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PEAKED AND LOW ACTION SOLUTIONS OF NLS EQUATIONS
ON GRAPHS WITH TERMINAL EDGES

SIMONE DOVETTA*, MARCO GHIMENTI!, ANNA MARIA MICHELETTI}, AND
ANGELA PISTOIAS

Abstract. We consider the nonlinear Schréodinger equation with focusing power—type nonlinear-
ity on compact graphs with at least one terminal edge, i.e. an edge ending with a vertex of degree 1.
On the one hand, we introduce the associated action functional and we provide a profile description
of positive low action solutions at large frequencies, showing that they concentrate on one terminal
edge, where they coincide with suitable rescaling of the unique solution to the corresponding prob-
lem on the half line. On the other hand, a Ljapunov—Schmidt reduction procedure is performed to
construct one—peaked and multipeaked positive solutions with sufficiently large frequency, exploiting
the presence of one or more terminal edges.

Key words. quantum graphs, nonlinear Schrédinger, least action, terminal edges, Ljapunov—
Schmidt reduction, peaked solutions

AMS subject classifications. 35Q55, 35R02

1. Introduction. A connected metric graph (or network) G = (V(G), E(G)) is a
locally one—dimensional structure built of several intervals, the edges e € E(G), glued
together at some of their endpoints, the vertices v € V(G). The specific way in which
the edges are joined determines the topology of the graph. Each edge e € E(G) is
identified either with a bounded interval I, = [0,£.], £. > 0, or with a (copy of a)
half-line. Functions u = (u¢)ecp(g) supported on G are defined by their restrictions
ue to the edges of the graph, and the functional spaces LP(G), H'(G) etc. are defined
in the usual way (for a wider discussion of definitions and notations on metric graphs,
see for instance the monograph [12]). When a differential operator acting on functions
supported on the graph is defined, we also speak of quantum graphs.

The birth of quantum graphs can be traced back to the first half of the Fifties of
the last century [40], when the spectral analysis of Schrédinger operators on a network
modelling molecular bonds has been proposed to investigate the behaviour of valence
electrons in a naphthalene molecule. Since then, graphs have been assumed to provide
a meaningful tool to model the dynamics of systems confined to ramified domains.

Despite the fact that, in general, to rigorously justify the graph approximation
is still an open problem (see for instance [26, 34] as well as [17, 24] and references
therein), the last decades have been witnessing a renewed interest in the theory of
quantum graphs, mainly driven by a wide variety of applications, e.g. quantum wires,
Josephson junctions, propagations of signals, nonlinear optics and so on. Linear mod-
els have been proposed and extensively studied through the years, and the research in
this setting continues to be significantly active (see the milestone paper [31], as well
as [12] for a thorough presentation of the subject and a detailed bibliography, and for
instance [10, 11, 13, 23, 30] and references therein for some recent developments).
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To date, a huge and constantly growing amount of works are available on the
analysis of nonlinear evolutions on metric graphs too. Among these, physical appli-
cations such as for instance the theory of Bose—Einstein condensates contributed to
gather a prominent focus on nonlinear Schrédinger (NLS) equations as

(11) - iatili(l',t) = Aﬂl)(%t) + W(%fﬂp*lﬁ)(xat) :

Particularly, many efforts have been profused in the analysis of standing waves of
(1.1), i.e. solutions of the form 1 (z,t) = eMu(x), for suitable A\ € R and u solving
the associated stationary equation

(1.2) — " 4+ M= |ulP .

First investigations have been developed on specific examples of graphs with half-lines,
such as star graphs (see for instance [1, 2, 36]) and the tadpole graph [37]. Later,
the problem has been addressed on general non—compact graphs with half-lines, for
which a quite well-established theory of existence of standing waves is nowadays
available (see the series of works [5, 6, 7] for the case of the nonlinearity extended
to the whole graph, and [21, 22, 41, 42, 43] for the counterpart with nonlinearities
restricted to the compact core). Broadening the discussion, several results have been
accomplished also on compact graphs [18, 19, 33] and periodic graphs [3, 4, 20, 38, 39].
Furthermore, similar investigations have been recently initiated on different families
of nonlinear equations too, i.e. nonlinear KdV equation, [35], and nonlinear Dirac
equation [15, 16].

As it will play a crucial role in the subsequent discussion, let us also recall that
existence and uniqueness of solutions of (1.2) on the real line R is well-known since
decades (see for instance [32]). In particular, the unique -up to translations- positive
solution in H'(R) of

(1.3) ~U"4+U=U" mR

is given by

” o= (£20) " o (2522)] 7

Similarly, uniqueness of positive H! solutions of (1.3) holds true also when the equa-
tion is set in RT. In this case, any solution in H*(R™) is given by a suitable translation
U(x — 70)X[0,400), for some xq € R.

From the standpoint of Critical Point Theory, solutions of (1.2) can be identified
at least in two different ways. On the one hand, one can search for critical points of
the energy functional E : H*(G) — R

1 1
E(u,G ::f/u'zdx—i/upﬂdaj
w6 = [[WPds——ts [

in the constrained space of functions u € H'(G) with prescribed mass p?, that is

/ lu|? dz = p?.
g

This is for instance the general framework of [5, 6, 7] and related works, where it has
been shown that the problem is sensitive both to topological and metric properties of
the graph.



