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NONLINEAR DIRAC EQUATION ON GRAPHS WITH LOCALIZED
NONLINEARITIES: BOUND STATES AND NONRELATIVISTIC LIMIT

WILLIAM BORRELLI, RAFFAELE CARLONE, AND LORENZO TENTARELLI

ABSTRACT. In this paper we study the nonlinear Dirac (NLD) equation on noncompact metric
graphs with localized Kerr nonlinearities, in the case of Kirchhoff-type conditions at the vertices.
Precisely, we discuss existence and multiplicity of the bound states (arising as critical points of the
NLD action functional) and we prove that, in the L2-subcritical case, they converge to the bound
states of the NLS equation in the nonrelativistic limit.

1. INTRODUCTION

The investigation of evolution equations on metric graphs (see Section 2.1 below for details) has
become very popular nowadays as they are assumed to represent effective models for the study of
the dynamics of physical systems confined in branched spatial domains. A specific attention has
been addressed to the focusing nonlinear Schrodinger (NLS) equation, i.e.

1w = —v" — |v|P2 v, p =2, (1)

with suitable vertex conditions, as it is supposed to well approximate (for p = 4) the behavior of
Bose-Einstein condensates in ramified traps (see, e.g., [32] and the references therein).

From the mathematical point of view, the discussion has been mainly focused on the study of
the stationary solutions of (1), namely functions of the form v(t,z) = e u(x), with A € R, that
solve the stationary version of (1), i.e.

—u — |u]p72 U= Au,

with vertex conditions of J-type. In particular, the most investigated subcase has been that of the
Kirchhoff vertex conditions, which impose at each vertex:

(i) continuity of the function (for details see (15)),
(ii) “balance” of the derivatives (for details see (16)).

For a short bibliography limited to the case of noncompact metric graphs with a finite number of
edges (which is the framework discussed in the paper) we refer the reader to, e.g., [1, 2, 4, 3, 20,
21, 39, 42, 43] and the references therein.

Following [31, 41], also a simplified version of this model has recently gained a particular at-
tention: the case of a nonlinearity localized on the compact core K of the graph (which is the
subgraph consisting of all the bounded edges); namely,

—u = X,C\u]p_z U=\ (2)

with Kirchhoff vertex conditions and x, denoting the characteristic function of . This problem
has been studied in the L2-subcritical case in [51, 52, 54], while some new results on the L2-critical
case have been presented in [24, 25] (for a general overview see also [16]).

1



2 W. BORRELLI, R. CARLONE, AND L. TENTARELLI

N
N

FIGURE 1. infinite 3-star graph.

Remark 1.1. We also mention some interesting results on the problem of the bound states on
compact graphs. For a purely variational approach we recall, e.g., [23, 19], whereas for a bifurcation
approach we recall, e.g., [40].

As a further development, in the last years also the study of the Dirac operator on metric graphs
has generated a growing interest (see, e.g., [6, 12, 17, 46]). In particular, [50] proposed (although
in the simplified case of the infinite 3-star graph, depicted in Figure 1) the study of the nonlinear
Dirac equation on networks, namely (1) with the laplacian replaced by the Dirac operator

d
D= —ic— @ o1 + mc® @ o3, (3)
dx

where m > 0 represents the mass of the generic particle of the system and ¢ > 0 represents the
“speed of light” .

Remark 1.2. In fact, c is the speed of light only in truly relativistic models, whereas in the present
case it should be rather considered as a phenomenological parameter depending on the model
under study. Nevertheless, for the sake of simplicity, we will refer to it as “relativistic parameter”
or “speed of light” throughout the paper.

Here o1 and o3 are the so-called Pauli matrices, i.e.

o1 = ((1) (1)) and oy = <(1] _01> (4)

and with the wave function v replaced by the spinor y := '(Xl, 2T, Precisely, [50] suggests the
study again of the stationary solutions, that is x(¢,z) = e~ (), with w € R, that solve

D — [P = wi). (5)

The attention recently attracted by the linear and the nonlinear Dirac equations is due to their
applications, as effective equations, in many physical models, as in solid state physics and nonlinear
optics [33, 34].

