of V' containing a single vertex, it is also possible to derive qualitative
properties of ground states.

Proposition 1.4. Let Q be the two-dimensional square grid and V. = {V}, for some given
VeVg. Letue Hj(Q) be a ground state of By (which exists for every q € (2,4) if p > py by
the preceding result). Then u is radial and radially decreasing on Q with respect to V.

We point out that the radiality of ground states is by no means trivial. Usually, this property
follows from rearrangement techniques that provide Polya—Szegd type inequalities. In general,
the validity of such inequalities (e.g. for functions on RY) depends in a crucial way on the
isoperimetric properties of balls. Unfortunately, it turns out that, on grids, metric balls are not
isoperimetric sets. Therefore, all rearrangement inequalities based on this fundamental property
simply do not hold. This is the reason why there is no symmetry result for problems with
standard nonlinearities on grids. In the case of a single point defect, however, we prove that the
use of classical rearrangement inequalities can be replaced by a new type of argument, essentially
based on spherical means, that allows one to obtain the result of Proposition 1.4.

Next we consider infinite sets V' C Vg. As already pointed out when dealing with Z-periodic
graphs, in this case it is reasonable to expect that some structural properties of V' are needed to
obtain ground states. To this end, we introduce the next definitions.

Definition 1.5. A subset V C Vg is called Z-periodic if there exists a vector v € R?\ {0} such
that

(1) V=V + kU, for every k € Z, and

(ii) there exist Py € R? and r > 0 such that |(V — Py) - 5| < r for every v € V.

Definition 1.6. A subset V C Vg is called Z?-periodic if there exist two linearly independent
vectors vy, vy € R?\ {0} such that

V =V + k107 + kot Vki, ko € Z.

Observe that, by definition, a Z-periodic set V' in Q contains infinitely many vertices, but they
are all contained in a strip bounded in one direction.

The next result provides a complete characterization of the ground state problem in presence
of point defects on a Z-periodic set, unravelling the appearance of a rather unexpected threshold
not only on the mass p, but also on the nonlinear power g.

Theorem 1.7. Let Q be the two-dimensional square grid and V. C Vg be Z-periodic. Then

(i) if q € (2,3), there results &y (n, Q) < 0 and ground states of Eq v in H;(Q) exist for
every pu > 0;

(ii) if q € [3,4), there exists a critical mass py > 0, depending on q and V', such that

=0 ifu<pug

<0 if p>py

Eqv (11 Q) {

and
(i4.1) if p < py, ground states of Eqy in H;(Q) do not exist;
(ii.2) if p > py, ground states of Eq v in H:L(Q) exist.

The situation is simpler for Z2-periodic sets of point defects.

Theorem 1.8. Let Q be the two-dimensional square grid and V. C Vg be Z2-periodic. Then,
for every q € (2,4) and every pn > 0, E,v(p, Q) < 0 and ground states of Egy in Hﬁ(Q) exist.



Comparing Theorem 1.2 with Theorems 1.3-1.7-1.8 plainly shows that, on periodic graphs,
the ground state problem we are considering is strongly sensitive to the degree of periodicity
of the structure. When the degree of periodicity is the least possible (i.e. G is Z-periodic), the
behaviour of &,y is rather trivial and even a single point defect is enough to make it strictly
negative. As soon as the degree of periodicity increases, on the contrary, the total number of
point defects starts playing a nontrivial role. Looking at Theorems 1.3-1.7-1.8 on the two—
dimensional square grid, one sees that the main difference arises in the behaviour of &,y at
small masses. When the number of points defects is finite, & v is equal to 0 as soon as the mass
is small enough (and ground states do not exist). If the number of point defects increases this
phenomenon ceases to rule the problem, but infinitely many defects are not always enough to
make &, v strictly negative for every value of ¢ and p. On the contrary, Theorem 1.7 suggests that
whenever the point defects are infinitely many, but constrained inside a strip which is bounded
in one direction, the negativity of £ 1 at small masses is recovered only for sufficiently small
nonlinearity powers ¢. Strictly speaking, Theorem 1.7 proves this fact only for Z-periodic sets
V, but it is easy to check that the argument of the proof can be generalized to obtain the same
behaviour of £,y on sets V with infinitely many vertices all contained in a strip of R? bounded in
one direction (with a threshold on ¢ possibly different than 3). If one further expands V', taking
e.g. Z*-periodic sets, Theorem 1.8 shows that the strength of point defects is then sufficiently
large to ensure the negativity of &, for every ¢ and p.

A heuristic explanation for this phenomenology is the following. When the mass p is small, if
the energy E, v (u, Q) of a function u € H }L(Q) is low, it is easy to prove that u is uniformly small
on Q. In particular, each term of the sum .y [u(Vv)|? is small, and so is the sum if we have
few vertices v in V or large powers g. On the contrary, since v is widespread on Q, the structure
of the grid forces u to run through a large number of vertices, and this contributes to enlarge its
kinetic energy ||u’|\%2(Q). Since the sign of E,y (u, Q) is the result of the competition between
the kinetic energy and the total contribution of point defects, this provides a rough intuition
of why finitely many defects are not enough to make ) - [u(v)|? overcome the kinetic energy
at small masses, as well as why this starts to occur first at small values of ¢ when V' contains
infinitely many vertices confined in some strip of R2.

We observe that, even though Theorems 1.3-1.7-1.8 have been proved here only for the two—
dimensional square grid ©, we believe that they unravel the main features of the problem on
general Z2 periodic graphs. We decided to work with the square grid because computations and
proofs are particularly transparent, but we are confident that all the arguments developed here
can be generalized with small effort to cover any given Z>-periodic graph.

We point out that a nontrivial dependence of the ground state problem on the degree of
periodicity of graphs has been observed also for the model with diffuse, standard nonlinearities
only (see the series of works [5,6,23]). In that context, a comprehensive understanding of
the problem is by now available, based on the relation between the degree of periodicity of the
graph and the validity of certain Sobolev and Gagliardo—Nirenberg inequalities peculiar of higher
dimensional spaces. Conversely, the general portrait for point defects on periodic graphs is far
from being understood. The results of the present paper shall thus be seen as a first step in this
direction and a starting point for future investigations of the problem on general Z™-periodic
graphs, with n > 2.

To conclude this introduction, we remark that the periodicity assumptions on V' in Theorems
1.7-1.8 are somewhat natural to guarantee enough compactness in the search for ground states.
Analogously to what happens on Z-periodic graphs, when these assumptions are dropped it is
not difficult to exhibit sets of point defects on Q for which ground states never exist.

Theorem 1.9. Let Q be the two—dimensional square grid. There exist sets V C Vg that

(i) satisfy Definition 1.5(11) but do not satisfy Definition 1.5(i); or

(ii) satisfy Definition 1.5(1) but do not satisfy neither Definition 1.5(ii) nor Definition 1.6,
and for which ground states of Eqv in H;(Q) do not exist for any q € (2,4) and any p > 0.
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The remainder of the paper is organized as follows. Section 2 collects some basic definitions
and preliminary results. Section 3 describes a general framework for the study of &, 1, on metric
graphs. Section 4 deals with graphs with finitely many vertices and with Z-periodic graphs,
proving Theorems 1.1-1.2. Section 5 proves the results on the grid Q with finitely many point
defects, i.e. Theorem 1.3 and Proposition 1.4, whereas Section 6 discusses the case of infinitely
many point defects on Q@ and gives the proof of Theorems 1.7-1.8-1.9. Finally, Appendix A
collects some results about linear problems related to those studied in the paper.

Notation. In the following, whenever possible and depending on the context we will use simpli-
fied notations as E(u), Ey(u) and E(u), & () in place of Eqy(u,G) and & v (1, G), making use
of the full notation only when necessary to avoid confusion.

2. PRELIMINARIES

We begin recalling some preliminary definitions and estimates that will be largely used in the
forthcoming sections.

2.1. Z-periodic graphs and the two—dimensional square grid Q. Since we will use it in
some arguments later on, we briefly recall here the rigorous definition of Z-periodic graph we
adopt, taken from |23, Section 2|.

