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Normalized solutions of L2-supercritical NLS equations
on compact metric graphs

Xiaojun Chang, Louis Jeanjean, and Nicola Soave

Abstract. This paper is devoted to the existence of non-trivial bound states of prescribed mass for
the mass-supercritical nonlinear Schrodinger equation on compact metric graphs. The investigation
is based upon a min-max principle for some constrained functionals which combines the mono-
tonicity trick and second-order information on the Palais—Smale sequences, and upon the blow-up
analysis of bound states with prescribed mass and bounded Morse index.

1. Introduction and main results

In this paper we investigate the existence of non-constant critical points for the mass super-
critical NLS energy functional E(-,§): H'(§) — R defined by

1 1
E(u,ﬁ):§L|u/|2dx—;/§|u|pdx, p>6 (1.1

under the mass constraint
/|u|2dx=u>0, (1.2)
g

where § is a compact metric graph. Critical points, also called bound states, solve the
stationary nonlinear Schrédinger equation (NLS) on &,

—u” + Au = |[u|?2u,

for some Lagrange multiplier A, coupled with the Kirchhoff condition at the vertexes (see
(1.3) below). In turn, solutions to (1.3) give standing waves of the time-dependent focusing
NLSon g,

iaz‘//(l, X) = —axx\”(l‘, X) - |1//(t7 x)|p_21//(tv X),
via the ansatz ¥ (¢, x) = e'*"u(x). The constraint (1.2) is dynamically meaningful as the
mass (or charge), as well as the energy, is conserved by the NLS flow.
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One of the main physical motivations to consider the Schrddinger equation on metric
graphs is the study of propagation of optical pulses in nonlinear optics, or of matter waves
(in the theory of Bose—Einstein condensates), in ramified structures, such as 7T'-junctions
or X -junctions. We refer the interested reader to the recent paper [26], to [5, 10,29, 30],
and to the references therein for more details. In addition, the problem on metric graphs
presents interesting new mathematical features with respect to the Euclidean case. For
these reasons, the problem of existence of bound states on metric graphs attracted a lot of
attention in the past decade, mainly in the subcritical or critical regimes, which correspond
to p € (2,6) or p = 6, respectively. In such frameworks, a particularly relevant issue
concerns the existence of ground states, that is, global minimizers of the energy under the
mass constraint; see [1-4] for non-compact §, and [13, 14] for the compact case. We also
refer to [11,16,31-33,35] and references therein for strictly related issues (problems with
localized nonlinearities, combined nonlinearities, existence of critical points in absence of
ground states), always in subcritical and critical regimes.

In striking contrast, the supercritical regime on general graphs is essentially un-
touched. We are only aware of [6] in which the assumptions allow the analysis to be
reduced to the study of minimizing sequences living in a bounded subset of the constraint;
see Remark 1.4. Actually, in the supercritical regime the energy is always unbounded from
below (see the proof of Lemma 3.4 below), and ground states never exist. However, it is
natural to discuss the existence of bound states, and in this paper we address this problem
on any compact graph §. An interesting feature of this setting is that there always exists
a constrained constant (trivial) critical point of E(-,9), obtained by taking the constant
function k,, := (1/€)"/2, where ¢ denotes the total length of §. Thus, in order to obtain a
non-trivial result, one has to focus on existence of non-constant bound states.

Basic notation and main result

We recall that a metric graph § = (&, V) is a connected metric space obtained by glueing
together a number of closed line intervals, the edges in &, by identifying some of their
endpoints, the vertexes in V. The peculiar way in which these identifications are performed
defines the topology of §. Any bounded edge e is identified with a closed bounded interval
I, typically [0, £.] (where £, is the length of e), while unbounded edges are identified with
(a copy of) the closed half-line [0, +00). A metric graph is compact if and only if it has a
finite number of edges, and none of them is unbounded.

A function ¥ on § is a map u: § — R, which is identified with a vector of functions
{u.}, where each u,. is defined on the corresponding interval /.. Endowing each edge with
Lebesgue measure, one can define L? spaces over §, denoted by L? (&), in a natural way,

1] gy = D el oy-
(&

The Sobolev space H'!(§) is defined as the set of functions u: § — R such that u, €
H([0, £.]) for every bounded edge e, u. € H'([0, +00)) for every unbounded edge e,

with norm



Normalized solutions of L2-supercritical NLS equations on compact metric graphs 3

and u is continuous on ¥ (in particular, if a vertex v belongs to two or more edges e;, the
corresponding functions u,, take the same value on v); the norm in H!(§) is naturally
defined as

71y = D[l Fage + leel7ag )

e

We aim to prove the existence of non-constant critical points of the energy E (-, §), defined
in (1.1), constrained on the L2-sphere

Hﬁ(ﬁ) ={ue H' (9): [gul*dx = pu}.

IfueH ;}« (9) is such a critical point, then there exists a Lagrange multiplier A € R such
that u satisfies the following problem:

—u” + Au = |u|?"2u forevery edgee € &,

Z u,(v) =0 at every vertex v e V, (1.3)

e>v

where e > v means that the edge e is incident at v, and the derivative u.(v) is always
an outer derivative. The second equation is the so-called Kirchhoff condition. Note that
at external vertexes, namely vertexes which are reached by a unique edge, the Kirchhoff
conditions reduce to purely Neumann conditions. Finally, notice that the positive constant
function «,, = (/€)' trivially satisfies (1.3), for A = (u/0)@=2/2,

Our main existence result is as follows.

Theorem 1.1. Let § be any compact metric graph, and p > 6. There exists 1 > 0
depending on '§ and on p such that, for any 0 < u < 1, problem (1.3) with the mass
constraint (1.2) has a positive non-constant solution which corresponds to a mountain
pass critical point of E(-,§) on H;i (%), at a strictly larger energy level than k.

Remark 1.2. Note that the Lagrange multiplier associated with any positive solution u to
(1.3) is positive. Indeed, by standard arguments, we know that u € C?2(e) on every edge.
Then, integrating the first equation in (1.3) on every edge, summing over the edges, and
making use of the Kirchhoff condition, we obtain

/\/ |u|dx=/ [ul?~dx,
g g

whence we deduce that A > 0.

Remark 1.3. The theorem is not a perturbation result, in the sense that the value p
will not be obtained by any limit process, and can be explicitly estimated. We refer to
Proposition 2.1 and Remark 2.2 for more details.