While originally the NLDE appeared as a field equation for relativistic interacting fermions [38],
then it was used in particle physics to simulate features of quark confinement, acoustic physics,
and in the context of Bose-Einstein condensates [34].

Recently, it also appeared that some properties of physical models, as thin carbon structures,
are well described using as an effective equation for non-relativistic electronic properties , the Dirac
equation. We mention, thereupon, the seminal papers by Fefferman and Weinstein [28, 29], the
work of Arbunich and Sparber [10] (where a rigorous justification of linear and nonlinear equations
in two-dimensional honeycomb structures is given) and the referenced therein. In addition, we
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recall that the existence of stationary solutions for cubic and Hartree-type Dirac equations for
honeycomb structures and graphene samples has been investigated in [14, 13, 15]; whereas, for an
overview on global existence results for one dimensional NLDE we refer to [18, 44].

On the other hand, in the context of metric graphs the interest for the Nonlinear Dirac equation
arises in the analysis of effective models of condensed matter physics and field theory ([50]).
Moreover, Dirac solitons in networks may be realized in optics, in atomic physics, etc. (see again
[50] and the references therein).

In this paper, we discuss the case of (5) with localized nonlinearity (or, equivalently, the Dirac
analogous of (2)), namely

DY — X [Py = wyp.
The reduction to this simplified model arises as one assumes that the nonlinearity affects only the
compact core of the graph. This idea was originally exploited in the case of Schrédinger equation in

[31] and it represents a preliminary step toward the investigation of the case with the “extended”
nonlinearity, i.e. (5), which will be discussed in a forthcoming paper.

It is finally worth stressing that, as for the Schrédinger case, the operator D needs some suitable
vertex conditions, which make the operator self-adjoint. In this paper, we limit ourselves to the
discussion of those conditions that converge to the Kirchhoff ones in the nonrelativistic limit, and
that we call Kirchhoff-type. The reason is that they identify (as well as Kirchhoff for Schrédinger)
the free case; namely, the case in which there are no attractive or repulsive effects at the vertices,
which then play the role of mere junctions between the edges.

Roughly speaking these conditions “split” the requirements of Kirchhoff conditions: the conti-
nuity condition is imposed only on the first component of the spinor, while the second component
(in place of the derivative) has to satisfy a “balance” condition (see (8)&(9)).

The paper is organized as follows:

(i) in Section 2 we briefly recall some basics on metric graphs and on the properties of the
Dirac operator with Kirchhoff-type vertex conditions, and then we state the main results
of the paper (Section 2.4):

- existence and multiplicity of the bound states (Theorem 2.12);
- nonrelativistic limit for the bound states (Theorem 2.13);

(ii) in Section 3 we show the proof of Theorem 2.12;
(iii) in Section 4 we show the proof of Theorem 2.13;

(iv) in Appendix A we discuss more in details the properties of the Dirac operator with
Kirchhoff-type conditions on metric graphs, while Appendix B deals with the definition
of the form domain of the Dirac operator.

Acknowledgements

We wish to thank Eric Séré for fruitful discussions.

2. SETTING AND MAIN RESULTS

In this section we aim at presenting the main results of the paper. However, the statements of
Theorem 2.12 and Theorem 2.13 require some basics on metric graphs and on the Dirac operator.
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FIGURE 2. a general noncompact metric graph.

d

FIGURE 3. the compact core of the graph in Figure 2.

2.1. Metric graphs and functional setting. A complete discussion of the definition and the
features of metric graphs can be found in [1, 11, 37] and the references therein. Here we limit
ourselves to recall some basic notions.

Throughout, a metric graph G = (V, E) is a connected multigraph (i.e., multiple edges and self-
loops are allowed) with a finite number of edges and vertices. Each edge is a finite or half-infinite
segment of line and the edges are glued together at their endpoints (the vertices of G) according
to the topology of the graph (see Figure 2).