Let K € G be a connected compact graph, i.e. a graph with a finite number of vertices and
edges, all of finite length. Let D and R be two non-empty subsets of Vi and ¢ : D — R be a
function such that

(i) DN R = 0;
(i) o is bijective.
Consider then G := | ;o5 Ki, where KC;, D;, R; are copies of K, D, R respectively, for every i € Z,
and, thinking of ¢ as a map from D; to R;y1, say that two vertices v,w of G are equivalent,
writing v ~ W, if either

(a) v,w € K;, for some i € Z, and v =w; or

(b) ve€ D;, w € Rjy1, for some i € Z, and o(V) = W; or

(¢) V€ Rijt1, W € Dy, for some i € Z, and o(W) = V.
It is not difficult to show that this is an equivalence relation on Vg. We then say that the
quotient G := G/ ~ is a Z-periodic graph with periodicity cell K and pasting rule o (see Figure
4 for a concrete example).

With this definition of Z-periodic graph it is also immediate to give a precise notion of Z-
periodic subsets V' of Vg. Indeed, if G is a Z-periodic graph with periodicity cell I, we say that
V C Vg is a Z-periodic set in G if there exist vi,...,Vy, € Vi such that

V= J{vi,....vi},
1EZ
where Vﬁ, Lo,V e Vi, denote, for every ¢ € Z, the copies of vi,...,V, in K;.
Remark 2.1. For a detailed discussion of this definition of Z-periodic graphs and a comparison

with the general definition of periodic graphs as in [11, Definition 4.1.1], we refer to [23, Section
2 and Appendiz A].

Clearly the two—dimensional square grid Q does not satisfy the above definition of Z-periodic
graphs. In this paper, we will often think of Q = (Vg,Eg) as the subset of R? with vertices on
the lattice Z? and edges between every couple of vertices at unitary distance in R?, so that

v € Vg = (i,j) € Z? C R

and
Eo =E%L UEY,



A e ——— Y ) - _

€Ty n - - -
D= {ylayQ} R = {$lax2}
o(y1) = x1, 0(y2) = 22
FIGURE 4. Example of a compact graph K, the sets D, R, the function o (on

the left) and the corresponding Z-periodic graph (on the right) according to the
definition described in Section 2.

with
h-:{m+1) {j} CR%i,j ez}
S = {{i} x (j,j+1) CR* i,j € Z}.

Sometimes it will also be convenient to think of O as the union of infinitely many horizontal and

vertical lines in R2, that is
=(Um)u(Un).
jez i€z
with H; being the line of equation y = j and V; that of equation x = 4, for every i, j € Z.
2.2. Gagliardo-Nirenberg inequalities. Since they will be frequently used in the following,
we recall the following Gagliardo-Nirenberg inequalities, that hold on every noncompact metric
graph G:

[y < Collull Fa [ sy V€ HYG), Vp > 2, (2)
lulie ) < Cocllullzz) I 2y, Vu € HY(G), (3)

with C), C suitable constants depending on G. Furthermore, if G is the two-dimensional grid
Q, then also the next Gagliardo-Nirenberg inequality holds (see [6, Theorem 2.3|):

lulls oy < Milluliao) 17225, Vue H'(Q), Vp > 2, (4)

with M, > 0 depending only on p.
A further Gagliardo-Nirenberg type inequality can be derived also for the sum of pointwise
nonlinearities at the vertices of the graph.

Lemma 2.2. For every G € G and q € (2,4) there exists C > 0, depending on G and q, such
that
q q
> 1w < C (g + lullFog) e 2g))  Fue HYG).

veVg

1
Proof. For every v € Vg, let E, be the set of all edges incident at v and set ¢, := min < 1, '3 mﬁgn |e|}
ecliy

Note that, since G € G ensures that infeeg, [e| =@ « > 0, then a/2 < £, < 1 for every v € Vg.
For fixed v, let then e, € E, be a given edge incident at v and let v be identified with 0 along
ey. Then we have

Colu(v)|? — HuH%q(evm[O,Ev]) -

[ =l dy
evN[0,6y]
<€/||u ydz<qe/\u )Ll (2)] dz



which, recalling the lower bound on /¢, yields

2 _
U < 2 [l oy | o O )
ev|0,6y
Note that, by definition of ¢y, if vi and vy are two different vertices in Vg, for every pair of
edges ey, € Ey,, ey, € Ey, the sets ey, N[0, ly,], ey, N[0, 4y,] share at most one point (the one
identified with ¢y, and ¢y, respectively). Hence, summing over v € Vg the above inequality and
using Holder inequality and (2) with p = 2(¢ — 1) gives

2 _
S )l < = full?, o 1/ ult = o d
veVg (UVEVQ (evnl V])) Uvevg (evN[0,&v])
2 2
SQWW(@+Q/WW”UW$<MH +ﬂwp@n)MWm@
2 1/2
< 2l gy + aCyZ Nl g gy
and we conclude. [l

The last estimate we report in this section, given in the next lemma, will be particularly useful
when proving Theorem 1.7 in Section 6.

Lemma 2.3. Let Q be the two—dimensional square grid and G' C Q be a subgraph (i.e. Vg C Vg
and Egr C Eg) with |G'| > 0 and such that

min {Sup# (Vg N Hj) ,sup# (Vg N Vj)} < 400,
jez jez

where H;,V; denote the j-th horizontal and vertical line in Q as above. Then, for every q > 2,
there exists K > 0, depending on G' and q, such that
lall oy < Kllullzolelltaly,  Vu € HY(Q).

Proof. Without loss of generality, suppose that

min {sup# (Vgr N Hj) ,sup# (Vg N VJ)} =sup# (Vg NH;)=:R.
JEZ JEZ JEZ

For every j € Z, every e € Egr N H; (if any) and every « € e, we have

fu(z)|? < / (jul?] dy < q / = ed | dy
H; H

J J

so that, integrating on e and summing over e € Eg: N H; (recalling that there are at most R of

such edges), there results
| ity <ar [ u g
G'NH; H;

J
Summing over j € Z and using the Holder inequality we obtain

1
0l igre,, my < IR / [l oty < qRIul %5 o 1 220
and applying (4) with p = 2(¢ — 1) yields

lulfugny,, ) < Cllulzll 153, (5)

for a suitable C' > 0 depending on ¢ and R.
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Now, since Eg» C Eg and # (Vg N H;) < R for every j, the number of vertical edges in G’
between H; and H,i; is bounded from above by R uniformly on j. Arguing as above, for every

such edge e (if any) we have
oy < [ Iuildy.
eUH;

J
so that, summing first over all vertical edges e € Eg/ between H; and H;41, and then over j € Z,
we obtain

. SR/ \wmmm+/ !WMW@SR/KMWM%
L@ Ukea Vi) QNUj ez H; QNUkez Vi Q

and, repeating the previous computations and combining with (5), we conclude. O

3. GENERAL PROPERTIES OF &, v

In this section we start the analysis of the minimization problem &y, developing a general
framework that will then be used in the following sections to deal with the various families of
graphs we are interested in. To this end, we introduce the following notation

/112
AG):=  inf ) (6)

weH (G0} [[w]l72 g

for the bottom of the spectrum of the operator —d?/dx? on G coupled with homogeneous Kirch-
hoff conditions at every vertex of G.

Remark 3.1. Note that, for given G, V and q, the ground state level &, v (-,G) : [0,400) = R
1s continuous with respect to p. Indeed, since every u € Hﬁ(g) can be written as u = \/uv for
some v € H{(G), we have

Eqv(m,G) = inf fi(n)

veH] (9)
where
I
fv(:u) = qu(\/ﬁ’l),g) = 5”7/”%2( - Z ‘U
veV

Since q¢ > 2, f, is a concave function of ju for every v € Hi (g), thus showing that £qy is concave
in w (and therefore continuous).

The first lemma of the section provides general upper and lower bounds on the ground state
level £.