On the other hand, one may wonder whether or not the restriction & < 1 can be
removed. This is an open problem; our min-max approach fails for large masses. Observ-
ing that our solutions will have Morse index at most 2 as critical points of the associated
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action functional (see Section 3), another related issue could be to investigate whether
it is possible to find solutions of (1.3), possibly non-positive, with any mass u > 0 and
Morse index bounded by 2. For the NLS equations with Dirichlet conditions in bounded
Euclidean domains, this question has a negative answer; see [34, Theorem 1.2]. Even if
the two problems are not equivalent, this result suggests that a bound of type 1 < @1 may
be necessary.

The proof of Theorem 1.1 is divided into some intermediate steps. First, in Section 2,
we observe the local minimality of the constant solution for < w1, following [13].

Since in addition E(-, 9) is unbounded from below, as p > 6, this naturally suggests
the possible existence of a second critical point, of mountain pass type. However, if E(-,§)
indeed has a mountain pass geometry, it is unclear whether there exists a bounded Palais—
Smale sequence at the mountain pass level. Since § is compact the existence of such a
sequence would guarantee a corresponding critical point. We point out that, to establish
its existence, the techniques based on scaling, usually employed in the Euclidean setting
and related to the validity of a Pohozaev identity (see [23] or [7,22]), do not work, since
% is not scale invariant. To overcome this obstruction, we shall construct a special Palais—
Smale sequence whose elements are exact critical points of some approximating problems.
To this aim we introduce the family of functionals E,(-, §): H /1 (¥) — R defined by

1
E,(u,9) = E[g|u’|2dx—§[3|u|"’dx, pE [%1]

Exploiting the monotonicity of E,(u, §) with respect to p as in [24, Theorem 1.1], it is rel-
atively straightforward to show that E,(-, 9)|y 1(9) has a bounded Palais—Smale sequence
of mountain pass type, for almost every p € [1/2, 1]. This ensures the existence of a criti-
cal point u, of E,(u,§), for almost every p € [1/2, 1]; see Lemma 3.1. At this point it is
natural to take the limit of {u,,} along a sequence p, — 17, in order to obtain a critical
point of the original functional. Indeed, if {u,,} is bounded, it proves to be a Palais—
Smale sequence of the functional E (-, §). The idea behind the introduction of a family
of approximating problems is that one expects to show more easily the boundedness of a
sequence of exact critical points (of the approximating problems), than the boundedness
of an arbitrary Palais—Smale sequence. We refer to [24,25] for an exposition of this way to
attack the boundedness of Palais—Smale sequences, a way which is inspired by the work
of Struwe on the monotonicity trick [36].

However, in the present situation once again the boundedness of {u,,} is an issue.
To overcome it, we shall look for solutions of the approximating problems having addi-
tional properties. We shall make use of [12, Theorem 1], recalled here as Theorem 3.10.
Applying this abstract result to our problem we obtain the existence of a sequence {u,, }
of critical points for E,, (-, §)| HL() with uniformly bounded Morse index.

Roughly speaking, [12, Theorem 1] guarantees, for a parametrized family of function-
als having a uniform mountain pass geometry on a constraint, the existence of a bounded
Palais—Smale sequence with second-order, or Morse-type, properties, for almost every
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value of the parameter. It has been known since the pioneering work of Lions [27], see
also [19, 20], that second-order information can turn out to be extremely useful for prov-
ing the compactness of Palais—Smale sequences. The proof of [12, Theorem 1] relies on
a combination of the monotonicity trick, as presented in [24], on ideas from [19,20], and
on geometric considerations. Related results, but in unconstrained settings, were recently
established in [9, 28].

In Section 4, we perform a detailed blow-up analysis for this type of sequence, in the
spirit of [18] (see also [34]). We think that this analysis is of independent interest and,
for the sake of generality, we perform it on graphs which are not necessarily compact. In
Theorem 4.2, we characterize the blow-up behavior of solutions close to local maximum
points, both when they accumulate in the interior of one edge and when they accumulate
on a vertex; in the latter case, the limit problem is an NLS equation posed on a star
graph, which is a new phenomenon with respect to the Euclidean case. In Theorem 4.6,
we establish a relation between the upper bound on the Morse index and the number of
maximum points of the solutions, and describe the behavior far away from them.

Afterwards, Theorems 4.2 and 4.6 are used in Section 5 to finally deduce, via a
contradiction argument, that also the sequence {u,,} is bounded, and converges to the
non-constant mountain pass solution of Theorem 1.1.

Remark 1.4. In [6] the more general case of a graph with a compact core and a finite
number of half-lines attached is considered. However, due to the presence of an external
potential well or of attractive delta boundary conditions at the vertexes, the search for
a solution can be reduced, following the strategy introduced in [8], to the search for a
local minimum on a bounded subset of the mass constraint. So one avoids the issue of the
boundedness of Palais—Smale sequences, which is the central difficulty in our problem.

2. Local minimality of the constant solution

Let k== (u/ £)'/2 with £ := || being the total length of the graph €. Clearly, the con-
stant function «, is always a solution to (1.3) in H /}« (¥) for some A € R, and hence a
constrained critical point of E(-,§) on H u{ (%). Furthermore, following [13], we can give
a variational characterization of k.

Proposition 2.1. Assume that § is a compact metric graph and p > 2. Then there exists
n1 > 0 depending on '§ and on p such that

(i) if0 < p < 1, then ky is a strict local minimizer of E(u, §) in Hll (%),

(ii) if u > W1, then Kk, is not a local minimizer of E(u, §) in Hﬁ (9).
Proof. To characterize the variational properties of «,, we shall evaluate the sign of
the quadratic form ¢ € TKMHﬁ(g) — dle&(g)E(K/L, G)|e, ¢], where d2|H&(§)E(u, 9)
denotes the constrained Hessian of E(-§) on H & (9)and T, H /i (9) is the tangent space
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of H& (%) at k;,, defined as
T, H)(9) = {¢p € H(§): [gpdx =0}.
From [13, Proposition 4.1], which remains valid with the same proof for p > 6, we obtain
011115 E . ). 9]

=/ |¢’|2dx—(p—2);<5—2/ pI>dx V¢ € T, H,(9). .1)
b4 g

Now denote by A, (%) the smallest positive eigenvalue of the Kirchhoff Laplacian on
¢ (that is, —(-)” on §, coupled with the Kirchhoff condition at the vertexes), namely

/ Zd
A(8) = inf W#
peH'(8) [g |p2dx
Jg ddx=0
Let us suppose that 0 < pu < uq, where
(272

and let B8 € (0, 1) be such that

p—2

2

Bra(€) — (p — 2)(%) > 0.