On the other hand, given A > 0, one can look for unconstrained critical points of
the action functional I : H'(G) — R

1 1 A
1. I == P de — —— prlg 7/ 2da.
(15) .9) =5 [ wPdr— e [t ie s 3 [

This approach has been exploited in [38] in the case of periodic graphs, and in [27, 28,
29] on star—graphs. Precisely, in [38], minimization on a generalized Nehari manifold
is performed to show existence of least action solutions, whereas in [27, 28, 29] the
focus is set on stability properties of specific critical points of the functional.
Standard variational arguments show that both critical points of the energy with
fixed mass and unconstrained critical points of the action are solutions of the problem

(1.6) S dwyy g Wev,

e~V dx

{ —u” 4+ M = |u/P~tu  on every edge of G

that is they are solutions of the NLS equation (1.2) on every edge of the graph and
they satisfy the homogeneous Kirchhoff condition at every vertex. Here, by e > v we
mean that the edge e is incident at the vertex v, and we use the convention

due / due _ /
ZeW) =u(0) or (V)= —u'(l,)

according to whether the z coordinate on e is equal to 0 or [, at v.

Our work here fits in the investigation of the action functional (1.5). In what
follows, we restrict our attention to compact graphs with at least one terminal edge,
i.e. an edge ending with a vertex of degree 1 (recall that the degree of a graph is the
total number of edges incident at it). For this class of graphs, we are interested in
positive solutions of problem (1.6) for p > 1 and A > 0. Our aim is twofold.

On the one side, it is easy to show that a solution of (1.2) can always be found
minimizing the action on a suitable Nehari manifold. Hence, we concentrate on low
action positive solutions and, given A large enough, we provide a profile description
for such states.

To this end, for every A > 0, let us introduce the renormalized action functional
Jy: HY(G) - R

sen (W) A (ut)Pt
1.7 J =A2Ter [ g,
(L.7) () /g 2 2 p41
where ut := max{u,0} denotes the positive part of u € H'(G), and consider the

associated Nehari manifold
Nyt ={ue H(G)\ {0} : Ji(u)[u] =0}
(18) = {ue H'@\{0} + Jul} = i1} -

It is standard to prove that A, is a natural constraint (see also Remark 1 in Section
2 below). As the arguments developed in Section 3 will display clearly, the scaling
of X in (1.7) is the natural one that allows the functional Jy to exhibit a non-trivial
limit as A = +o0.

The first of our main results here shows that low action solutions have a unique
peak at a vertex of degree 1, they are similar to a suitable rescaling of U on the
corresponding terminal edge and negligible in L°° norm on the rest of the graph.
This is stated in the next theorem.



THEOREM 1.1. Let G be a compact graph with at least one terminal edge and
p > 1. Let A\, — oo and let, for any n, u, be a positive solution of (1.6) with
I ln, (Un) = Mmoo, where

1/1 1 9

(1.9) Moo = 5 <2 - p+1) 1010 @) -
Then, up to subsequences, u, has a unique maximum point located at a terminal vertex
V. Moreover, denoting by I = [0,1] the terminal edge where w,, attains its mazimum
(with the convention that the vertex vV with degree 1 coincides with 0) we have that,
while n — 0

1. up(0) = 4o00.

2. An Ty, (#) X1 (\/%) — U(x) weakly in HY(R™) and strongly in CO(RY),

in 102 (R*) and in Lt (R*") for allt > 2. Here x; is a cut off function.

loc
1 1
An " lun(z) = AR U (2vAn) oo o121 — 0
4. For every I € (0,1) and every 0 < I3 < x < I, there exist two constants
c1,c2 > 0, depending on 1y but independent from n, such that

bt

1
U () < AL TV on (1,0 C T,

1
||’un||Loo(g\]) <ci At 6762\/)\7"1 .

Some remarks are in order. Firstly, we point out that the assumption J | N, (Un) —
Moo 18 consistent, as the sets of solutions u,, fulfilling it is actually not empty (see
Section 2 and Corollary 2.1). Secondly, we highlight the fact that the presence of a
terminal edge is crucial in the proof of Theorem 1.1, as it allows to locate precisely the
point where low action solutions attain their maximum value. If one were interested
in extending the above results to graphs without terminal edges, aiming to prove
that concentration occurs in the internal of some given edge, then the first problem
in adapting our argument would be to keep track of the exact location of maximum
points along the sequence of solutions under exam.

On the other side, and reversing the perspective, whenever G has at least a termi-
nal edge and again for large ), it is possible to construct one—peaked and multipeaked
positive solutions to (1.2), i.e. solutions with one or more maximum points at the
vertices of degree 1, respectively, and negligibly small on the rest of the graph. Such
solutions are obtained using the function U in (1.4) as a model and exploiting a
Ljapunov—Schmidt reduction procedure. These results are stated in the next two
theorems.

THEOREM 1.2. Let G be a compact graph with a vertexr Vi with degree 1 and
p > 1. Denote by I; = [0,1;] the terminal edge ending at vy, with the convention that
V1 coincides with 0. Then, provided X\ is sufficiently large, there exists a solution uy
of (1.6) with a single peak at Vi, i.e. uy of the form
uy =W+ o,
with
Wi(z) = x(z)Ux(2)

where x is a smooth cut—off function supported on [0,1] C I, for somel <y, and

_[AmUe) on L
Un() = {0 on G\ I,



U being as in (1.4), and
[6llx = O(A™%)

for every a > 0. Furthermore,
5—p
(110) p2 = ‘U)\‘%z(g) = C)\z(pfl) <|U‘%2(R+) +0<1)) .

THEOREM 1.3. Let G be a compact graph with m > 1 vertices with degree 1 and
p > 1. Choose Vi,...,Vy vertices of degree 1 with 1 < k < m. Let also I; = [0,1;]
denote the terminal edge ending at V;, with the convention that v; coincides with 0.
Then, provided X\ is sufficiently large, there exists a k-peaked solution uy of (1.6) with
a single peak at every vertex Vi, i =1,...,k, i.e. uy of the form

uy =Wy + o,
with

k
Wa(z) = xi(2)Uxi(x)
i=1
where X; s a smooth cut—off function supported on [0,1] C I;, for somel < minj<;<y l;,

and )
U s(z) = AU (Az) on I;
0 on g \ Il )

U being as in (1.4), and
[9llx = OA™)

for every a > 0. Furthermore,
(1.11) PP = |l gy = AT (k|U|%2(R+) + 0(1)) .