Lemma 3.2. Let G € G and V C Vg. For every q € (2,4) and every pn > 0 there results

oo < Eyuing) < Xy (7)

Proof. The upper bound in (7) is a direct consequence of the definition of £ and A(G). As for
the lower bound, note that it is enough to prove it when V' = Vg, since

S luW)r < Y u(v Vue HY(G),VV C Vg.
vev VEVg

Let then V = Vg. By Lemma 2.2 and inequality (2) with p = ¢, for every u € Hﬁ(g) we have

1/2 c q 3 Tk
Bw) 2 5l gy ~ o (Iullfag) + Il 2yl o))

C 4
- El“ Hullliz(g) )

where C' is the constant in Lemma 2.2. The lower bound in (7) then follows by ¢ < 4. t

1, ,9 1
2 5”” 172(g) [u']|72g)
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In view of Lemma 3.2, we give the next definition.

Definition 3.3. Let G € G and V C Vg. For every q € (2,4), set

A
py := inf {u >0: Evp,G) < (QQ)M} )

The quantity p; plays an important role in the characterization of the behaviour of &, v in
terms of u, as described in the next lemma.

Lemma 3.4. Let G € G and V C Vg. Then, for every q € (2,4), it holds
o €10, 400).
Moreover,
(a) if p € (0, g, then & v(p,G) = @y, but Eq v (u,G) > @,u for every u € H(G) and
every pi € (0, ug);
. . A
(b) if > 1, then Egv (1, G) < 2P p.
Proof. We first prove that py < +oo. To this end, take a vertex v € V, that we identify in the
following with 0, and denote by e;, i = 1,..., N, the edges incident at v. Setting £ := 1Lni<nN leil,
<i<

we define a function uy; € HY(G) as

M —x) on eNI[0,¢, Vi=1,...,N
upy () =
0 elsewhere.

Plainly, If M — 400, we have ||UMH%2(g) — 400 and
1,1

E(upy) = §NM 0 — MU <0.
q

Hence, £(p) < 0 if p is sufficiently large, entailing 45 < +o0.
We now prove (b), i.e. E(u) < (g)u for > py. Fix g > py and observe that, by definition

< 29

of uy, there exists p1 € (g, ) such that E(u1) < =5~ 1. In particular there exists u1 € Hﬁl(g)

such that E(u1) < (2 ),ul Since > p1,

e < B (/L) = 3 Lty - 1 (£ ) Sl < Lp) < 2 @

e veV
which proves (b).

Let us finally prove (a). Clearly, if u; = 0 there is nothing to prove. Assume then gy > 0.
Then by definition of y it follows that &(u) > Mu for every p € (0, 1), while () < @u
by Lemma 3.2. Hence, £(u) = (g)u for every p € (0, u1), and thus also at u = p; by Remark
3.1. Moreover, suppose by contradiction that there exists p € (0,4)) and u € H,(G) such
that E(u) = )‘(g)u We first note that v # 0 on V. Indeed, if this were not the case, then u
would satisfy Hu’||L2(g) MG )||u||L2(g) If A\(G) = 0, this is impossible because u € H;(g) and

u = 0 on V by assumption. If A\(G) > 0, u would be an eigenfunction associated to the first
eigenvalue A(G) of the operator —d?/dx? with homogeneous Kirchhoff conditions at every vertex
of G. Since such eigenfunctions (when they exist) do not vanish anywhere on G, this would

provide a contradiction. Fix now p1 € (i, py) and define v := , /ﬂu € H}“(g). Arguing as in

(8) and making use of u # 0 on V, one obtains that £(u1) < (2 ) 11, contradicting the fact that

p1 < pg and concluding the proof. (Il

As for the dependence of iy on the nonlinearity power ¢, we have the following general relation.
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Lemma 3.5. Let G € G and V C Vg. If uz = 0 for some g > 2, then ug = 0 for every q € (2,7

Proof. Fix g > 2 and suppose that p7 = 0. By Lemma 3.4, E(pn) < @,u for every p > 0, so

that there exist (u),>0 such that u, € H(G) and Eg(u,) < @u for every u > 0. Note that,
as in the final part of the proof of Lemma 3.4, u, # 0 on V. By Lemma 2.2 and (2), this yields
1 A9) 7.1 7 7 2
gy < 2P+ cout g + Cut i g,
which shows that (u,)u>o0 is bounded in H'(G) when yu is sufficiently small, and thus by (3)
it follows that [u,l/ze(g) — 0 as p — 0. Hence, |u,(V)| < 1 uniformly on v € V as p — 0.
Therefore, if ¢ € (2,7], then

DMCIEEDS <q|uu<v>|q-q) 72 3 (V)

veV q veVv q vev

which entails & (n) < Eq(u,) < Eg(u,) < @,u, for every u >0, i.e. py =0. O

The previous lemma suggests the following definition.
Definition 3.6. Let G € G and V C Vg. Set
q* :=inf {q € (2,4) : fy > 0},
where, for every q € (2,4), ty 1S the number introduced in Definition 3.5.

Exploiting ¢* and py it is then possible to provide a general description of the behaviour of
&q,v in terms of both ¢ and p.

Lemma 3.7. Let G € G and V C Vg.

(4) If ¢ = 2, then pgy > 0 for every q € (2,4);
(ii) if ¢* = 4, then py = 0 for every q € (2,4);
(iii) if ¢* € (2,4), then uy =0 for every q € (2,q") and py > 0 for every q € (¢*,4).

Proof. Points (i) and (ii) are obvious in view of Definition 3.6, as well as u; = 0 if ¢ € (2,¢%)
whenever ¢* € (2,4). To conclude, let us show that py > 0if ¢ € (¢*,4) when ¢* < 4. Suppose by
contradiction that there exists q1 € (¢*,4) such that p3, = 0. By Lemma 3.5, it would then follow
that uy = 0 for every q € (2, q1], that is ¢* > ¢1 by definition of ¢*, providing the contradiction
we seek. O

Remark 3.8. It is easy to ezhibit ezamples of G and V' for which ¢* € (2,4) and pg. > 0 (see

e.g. Theorem 1.7). However, in general we are not able to say whether this is always the case or
pig- = 0 for suitable choices of G and V' for which ¢* € (2,4).

Up to now, all the results of this section refer to properties of the ground state level &; 1. It
is however evident that nothing we said so far is enough to ensure the existence of ground states
with prescribed mass, as this requires compactness properties that depend on G and V. We
conclude this section with a first general result in this direction, providing an existence criterion
for ground states in the case V is finite.

Lemma 3.9. Let G € G and V C Vg be such that #V < +oo. If, for some q € (2,4) and pu > 0,

A9)

Eqv (1, G) < —~n, 9)

then ground states of Eqyv in H},(G) exist.
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Proof. Let > 0 be such that (9) holds and consider a minimizing sequence (uy)n C H; (G) for
E,ie. E(up) — E(u) as n — +o00. By (9), (3) and the fact that d := #V is finite we have, for
sufficiently large n,

A9)
2

2du%

1
p> Euy) > 5||U%||%2(g) - [unl 72(g):

i.e. (up)y is bounded in H'(G) since ¢ < 4. Thus, up to subsequences, u,, — u weakly in H'(G)
and u, — u strongly in L{¥ (G). In particular, since V' has finite cardinality, u,(v) — u(v) for
every vV € V. Hence, by weak lower semicontinuity

E(u) < liminf E(u,) = E(p)

n—-4o0o

and

m = ||ulF(g) < liminf un|ag) = 4.

Clearly, if we prove that m = p, then u € Hﬁ(g) and £(pu) = E(u), that is u is the required
ground state. Let us thus show this arguing by contradiction.