In view of (2.1), it follows that
g5 1901 = 1= B) [ 167+ [B2(8) — (p =206 2] [ 10 ds

forevery ¢ € Ty, H ;1 (§), which implies that d?|, 1 @) E (k. 9) is positive definite when-
ever 0 < p < wi. Hence, for any such p, the constant k, is a strict local minimizer of
E(-,8)on H&(ﬁ).

If instead u > 1, taking an eigenfunction ¢, corresponding to A, (&), we obtain

Iy (o) E 6 9)[2.82] = [12(8) = (0 =26 ?] [ a2 dx <0,

which implies that «, is not a local minimizer of E(u,§) in H xi (9). |

Remark 2.2. By [21, Theorem 1], we have A,(§) > 72 /{2. Then by (2.2) it follows that

2 2

M1 >£§%§( 7 )p_z.
> 2

In particular, 1y — +00 as £ — +o0.
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3. Mountain pass solutions for approximating problems

When « is a local minimizer of the energy, and since the energy is unbounded from
below on H ;i (§) in the supercritical regime, one may consider the question of finding a
non-constant solution of mountain pass (MP) type. The existence of an MP solution will
be the content of this and the next two sections. Before proceeding, it is convenient to
recall a preliminary result and a definition.

Lemma 3.1 ([14, Proposition 3.1]). Assume that § is a compact metric graph, p > 2, and
{uny C H ;1 (%) is a bounded Palais—Smale sequence of E(-,'§) constrained on H 11 (%).
Then there exists u € H'(8) such that, up to a subsequence, u,, — u strongly in H li (9).

Definition 3.2. For any graph ¥ (not necessarily compact) and any solution U € C(¥) N
H,! (%), not necessarily in H!(¥), of
—U" 4+ AU =plUIP2U in¥,

3.1
ZU’(V) =0 for any vertex v of %, -1

e>v

with A, p € R, we consider

O@p; U, F)

= /ﬁ(|¢|2 + A= (p—DplUIP?)p*)dx Yoe H(F)NCe(F). (32)

The Morse index of U, denoted by m(U ), is the maximal dimension of a subspace W C
HY(F)N Ce(F) such that Q(@; U, F) < 0forall ¢ € W \ {0}.

Note that this is the definition of a Morse index as a solution to (3.1), and not as a
critical point of the energy functional under the L? constraint (see Definition 3.9 below).

Lemma 3.1 is a useful result which exploits the compactness of the reference graph §.
However, as already anticipated in the introduction, in the present setting even the exis-
tence of a bounded Palais—Smale sequence at the mountain pass level is not straightfor-
ward. To overcome this issue, we introduce the family of functionals

1
Eu,9) =~ | W' Pdx—"L [ ju?ax,
P 2 Jg pJe

depending on the parameter p € [1/2, 1]. The idea is to adapt the monotonicity trick [24]
on this family.
The main result of this section is the following:

Proposition 3.3. Assume that § is a compact metric graph and p > 6. Let . € (0, i1).
For almost every p € [1/2, 1], there exists a critical point u, of E,(-, §) on H&(ﬁ), at
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level ¢y > E,(ky, ), which solves

N _ p—1
u, + Apup = pul

Z ufo(v) =0 for any vertex v,

e>v

,up>0 in§,
3.3)

for some A, > 0. Moreover, its Morse index satisfies m(u,) < 2.

In the proof of the proposition, the value of u € (0, t1) is fixed and will not change. As
a first step, we show that the family of functionals E,(-, §) has a mountain pass geometry
on H & (%) around the constant local minimizer «,, uniformly with respect to p.

Lemma 3.4. Assume that § is a compact metric graph and p > 6. There exists w €
H /1 (§) such that, setting

I={y e C(0.1], H;(£)):7(0) = k. y(1) = w},
we have

= inf E 1),8)>E g
¢p = inf max Ep(y(1).9) > Eplky. §)

= max{E,(y(0).9). E,(y(1).9)} Vpe[L1]
Remark 3.5. Note that the functions «,, and w, and hence also I', are independent of p.

Proof of Lemma 3.4. Since p < 1, and taking advantage of the monotonicity, we see from
the proof of Proposition 2.1 that «, remains a strict local minimizer of E,(-,§) in H /i (%)
forall p € [1/2,1].

More precisely, for any p € [1/2, 1] there exists a ball B(x,,,,) of center k, in H& (%)
and radius r, > 0 such that «, strictly minimizes E,(-§) in B(x,,r,), and

inf  E,(u,§)> E,(k,.8) > Ei(ky. §). (3.4
u€dB(ky,rp)

Let e be any edge of §; we identify e with the interval [—{./2, £./2]. Then any
compactly supported H' function v on such an interval, with mass 4, can be seen as
a function in H:L (8). Denoting v, (x) = t'/?v(tx), with t > 1, it is not difficult to check
that v, € H 11 (%) (notice in particular that the support of v; is shrinking as ¢ becomes
larger), and that

12 p[pT_z 12 ZPT_G
E,(vi,8) = — | |V)Pdx—"—— [ [v|Pdx < —( | W|?dx — — | [v|Pdx ],
? 2 Je pJe 2\ p Je

for every p € [1/2,1]. Since p > 6,

Ep(vs,8) < Ei(ky,.8) < Ep(ky. §)
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for ¢ sufficiently large (independent of p). Now taking w = v; with any such choice of ¢
in the definition of I', the above estimate and the minimality of k,, in B(ky, r,) imply that
w & B(ky, rp). Therefore, by continuity, for any y € I there exist £, € [0, 1] such that
y(ty) € 0B(ky,1p); and hence, by (3.4),

n%ax] Ep(y(1).9) = Ep(y(ty), §) > _inf  E,(u,§) > Ep(kyu, )

tef0,1

u€dB(ky,rp
= max{E, (k.. 5), E,(w,§)},
which completes the proof. ]

At this point we wish to use the monotonicity trick on the family of functionals
E,(-9), in order to obtain a bounded Palais—Smale sequence at level ¢, for almost every
p € [1/2,1]. In fact, we need a stronger result carrying also an “approximate Morse-index”
information, Theorem 3.10 below, proved in [12].