To comment on these results, let us first notice that the procedure leading to the
proof of Theorems 1.2—1.3 is possible for every p > 1. Moreover, the dependence on
A of the mass p? of the solutions we construct is given explicitly by (1.10)—(1.11).
Particularly, note that if p € (1,5), i.e. p is in the so—called L?-subcritical regime,
then the above solutions share large masses, whereas they have vanishing mass in the
limit A — 4o if we consider L?-supercritical powers p € (5, +00). At the L?—critical
power p = 5, all functions identified in Theorems 1.2—1.3 share the same mass.

A further observation about one-peaked solutions is possible. Given a sequence
An — +o00, let uy, be the corresponding one-peaked solution obtained by Theorem
1.2. The sequence {uy, }, fulfills the hypotheses of Theorem 1.1, so it inherits all the
properties given by Theorem 1.1: the exact location of the unique maximum point,
the decreasing monotonicity, the decay rate and so on.

Similarly to Theorem 1.1, we stress the fact that terminal edges play a key role in
the Ljapunov—Schmidt scheme of Theorems 1.2-1.3. If such an assumption is removed,
then it is not clear to us what suitable model function should be considered, so to
possibly generalize our arguments to build peaked solutions with maximum points
inside any edge not incident to vertices of degree 1.

To conclude this introduction, we note that all the results derived in this paper
contribute to clarify the deep dependence of these problems on the topology of the
underlying graphs. This is actually a common feature when dealing with graphs

5



(just to name an example in the framework of compact graphs, the role of terminal
edges in existence issues for the mass—constrained case has been pointed out in [19]).
On the contrary, it remains an open problem to understand whether the methods we
exploited here could be of some help in investigating the role of the metric, i.e. helping
for instance to understand where low action solutions concentrate in the presence of
multiple terminal edges of different lengths. Also, it is unclear whether a profile
description analogous to the one in Theorem 1.1 can be given when minimizing the
energy functional under a mass constraint. With respect to these questions, it might
be worth briefly comparing our results with the ones in [14] and in [8].

Between the submission and the first revision of this paper, we came to know the
preprint version of [14], where existence and properties of stationary states localized
on single edges are investigated for the cubic NLS, i.e. p = 3 in (1.2). Precisely, given
any edge e in the graph and in the limit of large A, Theorem 1.1 in [14] proves, both
for compact graphs and non—compact graphs with a finite number of half-lines, the
existence of a positive stationary state W realizing its maximum at one point of e and
being monotonic from this maximum point to the endpoints of the edge. Furthermore,
concentration of this solution is proved in the L? norm, according to the following
estimate (which directly follows by formula (1.6) in [14])

(112) ||‘I]||L2(g\€) <Ce—2ﬁ£
1]z —

(here £ := |e| denotes the length of the edge e). A quite remarkable aspect of the
analysis in [14] is that it addresses the problem of identifying, among these localized
states, which is the one that minimizes the energy at prescribed mass. A selection
principle is stated in Theorem 1.2 in [14] for compact graphs in the regime of large
mass. In particular, it is shown that, in the presence of vertices with degree 1, ground
states of the energy will concentrate on the longest terminal edge. The methods
developed in [14] are quite different from the one our analysis in this paper is built
upon. Indeed, the authors of that paper consider suitable nonlinear generalizations
of Dirichlet—to—-Neumann maps and they take advantage of elliptic functions available
when dealing with the nonlinearity power p = 3.

Note that, if u, is the low action solution of our Theorem 1.1 above, then a
slightly sharper version of (1.12) holds. Indeed, by Theorem 1.1, statement 2., it

p+1
follows that |lun | r2g) ~ An® " ||U||p2&+) as Ay — +00, so that applying (1.12) to
u, would read (recalling that p = 3)

(1.13) ||un||L2(g\I) < C)\ne_sz.

Conversely, making use of statement 4. in Theorem 1.1, we obtain for every p > 1

lunllz2 vy < lunllnoe @ VIG \ I < CAL T emcavAnt

which improves (1.13) since p—il = % when p = 3.

Finally, in [8], working within the context of mass—constrained critical points of
the energy on non—compact graphs with a finite number of half-lines, the authors
prove the existence of solutions attaining their maximum only inside a given edge,
provided the mass is sufficiently large. Solutions of this fashion are constructed for
every edge in the graph, regardless of it being terminal or not. Moreover, this result

is achieved for every L?-subcritical nonlinearity p € (1,5). The analysis therein is of
6



variational nature, based on the discussion of the doubly—constrained minimization
problem of minimizing the energy among functions with prescribed mass and attaining
their L°>° norm on a given edge.

The remainder of the paper is organised as follows. Section 2 is devoted to
the profile description of low action solutions, developing the proof of Theorem 1.1,
whereas Section 3 carries on the construction of peaked solutions as in Theorems
1.2-1.3.

1.1. Notation. Hereafter we will use the following recurrent notations.

e Bp, = B(P,r) is the ball centered at P with radius r. We use the same
notation either if Bp, C R or Bp, C RT. In the last case, if 0 < P < r we
intend Bp, = {0 <z < P +r}. Finally, B, := B(0,r).

® X, is a smooth cut—off function such that x, =1 when z € B,/; and x, =0
outside a ball of radius p. When no ambiguity is possible we will omit the
subscript p.

® X[0,400) I8 the characteristic function of [0, +00).

e With abuse of notation we often identify an edge I € G with [0,1], [ being the
lenght of the edge. When the edge is a terminal one, the vertex v of degree
1 will be identified with 0.

e Given a vertex v € G we will suppose w.l.o.g. that the degree of that vertex
is either 1 or strictly larger than 2. In fact, degree 2 vertices are indistin-
guishable from internal points.

e Since throughout the paper we always consider A > 0, we endow H'(G) with
the following equivalent scalar product

(u,v), = /g o (2)v' (z)dz + A /g u(z)v(z)dz.