Suppose first that w = 0 on V. Then u,(v) — 0 as n — +oo for every v € V and, since V
has finite cardinality, this implies

. 1 . MG
£ = tm B(u)= 1 tim % =

contradicting (9). In particular, this rules out the case m = 0.
Suppose then that 0 < m < g and u #Z 0 on V. Since u,, — u weakly in H*(G), as n — 400
it follows that

Jtn — wll2g, = 1 =m0 + o(1)
= |72y = lunllizg) — W17y + o(1)
[un (V) — u(V)|? = |up (V)9 — u(V)]? + o(1) uniformly on veV,
so that
E(up, —u) = E(u,) — E(u) + o(1) . (10)
On the one hand, since 4 > m and g > 2,

e < B\ 2) = 321l 1 (£)F X vy < L

vev

entailing
m

E(u) > Eé’(u). (11)

On the other hand, since for large n, ||Ju, — u||%2(g) < p, and q > 2,
W <E (L —w)| < L B(un —u),
Hun - U||L2(g) Hun - ’LL||L2(g)

from which it follows
w—m

it Bun ) 2

£ (). (12)

Therefore, combining (10), (11) and (12) we obtain

w—m m

prm— 1 > 1 i -
E(w) nETooE(u”) > Eg}rggE(un u) + E(u) > p m

which is a contradiction. Hence, m = u and the proof is complete. O
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4. GRAPHS WITH HALF-LINES AND Z-PERIODIC GRAPHS: PROOF OF THEOREMS 1.1-1.2

This section is devoted to the proof of our main results concerning noncompact graphs with
finitely many vertices and Z-periodic graphs, namely Theorem 1.1 and Theorem 1.2 respectively.
Recall first that, if G is any of these graphs, then (see e.g. Lemma A.1 below)

MG) =0. (13)

Proof of Theorem 1.1. Since G contains finitely many vertices, by (13) and Lemma 3.9, to prove
existence of ground states of Egy in H, ;(g) it is enough to show that &; v (1, G) < 0. Moreover,
to show that this is true for every > 0, by Lemma 3.4 it is enough to show that p; = 0, that
amounts to constructing a sequence of functions (u,),~0 such that u, € Hﬁ(g) and E(u,) <0
as pp— 0T,

To this end, since G is a noncompact graph with finitely many edges, we can write G =
Ku U,f\il ‘H;, where K is the compact core of G and H;, i =1,..., N, are the half-lines of G. For
every & > 0, let then u. € Hj(G) be defined as

us () =

g2ee"® if x € H;, forsomei=1,... N
€2 itz e .

Direct computations yield
N
p= <2 + |IC|sq> gta

and
N d
E(ug) = ZEQ+4 — 562(1,
with d := #V. Since ¢ — 0 if and only if 4 — 0 and E(u.) < 0 if € is sufficiently close to 0 by
q < 4, we conclude. [l

We now focus on Z-periodic graphs. Before proving Theorem 1.2, we give the next existence
criterion for ground states in the case of sets V' that are Z-periodic in Vg according to the
definition given in Section 2.

Lemma 4.1. Let G € G be a Z-periodic graph and V. C Vg be a Z-periodic set. If, for some
q € (2,4) and p > 0, there results £, v (1, G) < 0, then ground states of Egy in Hﬁ(g) exist.

Proof. The argument of the proof is very similar to that of Lemma 3.9. Let £(u) < 0 and
(Un)n C Hj(g) be such that E(u,) — £(p) as n — +oo. Furthermore, exploiting the periodicity
of both G and V| there is no loss of generality in assuming that each u,, attains its L> norm on
the same compact set K C G (independent of n). By Lemma 2.2, (2) and ¢ < 4 we have that,
up to subsequences, u, — u weakly in H'(G) as n — +o0o. As in the proof of Lemma 3.9, if
[ull?, g) = M» we conclude.

To show that |lullz2g) # 0 note that, since |[un|foc(g) = |[unllzeo(k) for every n and the
convergence of u, to u is uniform on compact sets, if it were ©v = 0 we would have u, — 0 in
L*>°(G). By Sobolev embeddings it would then follow, for a suitable constant C' > 0 independent
of n,

) —2
Z lun(V)|? < ”UnH%oo(g) Z |un (V)[? < C”“ﬂ”%oo(g)”“?l”%{l(g) —0 as n — +00,
veV veV

which by weak lower semicontinuity would yield

. |-
E()= lim E(uy)> 5 lim |lup|7eg) 20,

n——+o0o 2 n—~+o0

contradicting £(u) < 0.
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Finally, to exclude that Hu||%2(g) € (0, ) one argues exactly as in the final part of the proof
of Lemma 3.9, just recalling (13) and noting that here the splitting

E(up) = E(un — u) + E(u) + o(1) as n — +0o
holds by the Brezis-Lieb Lemma [19]. O

Proof of Theorem 1.2. We divide the proof in three steps.

Step 1: negativity of £(u). Here we show that, for every Z-periodic graph G, every subset
V C Vg, every ¢ € (2,4) and every u > 0, one always has £(u) < 0. Note that, by (13) and
Lemma 3.4, to prove this it is enough to construct functions u. such that [uel[r2(g) — 0 and
E(us) < 0 when ¢ — 0. Furthermore, it is clear that it is sufficient to obtain the result for
V = {V} for a fixed V € Vg, since if V' contains more than one vertex the term ) .y |u(V)|? is
not smaller than the value of |u|? at any given point of V.

Let then V = {V}. Since G is a Z-periodic graph according to the definition given in Section
2, let KC, D, R be the corresponding periodicity cell and subsets of V. Let

Ly :={e € Ex : there exists a unique v € D such that e = v}

be the set of edges being incident at exactly one vertex v in D, and set [ := mineer, |e|,
m = #Lx and
K=K\ | (enfo,n),
ecLx
where on each edge e € Li the corresponding vertex v in D is identified with 0.

For the sake of simplicity, let us first assume that there are no edges in K joining vertices in
D. For every € > 0, let then u. C Hﬁ(g) be defined as

g2e=eli+1)i—2] if x € en|0,!], for some e € Lx, and i € Z
ue () =

g2eelill if x € K;, for some i € Z,

where as usual Li, and IEZ are the copies of L and K in IC; for every i € Z. Note that, exploiting
the periodicity of G if necessary, there is no loss of generality in assuming that u.(V) = 2. As
¢ — 07 we then have

2le? K
_ ~e? 41 IK| _ _
H= Huauiz(g) =me*™9 + ’K\m& = (m + T g9+ 0(64 )

and )
m g4 _ €
2

since ¢ < 4. This proves the claim of Step 1 when there is no edge in K joining vertices of D. To
adapt the construction to cover this second case, however, it is enough to set u. = g2e—¢*Ii+1i

on each of such edges in I%l and repeat the previous computations.

Step 2: proof of (1) and (ii). If V is such that #V < 400, the existence of ground states of
E in H(G) for every q € (2,4) and every p > 0 follows by £(u) < 0, (13) and Lemma 3.9. The
same is true if V' is a Z-periodic subset of Vg, simply using Lemma 4.1 in place of Lemma 3.9.

Step 3: proof of (iii). Given G, we construct a set V C Vg with #V = 400 such that ground
states of Eyy in H i(g) never exist, independently of the values of ¢ € (2,4) and p.

To this end, let V be a fixed vertex of the periodicity cell K of G, let V; be the corresponding
vertex in K;, for every i € Z, and call V the union of all the V;’s. Let a, := n(n + 1), n € N,
and set

1 1,
B(uc) = 5 llutliag) — eI = <0

V:={V; |i# an, Yn € N}.
Note that, for every n > 0, between V,,, and Vg, ., (that are not in V') there are 2n4-1 consecutive
copies of v, all in V.
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We now show that, if u € H;(g) is such that u > 0 everywhere on G, then there exists

w e H;(g) such that E, v (w,G) < E4v(u,G). This, together with the fact that ground states,
when they exist, do not vanish on G, implies that for this choice of V' ground states never exist.
Let then u € Hﬁ (G), u > 0on G, be fixed. Since by construction V' is strictly contained in the

set V and v > 0, we have
Do W< Y (vl
vev vev

both sums being finite by Lemma 2.2. Therefore there exists N € N such that

N
Do @) > fu(v)). (14)
1=—N

veVv
Let now w € H ;(g) be the function obtained by composing v with the discrete translation on G
that, for every ¢, maps each point in /; into its copy in Kit., (where ¢y is the midpoint between
any and ay41).

By definition, [|w'||;2(g) = ||| 12(g) and, since V; € V for every i = an +1,...,an41 — 1, by
(14),
CLN+1—1 N
Do lwWT> YT jw@) =Y @) > Y uv)),
vev i=an-+1 1=—N veV

in turn implying that E(w) < E(u) and concluding the proof.