We recall the general setting in which the theorem is stated. Let (E, (-,-)) and (H, (:,-))
be two infinite-dimensional Hilbert spaces and assume that

E<— H < E,

with continuous injections. For simplicity, we assume that the continuous injection E <
H has norm at most 1 and identify E with its image in H. We also introduce

{ lull> = (u, u),

uek,
[ul> = (u,u),

and, for u € (0, +00), we define
S, = {u €E, [u®= ,u}.

For our application, it is plain that £ = H'(§) and H = L?(9).
In the following definition, we denote by |||« and ||-||««, respectively, the operator
norm of £(E,R) and of £(E, £(E,R)).

Definition 3.6. Let ¢: E — R be a C?-functional on E and & € (0, 1]. We say that ¢’ and
¢" are a-Holder continuous on bounded sets if for any R > 0 one can find M = M(R) >0
such that for any uy,u, € B(0, R),

lp' (1) — ¢ u2)llx = Mlluz —url®, 19" (1) — ¢" @2)llex < Mllur —u2||*. (3.5)

Definition 3.7. Let ¢ be a C2-functional on E; for any u € E define the continuous
bilinear map
@' (u) - u

Ju|?

D*p(u) = ¢" (u) — ().

Remark 3.8. If u is a critical point of the functional ¢|s, then the restriction of D2¢(u)
to T, S}, coincides with the constrained Hessian of ¢|Su at u (as introduced in Proposi-
tion 2.1.)
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Definition 3.9. Let ¢ be a C2-functional on E; for any u € S, and 6 > 0, we define the
approximate Morse index by

mg(u) = sup{dimL | L is a subspace of TS, such that
D?|s,¢u)(gp,¢) < —0lllI> Vo € L\ {0}}.

If u is a critical point for the constrained functional ¢|s, and € = 0, we say that this is the
Morse index of u as constrained critical point.

Theorem 3.10 ([12, Theorem 1]). Let I C (0, 4+00) be an interval and consider a family
of C? functionals ®,: E — R of the form

®y(u) = Au) — pB(uw), pel.
where B(u) > 0 for everyu € E, and
either A(u) — oo or B(u) - oo asu € E and |Ju|| — +oc. (3.6)

Suppose moreover that CD; and dDZ are o-Holder continuous on bounded sets for some
a € (0, 1]. Finally, suppose that there exist wi, w, € S, (independent of p) such that,
setting

I ={y € C([0.1]. Su): y(0) = wi, y(1) = wa},

we have

= inf o) 1)) > o} P , el.
¢p = inf max p(y (1)) > max{®,(wy), Pp(w2)}. p

Then, for almost every p € I, there exist sequences {u,} C S,, and {, — 0% such that, as
n — 4o,

(i) DPp(un) = cp;
(i) ([ P)ls, (un)l — 0;
(iii) {u,} is bounded in E;

@v) g, (uy) < 1.
We are ready to give the proof of Proposition 3.3.

Proof of Proposition 3.3. We apply Theorem 3.10 to the family of functionals E,(-, §),
with E = H'(§), H = L*(9), S, = H, (%), and T defined in Lemma 3.4. Setting

1
A(w) = -/ W'2dx and B(u) = ﬁ/ u|?,
2 Jg pJg
assumption (3.6) holds, since we have
u e H&(ﬁ), lu|| > 400 = A(u) - +o0.

Moreover, assumption (3.5) holds since the unconstrained first and second derivatives of
E, are of class C 1 and hence locally Holder continuous, on H /1 ).
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In this way, for almost every p € [1/2, 1] there exist a bounded Palais—Smale sequence
{un} for the constrained functional E,(-, §)| HLg) At level ¢,, and ¢, — 07, such that
img, (up) < 1. Moreover, as explained in [12, Remark 1.4], since u € S;, — |u| € S,
wi, w2 > 0, the map u > |u| is continuous, and E,(u,§) = E,(Jul, §), it is possible
to choose {u,} with the property that u, > 0 on ¥. By Lemma 3.1, we have u, — u,
strongly in H!(§), and u, > 0 is a constrained critical point, thus a non-negative solution
to (3.3), for A, = A(u,) (Lemma 3.1 is stated for the particular value p = 1; however, it
is immediate to check that this choice does not play any role in the proof). The case when
u,, vanishes at one (or more) vertex can be easily ruled out by the Kirchhoff condition, the
uniqueness theorem for ODEs, and the fact that u, > 0. Thus, u,, is strictly positive on
each vertex, whence 1, > 0 in § by the strong maximum principle.

It remains to show that the Morse index m(u,), defined in Definition 3.2 with A =
A(u,) is at most 2. This result can be directly deduce from [12, Theorem 3] but we prove
it here in our setting for completeness. To simplify the notation we omit the dependence
of the functionals E,(:, §) on §. Defining

_ 1 im A
Ap = _;E;(up) ‘up = — lim ;E;(””) "

we conclude from Theorem 3.10 (ii) that A o = Ap; we refer to [12, Remark 1.2] for more
detail.

To show that u, € S, has Morse index at most 1 as a constrained critical point, see
Definition 3.9, we assume by contradiction that there exists a Wy C T5,S,, with dim Wy =2
such that

D?E,(uy)(w,w) <0 Yw e W\ {0}.

Since W, is of finite dimension, by compactness and homogeneity, there exists a § > 0
such that
D2Ep(up) (w.w) < —Bllw]®  Vw e Wy \ {0}

Now, from [12, Corollary 1] or using directly that £/, and E are a-Holder continuous on
bounded sets for some « € (0, 1], we deduce that there exists a §; > 0 such that, for any
v € S, such that [[v —u|| < &,

D2E,(v)(w, w) < —§||w||2 Yw e Wy \ {0}. (3.7

Since {u,} C S,, converges to u we have ||u, —u| < 6; for n € N large enough. Then
since dim Wy > 1, (3.7) provides a contradiction with Theorem 3.10 (iv) where we recall
that {, — 0. Finally, recalling that S, is of codimension 1 in H!(§) and observing that,
forany w € H'(9),

D2Ep(up)(w, w) = EZ(M)(w, w) + Ay(w, w)
ZLWMLHM_@—W%W%MML

we obtain that m(u,) < 2. n
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4. Blow-up phenomena

Proposition 3.3 does not ensure the existence of a mountain pass solution for the original
problem obtained when p = 1. However, it gives the existence of a sequence p, — 17,
with a corresponding sequence of mountain pass critical points u,, € H & () of E,, (-, 5),
constrained on H ;i (¥). We aim to show that {u, } converges to a constrained critical point
of E;(-, ). For this purpose, it is sufficient to prove that {u,,} is bounded in H!(¥),
thanks to Lemma 3.1. The advantage of working with {u,, } is that this is a sequence of
solutions of approximating problems with uniformly bounded Morse index. In this section
we perform a blow-up analysis for this type of sequence, in the spirit of [18]. This analysis,
of independent interest, will be used in the next section to gain the desired boundedness
of {u,, }.