From now on, unless otherwise specified, we will always consider this product
(and its related norm || - ||5) as the scalar product (and the norm) on H(G).

2. Profile of low action solution. As anticipated in the Introduction, for any
A > 0 a positive solution of (1.6) can be obtained as a critical point of the action
functional Jy defined in (1.7) constrained to the Nehari manifold (1.8) (a standard
reference on minimization on Nehari manifolds is for instance [9]).

Remark 1. Note that any critical point of Jy is a solution of

—u = (u+)P
(2.1) { u” +Au= (u")P  on every edge of G

S e (y) = 0 YWev.

e~V dx

Clearly, any positive solution of (1.6) is also a solution of (2.1). Moreover, one
can prove also that any nontrivial solution of (2.1) is a positive solution of (1.6), so
that any nontrivial critical point of Jx is a positive solution of (1.6). To see this,
it is sufficient to show that any solution u Z 0 of (2.1) is strictly positive. Since G
is compact, u has a minimum point P € G. By contradiction, let us suppose that
u(P) < 0. If P lies in the interior of some edge e € E(G), then

0<u(P)=Xi— (a")’ = u <0,

so u”(P) =u'(P) =u(P) =0 and by uniqueness of solutions to the Cauchy problem
associated to (1.2), it follows u = 0 on the whole edge. Then Kirchhoff condition
implies that all edges incident at the vertices of e realize ' = 0 at those vertices.

7



Iterating the argument thus leads to u = 0 on G, which is a contradiction. On the other
hand, if P coincides with a terminal vertez, then u'(P) = 0 by Kirchhoff condition.
Therefore, either u(P) = 0, which then implies u = 0 on G as above, or u(P) < 0
and 4’ (P) > 0, and P cannot be a minimum point. In both cases, we get again a
contradiction. Finally, if P coincides with a vertex of degree greater than or equal to
3, then Kirchhoff condition implies that v’ = 0 at this vertex along every edge incident
at it. As this entails again uw =0 on G, we conclude.

It is standard to prove that Ay is a C! manifold and that the Palais-Smale condition
holds on N,. Moreover, by (1.8) we have that

1_prt (1 1
Bl (0 =185 (5 = ) .

The Nehari manifold is not empty as problem (1.6) always admits a constant solution.
Also, any solution u) that we will find in Section 3 belongs to N).

One can easily prove that infy,, Jy > 0 and, since Palais-Smale holds, that a non
trivial minimizer exists. We set

my = uier}\% Ixpr, (u) > 0.

The one peaked solution of Section 3 allows also to estimate m in term of the H*(R)
norm of the function U defined in (1.4). Let us take uy a one-peaked solution given
by Theorem 1.2. Let I; = [0,l1] be the terminal edge where the peak is located, and
suppose that the terminal vertex is in x = 0. We know that

uy =Wx(z) + ¢

where Wy (z) = x()Ux(z), x = 1ifxz € L and 0 <z < §, x =0if x € I and
26 < x <[y for some fixed § and

Uy () :{ Ai=1U(zvA)  on Iy

0 elsewhere

Immediately we have, for A large,
1
IOAIR = U7 gy +0(1) = iHU”%Il(]R) +o(1).

In addition ||¢]|x < A~ for any positive «, thus we compute

1_p+l 1 1
Bl () =M 5 (5 = 2 ) 10l + o)
1/1 1
5 (5 557 ) 10 + o)
and we obtain
(2.2) 0 <limsupmy < Moo,
A—o0

where m is defined in (1.9). This proves, also, that it is possible to find a sequence
{un }n fulfilling the hypothesis of Theorem 1.1. We are able, by proving this theorem,
to give an asymptotic profile description for a positive low action solution of problem
(1.6).



Proof of Theorem 1.1. The proof is divided in several steps.

Step 1: For n large u, is not constant.
Indeed, if u,, = C, then, by (1.6) necessarily C' = *~/A,. Then

b, ) =M (G- Yl =227 [ (- ) A 1g]

1 1

where |G| is the total length of the graph. This contradicts Jx, |y, (un) = Moo-

Step 2: u, has a mazimum point P,. Moreover, u,(P,) > "V

First, by standard regularity theory, we have that u,, is a regular solution, that
is, for any edge I C G, uy|; € C?(I). Since u, is not constant, and the graph is
compact, u, has a global maximum point P, € G.

Now, if P, is in the interior of some edge I, we have that u/,(P,) = 0 and u//(P,) <
0. Thus, by (1.6) we get Au,,(Py,) — w2 (P,) = u”(P,) <0, 50 un(P) > "V .

If P, is attained on a terminal vertex, again we have u} (P,) = 0 by Kirchhoff
condition, so necessarily we have u/ (P,) < 0. Thus again u,(P,) > V.

Finally suppose that P, is attained at a vertex of degree greater than 1. Since

P, is a maximum point, %(Pn) < 0 on any edge e that leaves the vertex. Since,

by (1.6), > es p. d(Z;)“ (P,) =0, we have %(Pn) = 0. At this point there exists at
least an edge e >~ P, for which (uy)”(P,) < 0 and we conclude as before.

Step 8: There exists a vertex V. € G such that, up to subsequences, d(P,,V) — 0 while
n — oo.

Suppose, by contradiction, that lim, infycy (g) d(P,,v) = § > 0. Up to subse-
quences, we can suppose that P, € I for all n and we can identify I = [0,!] so that v
coincides with 0, where the vertex v verifies infycy gy d(Pn, W) = d(P,, V) for every
n. Thus we define

V() = An P Uy, (\/J% + Pn> Xs (\/1)% —|—Pn> for |x/+/An| < 0.