Unbounded edges are identified with (copies of) R = [0, +00) and are called half-lines, while
bounded edges are identified with closed and bounded intervals I, = [0,/.], . > 0. Each edge
(bounded or unbounded) is endowed with a coordinate x., chosen in the corresponding inter-
val, which has an arbitrary orientation if the interval is bounded, whereas presents the natural
orientation in case of a half-line.

As a consequence, the graph G is a locally compact metric space, the metric given by the
shortest distance along the edges. Clearly, since we assume a finite number of edges and vertices,
G is compact if and only if it does not contain any half-line. A further important notion, introduced
in [2, 51] is the following.

Definition 2.1. If G is a metric graph, we define its compact core K as the metric subgraph of G
consisting of all its bounded edges (see, e.g., Figure 3). In addition, we denote by ¢ the measure

of I, namely
0= "te.
eell

A function u : G — C can be regarded as a family of functions (u.), where u, : I, — C is the
restriction of u to the edge (represented by) I.. The usual L? spaces can be defined in the natural
way, with norm

gy = 3 Muelpr,ys i€ L00),  and  fullgig) = max (s,
ecE
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while H'(G) is the space of functions u = (u) such that u. € H'(I.) for every edge e € E, with
norm
HUH%l(g) = ||U,||%2(g) + ||U||%2(g)

(and in this way one can also define H?(G), H3(G), etc ...). Consistently, a spinor ¢ = (¢!, 9?7
G — C? is a family of 1d-spinors

¢1
¢e:<;>5Ie—>C2, Ve € E,

and thus
(G,C%) = rr.) e,
eckE
endowed with the norm
||w||§p(g7(c2) = Z queHI[)/p(]e)v ifp € [L OO), and ”¢HL°°(Q,(C2) = rgeaéi |W)6HL°°(I€)7

ecE

while
g C2 @ Hl ® C2
ecE
endowed with the norm
193 g2y = D Ivelling,)
ecE
(and so on for H?(G,C?), H3(G,C?), etc ...). Equivalently, one can say that LP(G,C?) is the
space of the spinors such that ¢!, ? € LP(G), with

101 6.2 = M gy + 1921y i € [1,00),

[9]| Lo (g.c2) 7= max {[9" | oo gy 142 oo (o) }
and that H'(G,C?) is the space of the spinors such that ¢!, 92 € H(G), with

||¢||%{1(Q,(C2) = ‘WIH%{I(Q) + HQJZ)2||%-II(Q)

Remark 2.2. The usual definition of the space H'(G) consists also of a global continuity require-
ment, which forces all the components of a function that are incident to a vertex to assume the
same value at that vertex. However, for the aims of this paper it is worth keeping this global
continuity notion separate and introduce it when it is actually required (see (15)).

2.2. The Dirac operator with Kirchhoff-type conditions. The expression given by (3) of
the Dirac operator on a metric graph is purely formal, since it does not clarify what happens at
the vertices of the graph, given that the derivative % is well defined just in the interior of the
edges.

As well as for the laplacian in the Schrodinger case, the way to give a rigorous meaning to (3)
is to find suitable self-adjoint realizations of the operator. However, an extensive discussion of all
the possible self-adjoint realizations of the Dirac operator on graphs goes beyond the aims of this
paper. Throughout, we limit ourselves to the case of the Kirchhoff-type conditions (introduced
n [50]), which represent the free case for the Dirac operator. For more details on self-adjoint
extensions of the Dirac operator on metric graphs we refer the reader to [17, 46]. We also mention
[35], where boundary conditions for 1-D Dirac operators are studied for a model of quantum wires.
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Definition 2.3. Let G be a metric graph and let m,c > 0. We call Dirac operator with Kirchhoft-
type vertex conditions the operator D : L?(G,C?) — L?(G,C?) with action

D), = Detpe := —1cor), + mc® o3the, Ve €E, (6)
01,03 being the matrices defined in (4), and domain
dom(D) := {4y € H'(G,C?) : ¢ satisfies (8) and (9)}, (7)
where
Pe(v) = Yp(v), Ve, f = v, Vv e K, (8)
d Wv)e =0, WEeK, (9)
e-v

“e = v” meaning that the edge e is incident at the vertex v and 92(v)+ standing for 2(0) or
—92(,) according to whether z. is equal to 0 or £, at v.