A somewhat related study, regarding least action solutions, was previously performed
in [15].

General setting for the blow-up analysis

For the sake of generality, in what follows we consider a general metric graph satisfying
the following assumption:

§ has a finite number of vertexes and edges (but is not necessarily compact).  (4.1)

Let {u,} C H' (%) be a sequence of positive solutions of the NLS equation, coupled with
Kirchhoff condition at the vertexes:

—u! 4 ity = poul™' on$,
U, >0 on g, 4.2)
D ey u, ,(v) =0 Vvey,

where p, — 1 (in fact, it would be sufficient to ask that p, — p > 0, regardless of the
value of p), and A,, € R.

We denote B, (xg) = {x € §:dist(x, x¢) < r}. Moreover, we denote by §,, the star
graph with m > 1 half-lines glued together at their common origin 0 (note that §; = R,
and &, is isometric to R).

It is also convenient to recall the definition of Q(¢; u, §); see (3.2).

First, we note that if A, — 400, then u, blows-up along any sequence of local maxi-
mum points.

Lemma 4.1. Let § be a metric graph satisfying (4.1), p > 2, and u, € H'(§) be a
solution to (4.2) for some A, € R and p, € (0, 1]. Let x,, € § be a local maximum point
for uy,. Then

1
Un(x,) > A0,
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Proof. Lete be an edge of g such that x,, € e ~ [0, £.]; it is plain that u,|. € C2([0, £.]),
by regularity. If x, is in the interior of e, then u) (x,) < 0; if instead x, is a vertex of
e, then, by the Kirchhoff condition, ), (x,) must vanish, and hence u/,(x,) < 0 again. In
both cases, the equation for u, (which holds on the whole closed interval [0, £.]) yields

Antin (Xn) — puttE ™1 (xn) = ull(x,) <0,

whence the thesis follows. [

The next theorem provides a precise behavior, close to a local maximum point, of
the sequence {u,}, as A, — 400, while m(u,) remains bounded. In the statement and
in the proof, we shall systematically identify an edge e with the interval [0, £.], where £,
denotes the length of e. Since in this section we allow § to be non-compact, it is admissible
that £, = +oo (clearly, in such a case e >~ [0, +00); unless it is necessary, we shall not
distinguish these cases).

Theorem 4.2. Let § be a metric graph satisfying (4.1), p > 2, and {u,} C H' () be a
sequence of solutions to (4.2) for some A,, € R and p, € (0, 1]. Suppose that

An — 400 and m(uy) <k forsomek > 1.
Let x,, € § be such that, for some R, — o0,

-~ _p2
Up(xy) = max u,, whereé&, = (uy(x,))” 2 — 0.
BRr,z, (xn)
Suppose moreover that
. dist(x,, V)
limsup ———— =
n—o00 &n

Then, up to a subsequence, the following hold:

+o0. (4.3)

(i) All the xy, lie in the interior of the same edge e >~ [0, £.].

_1
(ii) Setting &, = A, 2, we have

& 0.1],
En
4.4
dist(x,, V) @4
— = 400 asn — o,
&n
and the scaled sequence
2 0,0c] —x
vn(y) = &x 2un(xn +eny) forye [eé‘]—n 4-5)

n

2.(R) as n — oo, where V € H(R) is the (unique) positive
finite energy solution to

—V'+V=vVvPl V>0 inR,
V(0) = v,
(0) mﬂgx

converges to V in C?

V(x) -0 as |x| — 4o0.
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(iii) There exists ¢ € CZ°(§), with supp ¢ C B, (xn) for some R > 0, such that

OQ(¢pn:un.9) <0.

@iv) Forall R > 0 and q > 1, we have

q

1__4a
lim A, 77 / u?dx = lim vildy = [ Vidy.
n—>00 BRe, (xn) n—>00 JBr(0) Br(0)

If, instead of (4.3), we suppose that

dist(x,,V
limsupL") <

n—00 En

~+o00, (4.6)

then, up to a subsequence, the following hold:

(i)

(ii")

Xn — Vv €V, and all the x, lie on the same edge e, > [0, £1], where the vertex
v is identified by the coordinate O on e;.

Let ey >~ [0,4€5],...,em = [0, £y] be the other edges of § having v as a vertex
1

(if any), where v is identified by the coordinate 0 on each e;. Setting e, = Ay 2,
we have .
LN (0, 1],
&n
. dist(x,, V) @.7)
lim sup—— < 400,
n—00 En
and the scaled sequence defined by
= ei .
va(¥) == ef " uy(eny) forye — fori =1,...,m,
&n

converges to a limit V in Clgc (8mn) as n — oo. Denoting by V; the restriction of
V to the ith half-line £; of §,, and by v; ,, the restriction of vy to €; /€, we have
moreover that v; , — V; in Cl(z,c([O, +00)). Finally, V € H'(§,,) is a positive
finite energy solution to the NLS equation on the star graph

~V"'+ V=V V>0 inG,,

m

PRACSE)

i=1

V(ix) -0 as dist(x, 0) — oo
with a global maximum point X located on £1, whose coordinate is
__ dist(x,, V)

X = lim x, € [0,+00), where X, =
n—o00 En

(iii") There exists ¢, € C°(§), with supp ¢, C B, (xn) for some R > 0, such that
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(iv') Forall R > 0 and ¢ > 1, we have

1__4a
lim A, "_2/ u?dx = lim vl dy
BRgn(xn)

n—>00 n—-»oo BR (in)

m
Vidy + [ Vedy
/[o,sc+R] ! ; [0,R—X] '

= / V4dy
BRr(x)

(where BRr(X,) and BR(X) denote the balls in the scaled and in the limit graphs,
respectively).

The proof of the theorem is divided into several intermediate steps. We start with some
preliminary results.