5. THE GRID Q WITH V FINITE: PROOF OF THEOREM 1.3 AND PROPOSITION 1.4

Here we begin our analysis of the minimization problem &y on the two-dimensional square
grid Q, focusing on sets V' C Vg with #V < 4o00. Since this section is rather long, it is divided
in two subsections: in the first one we introduce and discuss a new minimization problem on the
half-line RT, whereas in the second one we show how that is related to our original problem on
Q and we use it to prove Theorem 1.3 and Proposition 1.4.

5.1. A new minimization problem on R*. Let g : Rt — [4, +00) be defined as
4 it 2 € [0,1]
= 15
9() {4(2;;:—1) ifz>1 (15)
and set

HY(RY, gda) = {U RY SR [olZe@r gan + 10122 @t g0

- /]R+ () Pg(z) d:r—l—/ /(@) g(x) do < +oo}

R+
Clearly, by (15), H'(R*, gdz) C H'(R") and is a Hilbert space endowed with the norm above.
For fixed @ > 0, define E,, : HY(R", gdz) — R as

Bualo) = 3101 agee gany — SOOI (16)
and set
X,i= {ve H' R 9d2) [0 < [0l Fagar yar) < )
and B B
Eqalp) := vie%gu Ega(v).
Note that

P 2
Eqalp) < UIEI§M EHU’/HLQ(RJF,gdx) =0. (17)
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As usual, we say that v € X, is a ground state of Eq@ on X, if
Eq,a(u) = gq,a(/")'
The aim of this subsection is to prove the following result.

Proposition 5.1. For every q € (2,4) and every o > 0 there exists a threshold i > 0, depending
on q and o, such that for every u € (0, ) there results

Egalu)>0 YueX,.
Before proving Proposition 5.1, we need the next two lemmas.

Lemma 5.2. Let g € (2,4), a >0 and p > 0 be fized. If gq a(p) < 0, then there exists a ground

state ofE a on X,. Furthermore, if u € X, is a ground state of Eqa, then ||uHL2(RJr gdz) = M
and there exists A € R such that
(' g) = Nug on (0,1) U (1, +00) -
4/, (0) = —ar|u(0)|72u(0) .

Proof. Note first that, by the Gagliardo—Nirenberg inequality (3) on Rt and g(x) > 1 for every
x € R, there results for every u € X,

- 1, e o q/2 q/2
Bya(w) > 50 aqee gany = — o Nl o 1 NG
CQ/ 9 9
> o Baer gy — H%M@H Nt g )
1 (7q/2 2
2 iHUIH%Q(RﬁL,gdx) B q H H%/Q R+,gdz)’

which shows that £, (1) > —oo since ¢ < 4.
Let then (uy), C X, be a minimizing sequence for (16), namely

0 < l[unllfo@s gary S i and  Egalun) = Egaln)  asn — +oo.

The previous computation shows that (u,), is bounded in H'(R*,gdz), and thus also in
H'(RT). Hence, up to subsequences, there exists v € H'(R") such that u, — u weakly in
HY'(R*) and u,(0) — u(0) as n — +o0. Moreover, since

[ tun@P gla)do <
R+

there exists v € L*(R™) such that, up to subsequences, \/gu, — v weakly in L*(R") as n —

400, so that by the uniqueness of the distributional limit it follows that, up to subsequences,
VIun — \/gu weakly in L?(RT) as n — +o00 and

2 . . 2
Hu||L2(IR{+,gdm) < lnlgilolof ||un||L2(R+,gd$) < K

Arguing analogously we have also that, up to subsequences, \/gu,, — \/gu’ weakly in L*(R") as
n — +oo and

”u/||%2(R+,gdz) < Eﬂlﬂg ||U,n||%2(R+,gdx)-
Therefore, if we show that u #Z 0 on RT, we obtain u € X u and
gq,a(u) < Eq,oc(u) < IT}I_I:_;,I_I;E' Eq,a(un) = gq,a(ﬂ) )

i.e. u is the desired ground state.
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Assume thus by contradiction that v = 0. This implies that u,(0) — 0 as n — 400, in turn
yielding

- ~ 1
Epalp) = T By a(um) > liminf o / i, ()% g(x) dz > 0,
R+

n—-+0o0o n—-+o0o

which contradicts the fact that EN(W (1) < 0 by assumption. Hence, if gq@ (1) <0, then a ground
state exists. _ _
Let now u € X, be such that E, o(u) = & o(p). Note that u(0) # 0, since if this were not the

case we would have £, ,(1) = Ega(u) > 0, contradicting (17). Assume that ||uH%2(]R+ gdn) =

m < p. Then, setting v := 1/%% we obtain HU”%?(Rtgdx) = u, so that in particular v € X,

and

> Pl pAEQ P =
Eqa(v) = S lt2@+ gan) — (E> g\u(0)|q < Egalu) < Egalp),

which is a contradiction. Hence, if u € X, is a ground state of E’(m, then Hu||2L2(R+ gdz) = H-
This also shows that

gq’a(ﬂ) = inf {Eq,a(u) Tu e Hl(R+,gd.’L'), HUH%Q(R+,gd$) = :U'} >

and writing the Euler-Lagrange equations of this minimization problem proves the existence of
A € R for which (18) holds. O

Lemma 5.3. Let q € (2,4) and o > 0 be fized. If, for every p, u, € X, is such that Eq,a(uu) <0,
then as u — 0T there results

[1(0)] = O (477 (19)

and

1
/0 (@) dz = |up ()1 + o (Juu(0)]?) - (20)

Proof. Combining (3) on R™ with g > 1 and Eq,a(u“) < 0, we have

20C?
|Uu(0)|4 < CgoHUuH%Z(RﬂH%H%Z(Rﬂ < CgoHHULH%?(RJr,gdx) < T°°#|“u(0)|q

that gives (19). Moreover, since for every x € [0, 1],

|uu(x)|2 = |“u(0)|2 + |up(z) — uu(0)|2 + 2y, (0) (up(z) — uyW(0))

and

o) — w01 < [ olar < (| g ) " (2;‘|uu<o>|q)l/2 = offuu(0)]),

we obtain, as u — 0,
[ (@)* = [ (0)* + o(|un (0) ).
Integrating over [0, 1] yields (20). O

We are now in a position to prove Proposition 5.1.

Proof of Proposition 5.1. We prove the claim by contradiction. Suppose that for every u > 0
there exists w = w, € X, such that E, ,(w) < 0. By (17) and Lemma 5.2, this implies that
there exists u = u, € X, such that £, o(1) = Eqa(u) <0, HUH%Q(R+ gdry = H and u solves (18)

for a suitable A € R. As usual, with no loss of generality, we can take u > 0 on RT.
As By ,(u)u =0,

/ [W'|?g dz = au(0)? — A\ (21)
R+
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from which, using Eq@(u) < 0, we also see that A > 0. Then (18) implies that gu’ is increasing
on RT. Therefore it has a limit as 2 — +oo and it is easily seen that this limit must be zero.
This also implies that «/(x) < 0 in [0, +00), so that, by (18), we have

(gu)" = 2¢'u’ + gu” = 29'v' + Agu — g'u’ = g'u' + Agu < Agu on [1,400)

which shows (by a standard application of the Maximum Principle) that gu tends to 0 (exponen-
tially) as z — +o00. Having established that gu and gu’ tend to zero as x — +o00, the following
computations are fully justified.
Multiplying the equation in (18) by gu’ and integrating yields, keeping into account the values
of g(0) and «/(0),
o2

1 d 1
AV _ 12 - _ ! 2 _ _ / 2 _ _
/R o) gu' dr = 5 /R gl P de = =Sl ) = =8l () =

for the left-hand-side. As for the right-hand-side,

)\/ uu' g% dx = )\/ g2i\u|2dx: —>\|g(0)u(0)|2—)\/ u’gy’ da
R+ 2 R+ dl‘ 2 R+

u(0)%472

+o00 1
= —8\u(0)% — 8)\/ u?gdr = —8\u(0)® — 8\ + 32>\/ u? dx
1 0

since ¢ =0 on (0,1) and ¢’ =8 on (1, +00).
Equating both sides and using Lemma 5.3 we then obtain, as p — 0,

(f;u(O)Zq_Z = \u(0)% 4 Ay — 4\ /01 u? dz = A — 3 u(0)% 4+ o(Au(0)?) = A + o(Ap)
or
At = ‘f;u(o)%—? + o(u(0)272) = o(u(0)9)  as u(0) = 0,
since ¢ > 2. Now from this and (21) we see that
Ega(u) = ;/R+ |u'|*g da — %u(())q = %u(O)q— %)\u— %u(O)q =« (; — ;) u(0)?4+o0(u(0)?) >0
as u(0) — 0, contradicting the assumption Eq’a(u) < 0 and concluding the proof. O

5.2. The minimization problem on Q. In this second part of the section we exploit the
analysis of the previous part to prove our main results concerning the minimization problem
Eqv on Q when V is finite. To this end, we first need to recall the notion of radial functions on
the two—dimensional grid Q.