The function v, belongs to H'(R), moreover

=2 d T 2 T 2
om0 @y < CALTP / [un ( + Pn>} + [un ( + Pn>} dx
H1(R) B, dx /)\n /)\n

= 1 2 T T
= O\ 7 — (W) =+ P ) +up =+ P )d
/B 3, ) (Wﬁ >+“”(m+ )”““

5/ An
pt1
= CA PV A () (2) + At (2) da
Bp, s

pt1
<o / (W) (2 + Po) + A2 (2 + P) da
I

ptl —
piL p—1
<SOMTVAunl} < C (57—
<Vl <€ (5
So {v,},, is bounded in H'!(R), hence there exists v € H'(R) such that v,, — v weakly
in H'(R) and v, — v strongly in L (R) for any ¢ > 2 and in C__(R). We want to
prove that v is a nontrivial solution of (1.3).

9

) JAn|N>\n (un) < Cmoo



Take ¢ € C§°(R). For n large we have that the support spt(p) of ¢ is contained
in B; /5. We define a sequence of functions {on},, € HY(G) (for n large) as

0 elsewhere .

on(r) = { )‘ﬁw (VAn(z = Py)) on I

Since u,, is a solution of (1.6) we have

0=J3, (un)n] = / Uy, @y, + Anlinpn — ubppda
I

zAﬁ /1 %’UTL (\/E(x - Pn)> %gp (\/E(x — Pn)) dx
+ )\5’%)\”/['0” (m(x — Pn)> ¥ (\/)\Tl(x — P”)> dx
N [ (VA= ) o (Viale — P)) do

I
p+1

_1
=\t 2 / v+ vpp — vl pdz,
R
so by weak convergence on H!(R)
/ v'¢" +vp —vPp =0 for any ¢ € C5°(R).
R

a1 -
Since, by Step 2, u, (P,) > A" then v, (0) = Ay "u, (P,) > 1, s0 by Lf, . convergence
we can prove that v # 0. Thus, by uniqueness of solutions of (1.3) we have that v = U.
This leads to a contradiction. In fact, there exists R > 0 such that

3
+1 +1
|U‘I£p+1(BR) > 1|U|I£p+1(R)

and, since v, - v="U in Lfotl there exists ng > 1 such that

3
1
(2.3) [onlhts (B > Z|U|’;;i1 @) for n>no.

On the other hand, there exists ny > 1 such that, for n > n; it holds R/v/A, < §/2,
so that if |z| < R, then 2 /A, + P, € Bp, s and x(z) = 1. So, for n large we have

p+1 p+1

_ptL 1_pil
\vn|’£ﬁ1(3R) <A Pt / [un [P @)/ Ap + Pp)de < A 777 / |, |P T di
Br BPn,S

1_ ptl

<\ P! |un|ip+1(g).

J — )\%*% 1 1 p+1 > L 1 p+1
An‘,/\[/\n (Un) = \n 5 - p+ 1 |Un|Lp+1(g) = 5 - P+ 1 |Un|Lp+1(BR)

1 1 3 /(1 1 3
- ptl 2 (- _ _ - 2 =2
(2 pH)mW(R) 4(2 pH)UnH(R) 5o

10



Fic. 2.1. example of a labelling of the edges entering a vertex V as in Step 5 of the proof of
Theorem 1.1.

that contradicts our assumption, thus implying lim,, infycy (g) d(P,, W) = 0.

Step 4: Given V as in the previous step, we have lim, d(Py, V)y/A, = 0.
Suppose, by contradiction, that lim,, d(P,,V)y/\, = § > 0. Define

L \T x x

(2.5) wn () 1= An " Up (m) Xi (m) for 0 < z/\/ A, <L

The function w, belongs to H'(RT), and, in analogy with Step 3, we can prove
that w, — w weakly in H'(R") and w, — w strongly in L{ (RT) for any ¢ > 2
and in CP_(RT). Given ¢ € C§°((0,40)), for n large we have that the support
spt(yp) of ¢ is contained in B I¥ow and we can prove, as before, that w is a nontrivial
positive solution of (1.3) on RT, although we do not know its value at the origin. By
uniqueness of solutions of (1.3) on R, we have that w = U(z — 0)X[0,0c) for some
suitable xy € R. Since for the maximum point of u,, it holds PV, > 6 /2 >0, we
have that w has a maximum point in (0, +00), so xg > 0. At this point we can prove,
similarly to Step 3, that there exists K > 1 such that

Ianln,, (un) > Kmog
which contradicts our hypothesis.

Step 5: V coincides with an extremal vertez.

Suppose, by contradiction that v is a vertex with degree k > 3.

To simplify the notation, let Iy = [0,11],...,Ix = [0,lx] the edges that intersect
in v and let us suppose that for any I;, coordinates x; are defined on I; so that v
coincides with x; = 0, as shown in Figure 2.1. Suppose, also, that P, € I;.

Choose p < miny I, and define, for j = 1,..., k, uj, := un|1]» and

vl (z) == A\p Pl (\;%) Xp (\;}%) for 0 < z/v/An < p.

As before, for any j, {v7}, is bounded in H'(R™), and converges to some v/ weakly
in H'(RT) and strongly in L .(R™) for any ¢ > 2 and in CP_(RT).

loc

Given any R > 0, there exists n sufficiently large such that R < pv/A,,/2, so on

L
[0, R] we have that v) (z) = Ay P u, (\/‘%) Now, since u,, solves (1.6), we have that

(v,)" = v}, — (v3)P on [0, R]
11




and, since v}, — v7 in C°([0, R]), and by the arbitrariness of R we have that v} — v
in C2 (R*) for all j.
Finally v/ is a nontrivial positive solution of (1.3) on R*, so

v/ (z) = U(z — 2;)X[0,400) for some z; € R.