Lemma 4.3. Let U € Hlf,c (6m) be a solution to

~U" 4+ AU =pUP™' in§,,
U>0 in$gm,,

m
D U0 =0,
i=1

for some p > 2, p, A > 0, where U; denotes the restriction of U on the ith half-line of p,.
Suppose that U is stable outside a compact set K, in the sense that Q(¢; U, §,,) > 0 for
all p € H' (§) N Ce(Gm \ K). Then U(x) — 0 as dist(x,0) — +oo, and U € H'(§).

(4.8)

The proof is analogous to that of [18, Theorem 2.3], and hence we omit it.

Remark 4.4. Clearly, by the density of H'([0, +00)) N C.([0, +00)) in H ([0, +00)),
any solution with finite Morse index is stable outside a compact set.

Lemma 4.5. Let U € H'(8,,) be any non-trivial solution of (4.8). Then its Morse index
m(U) is strictly positive.

Proof. Thanks to the Kirchhoff condition, it is not difficult to check that

/ (|U’|2+wz)dx=/ p|UIP dx.
Em Gm

Therefore
0WU:USm == p) [ U dx <o
G
and the thesis follows by density of H'(§,,) N Cc(§) in H(§,,). |

Proof of Theorem 4.2 under assumption (4.3). This case is simpler than that when (4.6)
holds, since, roughly speaking, after rescaling we do not see the vertexes of ¥, and we
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obtain a limit problem on the line. We present in any case the proof for the sake of com-
pleteness. Since § has a finite number of edges, up to a subsequence all the points x,
belong to same edge e, and (i) holds. Let 1, be defined by

25 €e—Xp

Hn(y) =& 2 up(xy, + 8,y) fory eég, = T
n

Notice that any interval [—a, a], with @ > 0, is contained in €, for sufficiently large .
Indeed, (e — x,)/&, contains the set

{y eR:|gyy| < dist(x,,,"V)} = {y eR: |yl < dist(xn,'V)/én},

which exhausts the whole line R as n — oo, by (4.3).
Now, on every compact [—a, a] we have 1, (0) = 1 = max[_, 4] i, for n large (since
Un(Xn) = maxp, . (x,) Un for some R, — +00), and

—i! + Al = paii?™', i, > 0 iné,.
Furthermore, by Lemma 4.1,
21, €(0,1] Vn.

Thus, by elliptic estimates, we have %, — i in C2 (R), and the limit 7 solves

loc
@ +Mi=uP"', @>0inR, 4.9)

for some A € [0, 1]. By local uniform convergence, % (0) = 1, and hence # > 0 in R by the
strong maximum principle. We claim that

the Morse index of u is bounded by k. 4.10)

If by contradiction this is false, then there exists k > k functions é1.....¢r € HY(R) N
C.(R), linearly independent in H ' (R), such that Q(¢;;%,R) < 0 foreveryi € {1,...,k}.
Then let

Bin() = By (F).

€n

Since ¢; has compact support, the functions ¢; , can be regarded as functions in H!(e),
and hence in H!(§), for every n large, thanks to (4.3). Indeed, if supp ¢; C [-M, M],
then

{x eR: 22 C [-M, M1} = [xn —EM, xp + E, M ]

_ dist(x,,V _ dist(x,,V
Clixn_gn#a n+8n¥]ce~
&n En
Moreover, ¢1,,, . . . , ¢ » are linearly independent in H (%), and, by scaling,

Q(qbi,n;unvg) = Q(¢i,n;unve) = Q((ﬁi;ﬁnyén) - Q(‘f’z»ﬂ,R) <0.
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This implies that m(u,) > k > k for sufficiently large 7, a contradiction. Therefore, claim
(4.10) is proved. To sum up, # is a finite Morse index non-trivial solution to (4.9), for
some A € [O 1]. Having A = 0 is however not possible, since by phase plane analysis the
equation #” + #?~! = 0 in R has only, as non-trivial solutions, periodic sign-changing
solutions. Now, by Lemma 4.3, &i — 0 as |x| - +oo, and & € HI(R). Therefore,

n n

0 < liminf <limsuyp ———
500 (U ()P 2~ mson (ttn (60))72

<1, A.11)

which proves the first estimate in (4.4). At this point it is equivalent, but more convenient,
to work with v, defined by (4.5) rather than with 7i,. By (4.3) and (4.11),
dist(x,,V
lim sup M = +o00.
n—oo En
Thus, similarly to before, one can show that v, converges to a limit function v in C]gc (R),
such that
V" +v=v""l, v>0 inR;

moreover, v has a positive global maximum v(0) > 1 (thus v > 0 in R), has finite Morse
index m(v) < k, and hence, by Lemma 4.3, v — O as |x| — oo, and v € H!(R). Itis well
known that there exists only one such solution, denoted by V. Thus, (ii) is proved. Point
(iv) follows directly by local uniform convergence. Finally, point (iii) is a consequence of
the fact that the Morse index of V is positive (see Lemma 4.5; in fact, it is well known
that in fact m(V) is precisely equal to 1). This implies that there exists ¢ € C!(R) such
that Q(¢; V,R) < 0; thus, defining

Lox—x
bin(x) = eagi ("),
En
we deduce that for sufficiently large n we have Q(¢;n; un, §) < 0, and supp ¢;n C
B, (xn) for some R > 0. |

Proof of Theorem 4.2 under assumption (4.6). Since &, — 0 and § has a finite number of
vertexes and edges, up to a subsequence the maximum points x, converge to a vertex v,
and belong to same edge e; =~ [0, £]; thus, (i’) holds, and we can suppose that

d
e f0,400),  dy = dist(xy, V) = xp.
&n

Let

2 e;
Un(y) = 82 up(8ny) fory €&, = — Lfori=1,...,m.
g

n

Note that 1, is defined on a graph §,, , consisting of m expanding edges, glued together
at their common origin, which is identified with the coordinate 0 on each edge é; ,,. In the
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limit n — oo, this graph converges to the star graph §,,. Plainly, for every a > 1 + 1 and
large n,
~ (Xn ~
un(T) =1 = max uy,
&n Ba(0)

(since u, (x,) = Maxgy - (x,) Un for some R, — +00),
" B2 ity = ppti27Y, i, > 0
on any edge of ,, ,, and the Kirchhoff condition at the origin holds. Also, by Lemma 4.1,
&1, €(0,1] Vn.