Definition 5.4. A function f: Q — R is radial with respect to the vertexr v € Vg if there exists

f: Rt = R such that f(z) = N(d(ac,v)) for every x € Q, where d(x,V) denotes the (shortest
path) distance between the point x and the vertex V. Furthermore, we say that f is radially

decreasing on Q with respect to V if it is radial with respect to V and f is decreasing on RT.

Remark 5.5. Note that, if f € LP(Q) is radial with respect to vV, one can write Hf”];,p(g) in

terms of the associated f in the following way. For every n € N, denote by B, the open ball in
Q of radius n centered at v. It is not difficult to prove (e.g. by induction) that the number of
edges of Q belonging to Bpi1 \ By, is given by 4(2n+ 1). Then f being radial implies

+00 +oo
o= > [ira=Ydeary [
n=0 n

n=0 eeEQ NBn+1 \Bn €

n+1l
|f|P dx .

The importance of radial functions in our setting is given by the next rearrangement-type
result.
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Lemma 5.6. Let u € H(Q), u >0 on Q, and Vv € Vg. Then there exists w € H(Q), w > 0
on Q, such that w is radial with respect to vV and

lwllfzg) < llullfeggy  w'l7ag) < W l172g) and w(v) =u(v). (22)
Moreover, if u is not radial with respect to v, then the inequalities in (22) are strict.

Proof. Let v € Vg be fixed, take u € H'(Q), u > 0 on Q, and define w : @ — R to be, at every
point x € Q, the mean value of u on the sphere in Q centered at v of radius d(z, V), that is
(recalling Remark 5.5)

1
We(T) i = ———= Z ug(x) if x € eand e € EgNByi1\ By, for somen € N,
4(2n + 1) fGEQﬂB7L+1\Bn

where every edge of Q is identified with the interval [0, 1] so that = 0 corresponds to its closest
vertex to V. By definition, w > 0 on Q, it is continuous and radial with respect to v and
w(V) = u(V). Moreover,

+o00 +oo 1 1 2
HwH%z(Q) = Z Z /wg dx = ;4(271 + 1)/O (4(2n+1) Z uf(a:)> dx

n=0e€EoNBn+1\Bn * ¢ fEEQNB,+1\Bn

§§4(2n+1) /01 (4(27;1) 3 uff(m)) da

fEEQmBn+1\B7L

400
-y ¥ /fug dz = Jul o),

n=0 fE]EQﬂBn+1 \Bn

where we made use of the inequality

n 2 n
(Z a:z> <n Z 3, V(zi)i, CR, neN. (23)
i=1 i=1

Arguing analogously on w’ one also obtains [|w'|| ;2(0y < [|[v/[|12(g). Moreover, since the equality
in (23) is realized if and only if x; = x; for every i,j = 1,...,n, equalities in (22) are realized if
and only if u (and thus u') is radial with respect to the vertex v. O

We can now prove Theorem 1.3 and Proposition 1.4. To this end, recall first that (see Lemma
A.1 below)

MQ)=0. (24)

Proof of Theorem 1.3. To prove the results about &y and the ground states, by (24) and Lem-
mas 3.4-3.9, it it enough to show that u; > 0 for every V' C Vg with #V < +oc and g € (2,4).
To do this, given V and ¢, we prove that for every u € H}L(Q), u > 0 on Q, there exists
v:RT — R such that v € X, and

Eqa(v) < Eqv(u,Q), (25)

where d := #V and X, E, 4 are as in the previous subsection. Note that, once we have this,
Proposition 5.1 implies that £,y (u, Q) > 0 for every u € Hﬁ(Q) as soon as p is small enough,
that is exactly py > 0, and we are done.

To construct v satisfying (25), note first that, since #V = d,

Eqv(u, Q) > §Hu/||L2(Q) - E|U(V)|qa



21

where V := argmaxyey |u(V)|?. Hence, by Lemma 5.6 there exists w € H'(Q), radial with
respect to V such that ||w|]%2(g) < HuH%Z(Q) = and

1 d
5”“’/”%2(9) - alw(‘/)!q < Eyv(u, Q). (26)

Moreover, since the function g as defined in (15) satisfies g(z) < 4(2n+1) for every x € [n,n+1]
and every n € N, by Remark 5.5 it follows that

Hﬁlliz(w,gdm) < ||w”%2(Q)a Hw/||%2(R+7gdx) < ||w,||%2(g)a

where w : RT™ — R is the function associated to w as in Definition 5.4. Hence, choosing v = w,
we have v € X, v(0) = w(V) and

=~ ]. 112 d S—
Bya() < 510 Ea() = o)1,

that together with (26) leads to (25) and completes the proof of ji; > 0.
It remains to show that limg_,y+ py = 2. For every n € N, n > 2, let f, : RT — R be defined
as
logn if x € [0,1]
fn(z) == < logn —logz if z € [1,n)]
0 if x € [n,+00),
and, for a fixed vertex W € V, set (w,), C H(Q) to be wy(z) := n=2f,(d(z,w)) for every
x € Q, where d(z, W) denotes the distance in Q between x and w. By definition, w;, is radial
on Q with respect to w. Furthermore, recalling Remark 5.5 and the definition of f,, direct
computations yields

4 2 e 2 2
vy log”n + z(logz —logn)”dz | < |lwnll72(g)
1

4 9 +o00 )
<—|log"n+3 z(logz —logn)“dx| ,
n 1

+o00 n2
in turn giving, since / z(logz — logn)? dx = e + o(n?) as n — +oo0,
1
oy = ||wn|]%2(g) =0(n?) as n — +00.

Furthermore, again by Remark 5.5 we have that for every n
+oo
i e <12 [ el if?de = 120 ogn.
1
Set then ¢, := 2+ —, so that
n

|wp, (W) |9 = n=@+3) log2+% n, VneNn>2,

and, as n — 400, , — 0 and

1
2n rwn<w>\2+n>

2n 11 [} [Zag

2n logH% n
/12
1_ <0.
[willZ2(0) ( 122n+1) 2

1
This shows the existence of a sequence of exponents g, = 2+ — such that pg, — 0 as n — +o0.
n

1
Eq. (1n) < By, (wn) < 3022 (1

<

N
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Observe now that, arguing exactly as in the proof of Lemma 3.5 and making use of &;, (i) < 0,
it follows that &;(un) < 0 for every g € (2, gn), that is py < p, for every g € (2, gn).
Let then (g,)n, C R be any sequence such that g, — 2% as n — +oo. Since for every n there
~ 1 . .
exists m = m(n) € N such that g, < 2+ — = ¢, and m(n) — +o00 as n — +00, we immediately

have that 0 < szn < pim — 0 as n — +o0. This shows that lim, _,o+ 17 = 0 and concludes the
proof. O

Proof of Proposition 1.4. By Theorem 1.3, if u € H}L(Q) is a ground state of £,y with V = {V},
then E(u) < 0. This implies that (up to a change of sign) u is a positive solution of (1) with

\ (@) = 12 00) (1 - 2> u(M)?  2B(u)
I q I J

The radiality of w with respect to V follows directly by Lemma 5.6. Indeed, if v were not
radial, then Lemma 5.6 would ensure the existence of w € H'(Q) with ||wH%2(Q) < p and

> 0.