Remark 2.4. Note that the operator D actually depends of the parameters m, ¢, which represent (as
pointed out in Section 1) the mass of the generic particle and the speed of light (respectively). For
the sake of simplicity we omit this dependence unless it be necessary to avoid misunderstandings.

The basic properties of the operator (3) with the above conditions are summarized in the
following

Proposition 2.5. The Dirac operator D introduced by Definition 2.3 is self-adjoint on L*(G,C?).
In addition, its spectrum is

o (D) = (—o0, —mc?] U [mc?, +00). (10)
The discussion of the proof of Proposition 2.5 is briefly presented in Appendix A.

Remark 2.6. Observe that the self-adjointness of D follows directly from the main result of [17],
which holds for a wide class of linear vertex conditions.

2.3. The associated quadratic form. The standard cases of the Dirac operator R, with d =
1,2,3, do not actually require any further remark on the associated quadratic form, which can
be easily defined using the Fourier transform (see e.g. [26]). Unfortunately, in the framework
of the (noncompact) metric graphs this tool is not available and hence it is necessary to resort
to the Spectral Theorem, which represents a classical, but more abstract way, to diagonalize the
operator and, consequently, define the associated quadratic form Qp and its domain dom(Qp) as,
for instance,

dom(@p) = {ve 0.3 [ pladm} o= [ vado)
o (D) o(D)
where MZ; denotes the spectral measure associated with D and .

Unfortunately, this definition is not the most suitable for the purposes of the paper. An al-
ternative way to define the form domain of D (that is, dom(Qp)) is to use the well known Real
Interpolation Theory [5, 9]. Here we just mention some basics, referring to Appendix B for some
further details.

Define the space

Y := [L*(G,C?),dom(D)], , (11)

N|=
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namely the interpolated space of order 1/2 between L? and the domain of the Dirac operator.
First, we note that Y is a closed subspace of

H'*(G,C%) == P H*(I.) ® C?,

ecE

with respect to the norm induced by H'/2(G,C?). Indeed, dom(D) is clearly a closed subspace of
H'(G,C?) and there results (arguing edge by edge) that

H'%(G,C%) = [13(G,C%), H'(G,C?)]

so that the closedness of Y follows by the very definition of interpolation spaces . As a consequence,
by Sobolev embeddings there results that

Y — LP(G,C?), Vp € [2,00), (12)

and that, in addition, the embedding in LP(K,C2) is compact, due to the compactness of K.
On the other hand, there holds (see Appendix B)

dom(Qp) =Y, (13)

and hence the form domain inherits all the properties pointed out before, which are in fact crucial
in the following of the paper.

Finally, for the sake of simplicity (and following the literature on the NLD equation), we denote
throughout the form domain by Y, in view of (13), and

Opw) =3 [PV ds,  and  Qplig) = [ D)

with (-, -) denoting the euclidean sesquilinear product of C?, since this does not give rise to
misunderstandings. In particular, as soon as ¢ and/or ¢ are smooth enough (e.g., if they belong
to the operator domain) the previous expressions gain an actual meaning as Lebesgue integrals.

We also recall that in the sequel we denote by (- | -) duality pairings (the function spaces involved
being clear from the context).

Remark 2.7. Note that the the combination between Spectral Theorem and Interpolation Theory
is (to the best of our knowledge) the sole possibility to define the quadratic form, since also
classical duality arguments fail due to the fact that it is not true in general that H—1/2(G,C?) is
the topological dual of H/2(G,C?) (due to the presence of bounded edges).