Thus, by elliptic estimates, we have i, |gi,n =1, — U; in C

2.([0, +00)) for every i, and
the limit 7; solves

—a! 4+ dit; =a?”", @ >0 in (0, +o0) (4.12)
for some A € [0, 1]. Moreover, since i, is continuous on §,, , and by uniform convergence,
1;(0) = 1, (0) for every i # j, sothatu =~ (iiy,...,1un) can be regarded as a function
defined on §,,. Since the convergence u; , — u; takes place in C 2 up to the origin, the
Kirchhoff condition also passes to the limit. Now we exclude the case that # = 0 on some
half-line of §,,. By local uniform convergence, we have

n—o0

ui(n) = lim uln(i;) =1

This implies that #7; > 0 in (0, +00), by the strong maximum principle. In turn, the Kirch-
hoff condition, the uniqueness theorem for ODEs, and the strong maximum principle
again, ensure that #7; > 0 on (0, +00) for every i. Finally, we claim that

the Morse index of u is bounded by k. 4.13)

The proof of this claim is completely analogous to that of (4.10). If by contradiction
this is false, then there exist k > k functions ¢y, ..., ¢ € H'(8,) N Ce(Gy), linearly
independent in H(%,,), such that Q(¢;: i, §,) < 0 forevery i € {1,...,k}. Then let

Gin(x) = <9n ( )

Since ¢; has compact support, the functions ¢; , can be regarded as functions in H!(g) N
C.(9) for every n large; precisely, supp(¢i,n) C Bgs, (x,) for some R > 2p. Moreover,
15 - - - » Pk are linearly independent in H!(§,,) and, by scaling,

Q(@iniun,§) = QPin;tn,€) = Q¢istin, &) — Q(¢i; 1, R) <0.

This implies that m(u,) > k > k for sufficiently large n, a contradiction. Therefore, claim
(4.13) is proved.
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To sum up, # is a finite Morse index non-trivial solution to (4.12), for some =
[0, 1]. As before, the case A = 0 can be ruled out by phase-plane analysis, and hence,
by Lemma 4.3, % — 0 as |x| — +oo, and it € H'(§,,). Therefore,

. . n
PR Gy

<limsup ——=—— <1, (4.14)
nvee (i (X)) P2
which proves the first estimate in (4.7). At this point it is equivalent, but more convenient,
to work with v,, defined in point (ii") of the theorem, rather than with i,. By (4.6) and
(4.14),
dist(x,,V
lim sup M <

n—00 En

~+00.

Thus, similarly to before, one can show that v, converges, in Clgc (Yn) and in Clﬁc([O,

+00)) on every half-line, to a limit function V =~ (V1,..., V;,), which solves

—V'+V=VPL V>0 in§,

Y Vi) =0;

i=1

furthermore, V has a positive global maximum on the half-line £, Vi (x) > 1 (thus V >
0 in §,,), and has finite Morse index m (V) < k. Moreover, by Lemma 4.3, V — 0 as
|x| = oo. Thus, (ii’) is proved. Point (iv’) follows directly by local uniform convergence.
Finally, point (iii') is a consequence of Lemma 4.5. This implies that there exists ¢ €
H(8,) N Cc(§y) such that O(¢; V., §,) < 0; thus, defining

1 /x—X
bra() = 5 i ().
En
it is not difficult to deduce that for sufficiently large n we have Q(¢; »;u,, §) < 0, and
supp ¢i,n C B, (xn) for some positive R. L]

Theorem 4.2 allows the pointwise blow-up behavior close to local maximum points to
be described. In what follows, we focus on the global behavior, and, in particular, on what
happens far away from local maxima.

Theorem 4.6. Let § be a metric graph satisfying (4.1) and p > 2. Let {u,} C I-{l (%)
be a sequence of solutions to (4.2) such that A, — 400 and m(u,) < k for some k > 1.

There exist k € {1,...,k}, and sequences of points (ph .. {P,ic }, such that
Andist(P], PJ) — 400 Vi # j, (4.15)
un(P,‘;) = max U, forsome R, — 400, foreveryi, (4.16)

i
BRn/l;l/z (Pr)
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and constants C1, C, > 0 and R > 0 such that

k 1
1 2 .
>=3 _ 3 . ;
Un(x) < C1AL™ E o—Cahi dist(x,P})

i=1

h 1 k
% — 2 gi Vi [
+ CAL7 Y e A dE) e g\ | By (Py), (4.17)
j=1 i=1
where V1, ..., vy are all the vertexes of §.

Proof. The proof closely follows that of [18, Theorem 3.2], and is divided into two steps.

Step 1. There exist k € {1,...,k}, and sequences of points (ph, ... {P,]lc }, such that
(4.15) and (4.16) hold, and moreover

i
lim (lim supA, ”> max u,,(x)) =0, (4.18)

R—>+400} n—oo dy(x)=RA,"?

where dy (x) = min{dist(x, Pi):i = 1,...,k} is the distance function from { P}, ..., P}

Thanks to Theorem 4.2, we can adapt the proof of [18, Theorem 3.2] with minor
changes (some details are actually simpler in the present setting, since here we deal with
a constant potential, differently to [18]). In adapting [18, Theorem 3.2], it is important to
point out that any limit of u,, given by Theorem 4.2, tends to O at infinity. This fact is
crucial in the proof of (4.18).

Moreover, if the reference graph is unbounded, it is important to observe that u, (x) —
0 as |x| — o0 on each half-line, since u, € H'(¢) by assumption. This implies that, if
(P, ..., {P,f’} are local maximum points of u,, then there exists a maximum point on
g\ U, B s-112(PY).

Step 2. Conclusion of the proof. By (4.18), for every ¢ € (0, 1) small, to be chosen later,
there exist R > 0 and ng € N large such that
1

max Up(x) < A2%e Vn > ng. (4.19)
dn(x)>RA;?

Thus, in the set 4, := {d,(x) > R)L;l/z}, in addition to (4.19) we also have
" p—2 " An
uy, =R, —ubu, = —u,+ 7un <0 (4.20)

provided that £ > 0 is small enough.

We want to exploit (4.19) and (4.20) in a comparison argument, as in [18] (or [17,
Theorem 3.1]). However, the presence of the vertexes makes the argument a little more
involved in our setting.
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Let us denote by {v; };“=1 the set of vertexes which are not included in one of the balls
By,-12 (P}) for large n. On any such vertex, by (4.19),
n

1
up(vj) < AP e

For any edge e, we consider the restriction of u, on e N A4,. Since k is independent of n,
e N A, consists of finitely many relatively open intervals (which may be unbounded, if
is non-compact).