We can prove that x; = 0 for all j. In fact, we have that P, is a maximum point for
Up, S0 Ppy/A, is a maximum point for v}, so (v}) (P,v/A,) = 0. Since, by Step 4,
Pov A, — 0, we have that (v!)/(0) = 0 for C? convergence. Thus 1 = 0. Moreover
ud, (0) = ul (0) for any j by continuity of u,. Then also v (0) = v} (0) and, passing to
the limit in n, also that v7(0) = v'(0) for any j. Thus z; = 0 for all j, since U has
a unique maximum. At this point, note that, adapting the argument in Step 3, one

obtains that, for every 7 =1, ...,k and for sufficiently large n

. 3
1 1
Hv%”i-th(BR) > Z”UHIZL_H(Rﬂa

where Bp, is a suitable neighborhood of the origin in RT. Since the previous estimate
is the analogue of (2.3), proceeding as in (2.4) leads to

3k (1 1 ,
Ianln, (un) = (2 - p+1> U1 e+
3k (1 1 , 3k

being k£ > 3, i.e. a contradiction.

Step 6: u, has a unique maximum. Moreover, this maximum coincides with V.

By contradiction, suppose that u,, has another maximum point Q,, # P,. By the
previous step, up to subsequences, it is possible to prove that there exists a terminal
vertex W in G such that lim,, d(Q,, W)v/A, = 0. Moreover, one can check that w
must coincide with v, otherwise Jy, |\ > %moo.

Thus lim,, d(Q,, V)v/A, = 0. At this point, let w,, be as in (2.5) in Step 4

W) = AT P, (\/%) i (\/%) for 0< a/\/ 2y <1

and, setting p, = Pov/An, @n = Qnv/An, we have
(2.6) Pnsqn — 0 as n — oo, and w), (p,) = w,,(¢,) = 0.

By the previous steps it holds wy,(z) — U(x)X[0,4+00) in CE (RY), thus implying
w’(0) < 0. On the other hand, in light of (2.6) we have w’(0) = 0 which gives us a
contradiction.

We can prove that P, = v exactly with the same argument, using the fact that
ul (v) = 0 since u,, solves (1.6).

Step 7: wp(x) = U(x)X[0,400) in CO(RT).

With the same argument of Step 6, we can prove also that u, cannot have any
local maximum point other than v. So we get that wu,, is monotone on the graph and
consequently that w,, is monotone on [P,\/A,,+00). Now, given € > 0 there exists

12



an R = R(e) such that U(R) < e/4. Moreover, there exists n = n(R) such that, for
n>n, ||lw, — UHCO([QR]) <e/4. So

(2.7)  |lwn = Ullco+y < [lwn = Ulleoo,r)) + lwnllco(r,4+00)) + IUllco(r,+00))
< Jwn = Ulleoo,r)) + wn(R) + U(R)
+ < lwn = Ullco(o,r)) + [wn(R) = U(R)| +2U(R)
< 2||wn — UHCO([O,R]) + 2U(R) <e.

Step 8: Proof of Claims 1-2-3.
The proof of Claims 1 and 2 of the Theorem is a direct consequence of the previous
steps. Moreover by Step 7

)\JL%” Un |y (\/%) —U(x)

and by a change of variable we obtain Claim 3.

Step 9: proof of Claim 4.

Let I; € (0,) be given. First, we can repeat the argument of the previous steps to
prove that u, has no local maximum point except for the extremal vertex. Therefore,
Uy, is strictly decreasing on any edge of the graph.

Given again as in (2.5)

wy () 1= Ay " Uy, (\;%) X1 (\/3;7) for z > 0,

by Step 7 we have wy,(v) — U(x)X[0,400) i C%.(RT) and, by definition, there exists
a constant Cy for which

— 0
CO([0,IvXn /2])

U < Cpe™® for z > 0.

Now, fix 0 < & < 1/4 and choose R = 2log(Cy/e). Then there exists n = n(e) such
that
|wn = Ullc2j0,r) < € for n > n.

We have that
(2.8) wp(z) <2 o0on R/2 <z <R,

indeed
wy(x) S U(x) +e < Coe /2 42 < 2.

Now (2.8) implies, by rescaling, that

Up, <\/%> X1 <\/%> < 2)\7’{%15 on R/2<z <R,
so that, since Iin < L for n large, we have
up (y) < 2)\5%15 on 2% <y < \/];2\77
and, u, being strictly decreasing,
L R
(2.9) un (y) <2M57 e on e <y<lL

13



Now, u,, solves
u! — ()\n—ufl_l)un:OOHOSygl

n

and, by (2.9) and since £ < 1/4, there exists a > 0 independent from n such that

R

An — b > A, (1= (26)P71) > a), on 5

2

Since it is well-known (see Lemma 2.4 of [25]) that, whenever
u' = Xg(x)u=00n0<1l; <z <I, q>a,

there exist two constants c1,co > 0, independent of \,, such that
1
u(z) < el ApTem VAT

for every |1 < x <[, we conclude. O

COROLLARY 2.1. We have

lim my = Moo
A—00

Proof. By (2.2) we have limy_o myx < me. To prove the reverse inequal-
ity, assume by contradiction that there exists a sequence {u,}, of solutions with
limy, Jx, |, (un) < Mo, and, as in the proof of the previous theorem, we have

w, — U in LETY(RY),

wy, being given by (2.5). Now, for any 7, there exists an R = R(n) > 0 such that
|U|I;ﬁ1([o,3]) >(1- "7)|U‘ZE§J}1(R+)
and, since w,, — U in LPT1([0, R]) there exists ng > 1 such that
\wn|€ﬁ1([07m) > (1-— 217)|U|’;i1(R+) for n > ny.
At this point we can proceed similarly to (2.4), obtaining

Inlyy, (un) = (1= 20)mac.
The arbitrariness of 1 provides the contradiction. 0

3. Construction of peaked solutions. In order to perform the finite dimen-
sional reduction, we have to linearize Problem (1.3) around the solution U and to
study the null space of the linearized problem, that is the set of solutions to the
Neumann boundary value problem

= pUP Y R
3.1) { (0) = 0.