E(w) < E(u) < 0. Setting then v := v w we would have v € Hy(Q) and
||wHL2(Q)
%
1 V)|?
B(w) = o3l Ia() - (, i ) O ) < Bw) < B,
Wiz e) Wllz(g) 1 “lliz(g)

which is impossible since u is a ground state.

To show that u is decreasing with respect to V along the radial direction, let u € H'(R*) be
the function associated to u as in Definition 5.4. Looking at Q as embedded in R2 with vertices
on Z? and V at the origin, # is e.g. the restriction of u to the positive part of the z axis. Since
u solves (1) on Q, is positive on Q and radial with respect to V, it is immediate to see that @
satisfies

" = Au on (n,n+1),VneN
4, (0) = —u7~1(0) (27)
u’_(n) = 3u’,(n) Vn € N\ {0}.

Note that the pointwise condition at z = n, for every n € N\ {0}, comes from the fact that, at
the corresponding vertex of Q, u satisfies the homogeneous Kirchhoff condition and, by radiality,
it agrees on three of the four edges emanating from that vertex.

Set now T := sup{t > 0 : @, is strictly negative on [0,¢)}. By (27) and & > 0 on R, we
have T' > 0. To show that % is decreasing on R™, it is then enough to prove that T = +o0.
Assume by contradiction that this is not the case, i.e. T < 4+o00. By definition of 7" and (27),
it then follows that u’ (T) = @/ (T) = 0. Then, again by (27) and & > 0 on R, it follows
that u/ | (z) > 0 on (T, 400), which is impossible since u € H*(R*). Hence, T = +o0o and 7 is
decreasing on RT. O

6. THE GRID Q WITH V INFINITE: PROOF OF THEOREMS 1.7-1.8-1.9

In this section, we take V' C Vg such that #V = +o00 and we prove our main results in this
setting, i.e. Theorems 1.7-1.8-1.9.

Remark 6.1. Comparing Definitions 1.5-1.6 with that of periodic graph given in [11, Definition
4.1.1], it is easily seen that, if V. C Vg is Z-periodic according to Definition 1.5 and ¢ € R\ {0}
is the associated vector, then there exist Vo C V', with #Vy < 400, and Qy C Q, with |Qpy| = 400,
such that
V= W+kd), Q=J(Q+ki) and QNV =T
kEZ keZ



23

Analogously, if V C Vg is Z?-periodic according to Definition 1.6 and @1,7s € R?\ {0} are the
associated vectors, then there exist Vo C V, with #Vpy < 400, and Qy C Q, with |Qpy| < +oo,
such that

V= |J M+kii+ki), Q= ] (Q+ki+ki) ad QNV=".
ki,ko€Z ki,ko€Z

Recall that, by Lemma 3.2 and (24), if V C Vg is Z-periodic or Z2-periodic and ¢ € (2,4),
then

—00 < gq,V(/‘La Q) <0.

The next lemma is the analogue of Lemmas 3.9-4.1 in the context of Z-periodic and Z?-periodic
sets V.

Lemma 6.2. Let Q be the two-dimensional grid, V C Vg be Z-periodic or Z*-periodic, and
q € (2,4). If, for some p > 0, there results E, v (1, Q) < 0, then ground states of Eqy in H}L(Q)
exist.

Proof. The proof is almost identical to that of Lemma 4.1.

If V' is Z-periodic, let (un), C Hj(Q) be such that E(u,) — £(u) as n — +oo. Fur-
thermore, exploiting the periodicity of V' there is no loss of generality in taking u, to satisfy
supycy |un (V)| = maxyey |un, (V)| for every n, where Vj is the set associated to V' as in the first
part of Remark 6.1. Then, arguing as in the proof of Lemma 4.1, up to subsequences we have
that u, — u weakly in H'(Q) and u,, — u in L{ (Q). The same computations in the final part
of the proof of Lemma 3.9 guarantee that either u =0on Q or u € H ;(Q) is the desired ground
state. To rule out the first case, observe that if it were v = 0, then the argument in the proof
of Lemma 4.1 and the fact that Qo NV = Vj, with #Vy < +00 by construction, would imply
Z |un (V)| — 0 as n — +00, in turn yielding £(p) = lim,,—y o0 E(uy) > 0, i.e. a contradiction.

veV
This proves the lemma when V' is Z-periodic.

If V is Z%-periodic, it is straightforward to see that we can take (u,), C H;(Q) such that
E(un) — E(1) as n — 400 and u, attains its L* norm in Qg for every n, where Qp is the set
associated to V' as in the second part of Remark 6.1. Then the proof follows the same argument
already discussed for Z-periodic sets. O

Proof of Theorem 1.7. We split the proof in two parts.

Part 1: g € (2,3). By Lemma 6.2, to show that when V is Z-periodic and ¢ € (2, 3) ground
states of 1 in Hﬁ(Q) exist for every p it is enough to prove that &, v (u, Q) < 0.

To this end, let ¥ = (vy, vy) € R?\ {0} be the vector associated to V according to Definition
1.5 and suppose, without loss of generality, that the origin of R? belongs to V. Moreover, let
R := |vg| + |vy| and note that

Vo |k,
kEZ

where with a slight abuse of notation we identify the vector k7 with its final point in R? (which
is also a point of V for every k € Z, by the periodicity of V).
Consider then, for every € > 0, the function

@e (2, y) = kee SITHD () € R2, (28)

Jepl —e—2
ke i=| —— 29
€ 2 1+€_2€7 ( )

with
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and define u. € H'(Q) as the restriction of . to the grid Q. By construction, u. € H;(Q) and
||uf_:\|%2(g) = pe?. Furthermore, as ¢ — 0T,

S K /2
S ()12 Y ue (k)| > ke Y e =
k=0

_ p—€qR - /2
veV k€EZ 1—e 297%qR

so that

el 4 o(e97h),

2 2 /2
pe” 1 Z pe p
< = — = = q < — _

el 4o <0

as soon as ¢ is small enough and ¢ € (2, 3).

Part 2: q € [3,4). By Lemmas 3.4-3.7-6.2, it is enough to show that x5 > 0. To this end,
for every v € V denote by e, € Eg the horizontal edge for which Vv is the left vertex. Set then
G = U eyv. Since V' is Z-periodic, it follows that

veV
min < sup # (Vg N H;) ,sup# (Vg NV;) p < 400.
JEZ JEL.
Indeed, by Definition 1.5(ii), V is fully contained in a strip of R? parallel to the vector @ and

bounded in the direction 7. Since such strip cannot contain simultaneously both a horizontal line
Hj and a vertical one Vj, for any j,j’ € Z, it follows that at least one between sup # (Vg N Hj)
Z

Jj€
and sup # (Vg N'V;) is finite.
JEZL
Hence, by Lemma 2.3 with ¢ = 3 we have
lullZaign < Kl 2oy Yu € Hy(Q). (30)

Furthermore, since the vertices of V' are by construction in one-to-one correspondence with the
edges of G, for every u € Hﬁ(Q) we obtain

D 1MW) = llullsg Z/ (lw()P = lu()l®) dy

<3 / 2ol | dy
vev vev g

< 3 oy llulagy < 3V MVl 320,

where we used the Holder inequality and (4) with p = 4. Coupling with (30) and plugging into
the definition of F3 leads to

1 1 1
Ba(u) = 5720 = 3 D w2 3l lEx() (1 -
veV

K+ 3v M,

for every u € H ;(Q) as soon as p is sufficiently small, i.e. p5 > 0 and we conclude. O

Proof of Theorem 1.8. By Lemma 6.2, if V is a Z2-periodic subset of Vg according to Definition
1.6, to prove Theorem 1.8 it is enough to show that &, v (i, Q) < 0 for every ¢ € (2,4) and p > 0.

To this end, let ¥y, 7o € R?\ {0} be the two linearly independent vectors associated to V' as in
Definition 1.6, and assume with no loss of generality that the origin of R? belongs to V. Hence,
by the periodicity of V', the vertices k19 + kotUs belong to V, for every ki, ko € Z (here and in
the following we identify again vectors in R? with the corresponding final points).