Let I, be any such bounded interval; then the following alternative holds: a1, N
{vj }j.”=1 can either be empty (case 1), or be a single vertex , say v; (case 2), or be a
pair of vertexes, say vy and v, (case 3).

Assume first that case 1 holds. Then there exist two indexes i, j € {1,...,k} such that
a1, consists of one point at distance Rk;l/ 2 from P,i, and one point at distance Rk;l/ 2
from P,,j . Consider the function

1 , 1 .
P (x) = e VAn x=Pal 4 o= Ad Ix=Pil
which solves ¢!/ = y?4,¢, in I,. By taking y < 1/4, we have

A
—¢! + 7”¢,, >0 in /.

Moreover,

1 1
(BN ¢ — Un)|y, =207 (1 =) >0,

and hence, by the comparison principle, we have

1
u(x) <e’®Ar ¢, (x)n Vx e l,,

which clearly implies the validity of the thesis on 7, in this case.

If case 2 holds, then there exists an index i € {1, ..., k} such that d1,, consists of a
point at distance Rk;l/ % from P!, plus the vertex vi. Arguing as before, it is not difficult
to check that

1 1 . 1 1
=3 —yA2|x—P! =3 —yd 2 |x—
u(x) < e"®ape vhwlx=Pul 4 ) P22 pmvhi il yy e,

which gives the thesis in case 2.
In case 3, an analogous argument ensures that

1 1 1 1
L A2 |x— S A2 |x—
u(x) < A ZevrAalxvil L g2 emvhilel vy e,

whence the thesis follows once again.

Finally, let us consider the case when I}, is an unbounded interval of e N A,. Then we
only have two possibilities: either d/, consists of a point at distance R)L;l/ 2 from Pi, or
a1, consists of a vertex, say vy.
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In the former case, we argue as before with the comparison function

1 1 .
_ 5 —yA2 |x—
1//n(x)—e yerf 26‘ yAq |x P,’,l,

where y < 1/4. In the latter one, we can use

1 1
Y (x) = Af 7 e A vl

To sum up, slightly modifying the choice of the comparison functions, according to the
structure of d1,, it is possible to prove the validity of (4.17) in all the possible cases. =

5. Mountain pass solution for the original problem

In this section we complete the proof of the main existence result, Theorem 1.1. Let u €
(0, ;7). As already anticipated in Section 4, Proposition 3.3 gives a sequence of mountain
pass critical points u,, € H,(§) of E,, (-, §) on H(§) with p, — 17 and m(u,,) < 2.
Moreover, the energy level ¢, is bounded, since

El(KMvg) =< Ep(Ku,a 9) < Cp = C1/2 Vo€ [%a 1]

(the first and the second inequalities are proved in Lemma 3.4; the third one follows
directly from the monotonicity of ¢,). Thus, Theorem 1.1 is a direct corollary of the next
statement.

Proposition 5.1. Let § be a metric graph satisfying (4.1) and p > 6. Let {u,} C H'(§)
be a sequence of solutions to (4.2) for some A, € R and p, — 1. Suppose that

/ lun?dx = p, m(uy,) <k Vn,
g

for some u > 0 and ke N, and that
the sequence of the energy levels {c,, = E,, (un, 5)} is bounded.

Then the sequences {1} C R and {u,} C H'(§) must be bounded. In addition, {u,} is
a (bounded) Palais—Smale sequence for E1(-, §) constrained on H /1 9).

Proof of Theorem 1.1. 1t is sufficient to apply Proposition 5.1 on the sequence {u,, }
which, as observed, fulfills the assumptions. Indeed, applying Lemma 3.1 we then deduce
that u, — u strongly in H'(§). n

Proof of Proposition 5.1. Since

/(|M;,|2 + Anu2)dx = p,,/ [un|? dx,
g g



Normalized solutions of L2-supercritical NLS equations on compact metric graphs 23

it follows that

1 1 A
n = Epyn.8) = (5 - ;)/gmuzdx LY

p
I 1
(3= 1) [ mepar=cos

This estimate gives the boundedness of {u,} in H'(§), provided that {1, } is bounded
(recall that {c,} is bounded as well). Once the boundedness of {u,} in H1(§) is proved,
and since p, — 1, the fact that it is a Palais—Smale sequence for E; (-, §) constrained on
H }(8) is straightforward.

Therefore, we only have to show that {1, } is bounded. By contradiction, we suppose
that this is not the case. By (5.1), we have A, — 400, up to a subsequence. Thus, Theo-
rems 4.2 and 4.6 hold for u, = u,,. For {P}},..., {P,{‘} given by Theorem 4.6, Theorem
4.2 ensures the existence of blow-up limits, which can be either defined on R, or on a star
graph §,,. In the rest of the proof,

therefore

5.1)

. {vi,} denotes the scaled sequence around P,‘;;
V' denotes the limit of {v]};

X! denotes the global maximum point of v’ ;
+ X' denotes the global maximum point of V.

Then, for R > 0, on one hand we have

12 k .
An p_Z/uidx—Z/ (vh)?dx
5 = G

(in the second integral, the ball Br(X!) is the ball in the scaled graph). Indeed, the first
term inside the absolute value satisfies

— +o00 5.2)

1_ 2 1__2
Al 7 / utdx = 2A; "7 u— +oo,
g
since p > 6, while the second term is bounded, since by Theorem 4.2,
Z/ _ (v;‘,)2 dx — (VH2dx,
i=1YBrGn) BR(x)

and it is the sum of a finite number of bounded integrals, since V? € H'(§,,).
On the other hand, by Theorem 4.6, for some positive constant C which changes from
one line to another,

)LZ pz/u dx—Z[ i(vf,)zdx

i=1 BRr(xn)

u;, 2 dx — / dx
/ Z —1/2(Pn

i=1

AZ p2
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/ Culdx
g\U; BRA;I/Z(P}’)

k 1
< Cl,\é Z/ o~ CaAi dist(x.P}) g
i—1Y9\Ui BR)L;l/z(Pf;)

h 1
1 7 .. )
+ Ci1 A2 E /e—czln dist(x,v;) 7y
j=1"%

k 1 h 1
1 1 ; 1 '
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By taking the limit as n — oo, we deduce that
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in contradiction with (5.2). [
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