2.4. Main results. We can now state the main results of the paper. Preliminarily, we give the
definition of the bound states of the NLD and of the NLS equations on noncompact metric graphs
with localized nonlinearities.

Definition 2.8 (Bound states of the NLDE). Let G be a noncompact metric graph with nonempty
compact core K and let p > 2. Then, a bound state of the NLDFE with Kirchhoff-type vertex
conditions and nonlinearity localized on K is a spinor 0 #Z ¢ € dom(D) for which there exists
w € R such that

Detpe — X [Vel’ *¢pe = wipe, Ve €E, (14)
with x, the characteristic function of the compact core K.

Definition 2.9 (Bound states of the NLSE). Let G be a noncompact metric graph with nonempty
compact core I, and let p > 2 and « > 0. Then, a bound state of the NLSE equation with
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Kirchhoff vertex conditions and focusing nonlinearity localized on K is a function 0 # u € H?(G)
that satisfies

ue(v) = ugp(v), Ve, f > v, YW ek, (15)
due
dze (v)=0, Wvek, (16)
exv
where %(V) stands for ul(0) or —ul () according to whether z. is equal to 0 or /. at v, and for

which there exists A € R such that
—ul — ax|ueP?ue = Mue, Ve € E. (17)

Remark 2.10. In the definition above we allow the presence of the parameter «, merely in view of
the result stated by Theorem 2.13.

Remark 2.11. We recall that conditions (15)&(16) make the laplacian self-adjoint on G and are
called Kirchhoff conditions. We also recall that the parameters w and A are usually referred to as
frequencies of the bound states of the NLDE and NLSE (respectively).

Theorem 2.12 (Existence and multiplicity of the bound states). Let G be a noncompact metric
graph with nonempty compact core and let m,c > 0 and p > 2. Then, for every w € (—mc?, mc?)

there exists infinitely many (distinct) pairs of bound states of frequency w of the NLDE.

Some comments are in order. First of all, to the best of our knowledge this is the first rigorous
result on the stationary solutions of the nonlinear Dirac equation on metric graphs.

On the other hand, some relevant differences can be observed with respect to the Schrodinger
case. Bound states of Theorem 2.12 arise (as we will extensively show in the next section) as
critical points of the functional

L) =3 [ @-ww)da—> [ opds,
g P Jk
However, due to the spectral properties of D, the kinetic part of £ (that is, the quadratic form
associated with D) is unbounded from below even if one constrains the functional to the set
of the spinors with L?-norm fixed, in contrast to the NLS functional. As a consequence, no
minimization can be performed and, hence, the extensions of the direct methods of calculus of
variations developed for the Schrodinger case are useless.

Furthermore, such a kinetic part is also strongly indefinite, so that the functional possesses a
significantly more complex geometry with respect to the NLS case, thus calling for more technical
(albeit classical) tools of Critical Point Theory.

Finally, the spinorial structure of the problem as well as the implicit definition of the kinetic
part of the functional, whose domain is not embedded in L>(G, C?), prevent the (direct) use of
the tools developed for the NLSE on graphs such as, for instance, rearrangements and “graph
surgery”.

In view of these issues, in the proof of Theorem 2.12 we rather adapted some techniques from
the literature on the NLDE on standard noncompact domains. Anyway, the fact that we are
dealing with a nonlinearity localized only on a compact part of the graph makes the study of
the geometry of the functional a bit more delicate as we will see in Lemma 3.4 (while it clearly
simplifies the compactness issues with respect to the extended case). For the same reason, the
uniform H!-boundedness needed to study the non relativistic limit of the bound states (see below)
is achieved in different steps (see Section 4).
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The second (and main) result of the paper, on the other hand, shows the connection between
the NLDE and the NLSE, suggested by the physical interpretation of the two models.