Let v C Q be a path of minimum length in Q connecting the origin (that by assumption is a
vertex in V') to the vertex v (that is again a vertex in V'), and define the subgraph I'y of Q as

Ty := U (’y + k?1’171) .
k1€Z
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By construction, I'g is connected, has infinite length and contains all the vertices of V' of the
form k07, with k; € Z. Denote also by Ry := || = |viz| + |viy| the length of v, namely, by
construction, the distance in I'g between two consecutive vertices k19; and (k; + 1)07, for every
k1.

Observe that, since the length of  is finite and ¥; and ¥ are linearly independent, there exists

k € N such that k is the smallest natural number for which v+ kv3 does not intersect ~. For
every ko € N\ {0}, define then the subgraph I'y, of Q as

Fk2 =T+ kg%@.
By construction, I'y, N T, = 0 for every ko, k) € N, ko # ki,. Moreover, for every ko € N, Ty, is
2 k5 2 2 2

connected, has infinite length and contains all the vertices of V' in the form kv + k:gAk:Jﬁg, with
k1 € Z. Furthermore, the distance in I'y, between the vertices kjv1 +k2%v§ and (k1+1)v] —}—kQEU_é
is again Ry, for every ki, whereas the distance between I'y, and I'g in Q is kaRo, with Ry :=
k([U2,0| + [V2,4])-

Fix now p > 0 and, for every € > 0, let ¢, k- be as (28), (29) and, as in the proof of Theorem
1.7, set u. € H};(Q) to be the restriction of . to the grid Q. As above, u. € H}L(Q) and
| ul]3. ) = g2y for every ¢ > 0. Moreover, as ¢ — 07 (recalling also the definition (29) of k)

+o0o +o00 400
Z |u€(V)‘q > Z Z ]uE(V)\q > kg Z Z e*EQ(|k1171,;c+k2172,x|+\k1171,y+k2172,y|)
vev ko=0 VEVﬂFkQ ko=0k1=0
+oo +o0 2
> L4 Z €k Z €k R _ pt/ £972 4 o(e972)
jil 15 - 2.9 9
k1=0 ko=0 2q/ q R1R2
so that for every ¢ € (2,4)
2
) Nq/ -2 -2
E(p) < B(us) < Ze®— ————cT“+0(e7%) <0
(1) € Bue) < §e2 = et 4 ofer™?)
taking sufficiently small €. U

Proof of Theorem 1.9. To prove Theorem 1.9(i) it is enough to exhibit an example of a set V
that is not Z-periodic but is contained in a strip of R?, bounded in one direction and unbounded
in the orthogonal one, for which ground states never exist, independently of ¢ and u. To do this,
it is enough to repeat verbatim the argument of Step 3 in the proof of Theorem 1.2. We identify
as usual Q with the corresponding subset of R? with vertices on Z? and we denote by Vi; the
vertex with coordinates (i, j) for every i,j € Z. Let a,, = n(n+ 1), n € N, as in the proof of
Theorem 1.2 and define
V:{vio|z'7£anVn€N}

By construction, V' is contained in the horizontal strip R x [—1, 1] of R?, so that it satisfies
Definition 1.5(ii), but it is not Z-periodic since it does not satisfy Definition 1.5(i). Then,
arguing exactly as in Step 3 of the proof of Theorem 1.2 we obtain again that for every u €
H;(Q), u > 0 on Q, there exists w € H;(Q) (a translation of u along the x axis) for which
E,v(w,Q) < Eqv(u,Q). As this rules out existence of ground states in Hﬁ(Q), it concludes
the proof of Theorem 1.9(i).

To prove Theorem 1.9(ii) it is enough to copy the set used above on every horizontal line,
namely to define

V=A{vij |i#a,VneN, jeZ}.

By construction, V satisfies Definition 1.5(i), since it is periodic in the vertical direction, but it
does not satisfy neither Definition 1.5(ii) nor Definition 1.6. Arguing again as in Step 3 of the
proof of Theorem 1.2, it is easy to show that ground states of E,y in H ;(Q) do not exist for
any ¢ € (2,4) and p > 0, thus completing the proof. O
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APPENDIX A. LINEAR PROBLEMS

In this appendix we briefly collect some results on linear problems that have been used in the
previous analysis and that can be compared with the main results of the paper in the nonlinear
setting.

The content of the next lemma concerning A(G) (as defined in (6)) is standard and well-known
but, since it has been widely used in the paper, we report here a short proof for the sake of
completeness.

Lemma A.1. Let G € G be either a graph with at least one half-line, a Z-periodic graph or the
two-dimensional grid Q. Then A(G) = 0.

Proof. If G has at least one half-line the result is obvious, since in this case 0 < A(G) < A(R) = 0.

If G is a Z-periodic graph with periodicity cell K according to the definition given in Section
2, for every n € N let u, : G — R be such that u, = 1 on K; for every 0 < |i| < n, u, is
linearly decreasing from 1 to 0 on every edge starting at a vertex of IC,, and ending at a vertex
of K41 and on every edge starting at a vertex of K_,, and ending at a vertex of K_,,_1, and
un = 0 elsewhere on G. Since, by periodicity, the number of edges between K, and K1 and
that between K_,, and K_,_1 is finite and independent of n, as n — +o0o0 we have

lunl|2g) = @0+ DIKI+O01), |22 = C.
for a suitable constant C' > 0 independent of n. Hence,
A
0<A9) < lim —————==0

n—-+00 ||UHH%2(Q)

which proves the claim in the case of Z-periodic graphs.

Finally, if G = Q is the two-dimensional square grid, we think of it as a subset of R? with
vertices in Z2. For every n € N, let then @, be the intersection of Q with the square [0,n]? in
R?, and define u,, : @ — R so that u, =1 on Q,,, u, =0 on Q \ @n+1, and u,, decreases linearly
from 1 to 0 on every edge of Q11 \ @y Direct computations show that, as n — 400,

HUHH%Z(Q) =2n(n+1)+ O(n), ”%H%?(Q) =4(n+1),
which is again enough to conclude that A\(Q) = 0. O

Remark A.2. Even though the statement of Lemma A.1 is limited to the families of graphs
covered in this paper, it is evident that the same arguments show that \(G) = 0 on every infinite
periodic graph satisfying [11, Definition 4.1.1].

Let us now consider the following minimization problem. Fix a vertex v € Vg and a parameter
a > 0 and set
B — o)
weH! ()\{0} lwliZsg)
It is straightforward to see that, if A, (G) is attained by some function u € H'(G), then for
every i > 0 there exists v € H }L(g) satisfying

)\a,v(g) =

v = —Aa e on every e € Eg,

Doy Ue(V) = —aw(V) (31)
D esw Ue(W) =0 vw e Vg\{v},
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i.e. the linear counterpart of (1). Furthermore, arguing as in the previous sections, it is easy to
see that A v(G) is attained if it is strictly smaller than A(G). The next lemma, together with
Lemma A.1 above, shows that when G = Q the linear problem (31) has always a solution, in
sharp contrast with the nonlinear case as discussed in Theorem 1.3.

Lemma A.3. For every v € Vg and o > 0, there results —oo < Mg v(Q) < 0.

Proof. By homogeneity, Ay v(Q) = infweH%(Q)(Hw’H%g(Q) — alw(v)[?). By (3), for every w €
H{(Q) one has
lw'[12(0) — alw(V)* = [0l 72(q) — aCsollw | L2(g) ,
so that Ay v(Q) > —o0.
For every n € N\ {0}, consider now the radial function u, € H'(Q) given by u,(z) =

fn(d(z,Vv)), with fy, : [0,400) — R defined as

logn if x € [0,1]
fo(z) :=qlogn —logz if x € [1,n)]
0 if x € [n,+00).

It is straightforward to check, recalling Remark 5.5, that
n
||U21H%2(Q) < 12/1 z|f! (z)|? de = 121ogn,

so that combining with |u,(0)|? = log? n we obtain

HU;LH%Q(Q) — alu, (0)[? 12logn — alog?®n

Al Q= T =l
n L2(Q) n L2(Q)
Since 12logn — alog? n < 0 when n is large enough, we conclude. (I
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