While the equation —" +1 = pUP~ 14/ in R has a one-dimensional space of solutions
generated by Z(t) = U’(t), it is easy to show that problem (3.1) has only the trivial
solution, due to the boundary condition.

14



For a given compact graph G, we then consider the compact immersion

ix: (Hl(g)v <7>>\) - (LQ(Q)’ <7>L2)

and define its adjoint map

Zt\ : (Lg(g)v <a >L2) — (Hl(g)7 <7 >)\)
such that
(i3(f),0)y = (f,v) 2 forallv € HY(G),
or equivalently

—u" +du=f in g
S Be(v)y=0 WeV.

e~V dx

u=1i3(f) < u solves {

3.1. One peaked solutions. We construct now a model profile for a solution
which has a peak on the extremal vertex v (the vertex of degree 1) of the first
edge I; = [0,11]. We suppose, without loss of generality that vy corresponds to the
coordinate x = 0. We define

= { PR i

0 elsewhere
and, given a cut off function x := x;(x), with I < Iy, we define
(32) Wi(z) = x(2)Ux(2)

and we search a solution of (1.6) of the form u = W) (z) + ¢, ¢ being a small error in
HY(G). To improve the readability of the paper, herafter we denote

so a solution of (1.6) can be written as

(3.3) Wi+ ¢ =ix(f(Wx + ¢)).
We define a linear operator
Ly:HY(G)— HY(G)
L(¢) = & —i5(f'(Wr)e)

and we recast equation (3.3) as

L(¢) = Na(¢) + R
where
Na(¢) =X [f(Wa + @) — F(Wx) — f/(Wr)9]
Ry = ix(f(Wx)) — Wa.
The following result implies the invertibility of £y for A sufficiently large.
LEMMA 3.1. There exists Ao, c > 0 such that YA > X, V¢ € H'(G) it holds

ILA(D)]|x = clldlIx

15



Proof. We proceed by contradiction, assuming that there exist a sequence \,, —
oo and a sequence of functions ¢, € H'(G) such that [|¢,|/» = 1 and

1£x, (én)llx, — 0.

By definition of £ we have

bn — ﬁkn((bn) - Zin (f,(WAn)an)

that is

= (60 = L, (0a)) + Aa (90 = L2, (60)) = (W, )6n  on G
ey A0 Re (v) = 0 Wev

and, setting z,, 1= ¢, — L, (dn), and hy, := Ly, (¢n) we get

(3.4)

—2i 4+ Aazn = ['Wa, )20 + ['(Wa, )b on G
Ty (1) =0 wer

Also, we have

(3.5) lznllX,, = lénl3, +I1£x, (¢n)lIX

and, on the other hand,

o2, = L () dz + A /g (20)? da
/( 20+ Anzn, znda:—i-ZZz

vEV eV

—2{(¢pn, L, (¢n)>)\n —1

In light of (3.4) we have that ) .| 2,(V)2z,(V) = 0 for all v € V, and, since W, =0
outside the first edge Iy, also that fz” + Azp =0o0n I, e #1. Thus

Han%\n = /I (_Z:z/ + )‘nzn) zpdr = . f/(WAn)Zi + f/(W/\n)'CM((bn)an%

and, since Ly, (¢,) — 0 in HY(G) and by (3.5), we have

(3.6) f'(Wy,)2z2 — 1 while n — co.
I

On the edge I we consider the rescaling s = z+/\,, and we set

Zu(s) = A4z, (\/;) for s € [0,114/ An].

Of course

#(s) = An iz <\/%> and Z//(s) = )\n4z” (\/%)
and, recalling the definition (3.2) of Wy, and (3.4),

=206+ 2006 =™ () U0 [20(0) + )] for s € 0LV

16



~ 1
where h,(s) := A} hy, ( \/f\f) Moreover it holds, for some constant C' > 0,

(3.7) 20l i1 0,00 vy < C
since
11V An l
[ R + 2eds = [ @ + a@ds < R,
0 0
which is bounded by (3.5). Analogously
HilnHHl([o,zl\/AT]) < 1B, — 0.

By (3.7) we have that there exists a function Z defined on R* such that, for every
fixed T > 0,

%, — Z a.e. in RT
Z, — Zin LP([0,T)) for all ¢ > 1
%, — % weakly in H'([0,T]).

We can show, indeed, that Z € H'([0,T]). Consider

L s
()
Since A, — oo we have that |||z ®+) < CllZnllg (o, vamy) < C, thus ¢, admits a
weak limit in H!(R*). Also, ¢, = %, on [0,6v/A,], so (, — Z weakly in H'(RT) and
Z e HY(RY).
Now, take a function ¢ € C*>°(R*) and let 7" > 0 be such that the support of ¢
is contained in [0, T], so that

/ (—21(s) +2,(s)) pl(s)ds
[0,T]

-, (v () U0 ) + 6] ) et
- /[O’T] PUP~(s)Z0(s)p(5)ds + o(1) .

Integrating by parts the first term and passing to the limit we have that

/ #(s)p(s) + 7 (s)p(s)ds = / U~ ()3(s)p(5)ds.
R+

R+

Since ¢ is arbitrary, we have that Z is a solution of (3.1), so Z = 0. Moreover, extending
by zero %, to the whole half line, we have z, — 0 in L?(R"), thus

Ve
p/ UP~1(s)22(s)ds = p/ UP~1(s)22(s)ds — 0.
0 R+

This leads to a contradiction in light of (3.6), since

hvAn 1 2 fvan 1 S 1 2
[T Rz [ ( )Up (5)22 (s)ds
0 0 VAn
15

= (W, )22dx — 1.
0

This concludes the proof. 0
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PROPOSITION 3.2. We have ||R||x < A™¢ for any a > 0.
Proof. Take V' =5 (f(Wy)). Then we have, by direct computation, that

—(V = Wa)"(@) + MV = Wa)(2) = (" = x) (@) A7 TUP(2VN)
(3.8) AT (@)U (@VA) = 227 TV (2) U (aV)
and V’(0) = 0. Thus, multiplying (3.8) by V — W), and integrating by parts we have
R[5 = [V = Wallx < CAFT|(XP = X) (@) UP (2VN)| 22 ((0.1,))

+ OATT Y (@)U (aV M) 12 ((0,1)) + CATTVAX (@)U (@VN) |22 (10.00))
= Il + .[2 -|— I3.

By a change of variables, and since U(z) decays exponentially in z, we have

oy 26 o 25v/X
I} < CAv—1 / U?P(xV/N)dx = CAi=1 72 / U?(s)ds
5

§ VX
26V 1 —ops 20V
< CAZ D / e ds < OAZG-T) [—e } < OAZEET e 200VR,
5V 2p Jsux
In the same way we can proceed for Is and I3, obtaining the claim. 0

Proof of Theorem 1.2. We look for a solution of (3.3) in the form W)y + ¢, where
W is defined in (3.2). This corresponds to find a fixed point of the map

T\ :HY(G) = H*(G)
Ty(¢) ==Ly (NA(¢) + Ry).

We prove that T is a contraction on {¢ € H*(G), [|¢]x < cA™} for some positive
a,c. By Lemma 3.1, there exists ¢ > 0 such that

ITA(@)lIx < e ([INx(@)]Ix + [ BAllx)
ITx(¢1) = Ta(@2)lIx < e([[Nx(61) = Na(d2)]1n) -

By the mean value theorem and by the properties of ¢} there exists 0 < 6(z) < 1 such
that

INA(¢1) = Na(¢2)13 < 0/g (W + 62+ 0(61 — 62))P "1 — (Wa)? =117 (61 — ¢)” d,

so, if ||¢;[[x is small enough, then also |¢;|z2(g) is small and we can find a constant
0 < K <1 such that

INA(¢1) — Na(o2)]|x < Kl|¢1 — d2]|a -

In a similar way we can prove that, if ||¢|| is small enough, by Proposition 3.2

ITA(@)lIx < e (INA(@)lIx + [1RAllN) < e (lol3 +A7).

Then there exists ¢ > 0 such that T\ maps a ball of center 0 and radius ¢cA™® in
HY(G) into itself and it is a contraction. So there exists a fixed point ¢, with norm
[éallx = O(A™%).
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At this point we proved that (1.6) has a one-peaked solution u = Wy + ¢, with
léxlla = O(A=®). To conclude the proof we compute the L? norm of the solution,
that is

l1
|u|%2(g) = C\W,\|2L2(g) +lot. = C’/ U (2)x*(x)dzx + l.o.t.
0
= C)\Z(OP_*FU (|U‘%2(R+) + 0(1>) .

which concludes the proof. 0

3.2. Multipeaked solutions. Let us now consider a graph G which has at
least k vertices Vi ...,V of degree 1, and we construct a solution of (1.6) which has
a positive peak on any vertex v;, i = 1,..., k. Without loss of generality we suppose
that each vertex v;, ¢ = 1,... k lies on of the edge I; = [0, ;] and that v; corresponds
to the coordinate z = 0.

The strategy of the proof is similar to the previous one, so we only underline the
differences. We define

(3.9) Z Xi(2)Uyi(z

where

N )\PljU(xﬁ) on [0,;
Unil@) = { 0 elsevx[fher]e
and, x; 1= Xs.:(x) is a cut off function which is 1 on [0,4/2] C [0,/;] and 0 on [4, ;]
and on every other edge I;, j # i. Here 6 < min, [;.

It is clear that Wy (z) € H(G). As before, we look for a solution of (1.6) of the
form u = Wy (x) + ¢, ¢ being a small error in H'(G). We can prove the invertibility
of the operator L) as follows.

LEMMA 3.3. There exist Ao, c > 0 such that Y\ > \g, V¢ € H'(G) it holds
LA (D)1 = cll]x-

Proof. As before, we proceed by contradiction, assuming that there exist a se-
quence )\, — oo and a sequence of functions ¢, € H'(G) such that ||¢,|x» = 1 and
£, (@n)llx, — 0.

Setting z, := ¢, — L, (¢n) and h,, := Ly (¢,), we can prove as in Lemma 3.1
that z, solves equation (3.4) and that ||z, [} — 1asn — oc. Since Wy, = 0 outside
the first k edges I1, ..., Ix, we have

k k
= Z/ (=20 + Anzn) Zndx = Z/ f{(Wy,)22dx + o(1).
i=171i i=1 YL

This means that there is at least one edge I; such that

(3.10)

(3.11) F(Wa,)zkdx /0.

I;

Letting now z, ; = 2|, we can define the functions

Zn(s) = /\}/4% ( ) for s € [0,5;1/ A

S
Van
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and we can repeat the argument of Lemma 3.1 to prove that z, — 0in L?(R™) as
n — oo. This contradicts (3.11). d

PROPOSITION 3.4. We have ||R||x < A™% for any a > 0.
Proof. As in Proposition 3.2, we take V = i5(f(W))), where W) is defined in

(3.9). Then we find that V' — W), solves the following differential equation

k

(312)  — (V= Wa)" (@) + AV = Wa)(@) = () — xa) (@) AT T UP(zV/N)

i=1

k k
— AT Y (@)U (V) = 207 VA Y X (@)U (2 V)
i=1 i=1

which leads to the same conclusion of Proposition 3.2. ]

Proof of Theorem 1.3. The proof of this theorem is verbatim the proof of Theo-
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