Before presenting the statement, we recall that, by the definition of D, the bound states obtained
via Theorem 2.12 depend in fact on the speed of light c. As a consequence, they should be meant
as bound states of frequency w of the NLDE at speed of light c.

Theorem 2.13 (Nonrelativistic limit of the bound states). Let G be a noncompact metric graph
with nonempty compact core, and let m > 0, p € (2,6) and A < 0. Let also (¢,), (wn) be two real
sequences such that

0 < ey wn — 00, (18)
wp < M2, (19)

A
wp — me2 — e (20)

as n — 4oo. If {t, = (YL, ¥2)T} is a bound state of frequency w, of the NLDE (14) at speed of
light c,,, then, up to subsequences, there holds

P — u and P2 —0 in HYG),
as n — +0o, where u is a bound state of frequency A of the NLSE (17) with o = 2m.

First we recall that the expression “speed of light ¢,, with ¢, — o0” corresponds to the fact
that we are investigating the regime where the relativistic parameter c is large. The main interest
of Theorem 2.13 is thus given by the fact that we recover the NLSE model in the limit, providing
a mathematical proof of this fact, quite natural from the physical point of view.

On the other hand, the fact that o = 2m is consistent with the fact that in the nonrelativistic
limit the kinetic (free) part of the hamiltonian of a particle is given by —ﬁA.

Moreover, we point out that Theorem 2.13, in contrast to Theorem 2.12, holds only for a fixed
range of power exponents, namely the so-called L2-subcritical case p € (2,6). However, this is
the only range of powers for which multiplicity results are known for the NLSE (see [51]). On the
other hand, these results are parametrized by the L? norm of the wave function while Theorem
2.13 is parametrized by the frequency and hence (in some sense) it presents as a byproduct a new
result for the NLSE.

Remark 2.14. We also mention that Theorem 2.12 and Theorem 2.13 can be proved, without
significant modifications, also in the case of more general nonlinearities, by means of several ad
hoc assumptions. We limit ourselves to the power case in this context for the sake of simplicity.

3. EXISTENCE OF INFINITELY MANY BOUND STATES

In this Section we prove Theorem 2.12. Note that, since the parameter ¢ here does not play
any role, we set ¢ = 1 throughout the section. In addition, in the sequel (unless stated otherwise)
we always tacitly assume that the mass parameter m is positive, the frequency w € (—m,m), the
power of the nonlinearity p > 2 and that G is a noncompact metric graph with nonempty compact
core.

3.1. Preliminary results. The first point is to prove that the bound states coincide with the
critical points of the C? action functional £ : Y — R defined by

1

£w) = [ 0wy~ [ e (21)
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Recall that (as ¢ = 1) the spectrum of D is given by
(D) = (—o0, —m] U [m, +00). (22)

Proposition 3.1. A spinor is a bound state of frequency w of the NLDE if and only if it is a
critical point of L.

Proof. One can easily see that a bound state of frequency w of the NLDE is a critical point of L.
Let us prove, therefore, the converse.
Assume that v is a critical point of £, namely that ¢ € Y and

@c@le) = [0 -wprds - [ Wpw.grdr =0, voev (23)
Now, for any fixed edge e € E, if one chooses

(101
o= <0>, with 0 # ' € C5°(1,) (24)

(namely, ¢! possesses the sole component ., which is a test function of I..), then

[ @ dn = [ [m - w)ul 4l 20l o da,
I Ie
€L?(Ie)

so that 92 € H'(I.) and an integration by parts yields the first line of (14). On the other hand,
simply exchanging the role of ¢! and ¢? in (24), one can see that ¢! € H'(I.) and satisfies the
second line of (14), as well.

It is then left to prove that ¢ fulfills (8) and (9). First, fix a vertex v of the compact core and
choose

1
dom(D) 35 ¢ = (i)) , with ol(v) =1, o(vV)=0 W eK,v #£v.

Integrating by parts in (23) and using (14), there results
> ot (PE(v)E =0

exv

and, hence, 12 satisfies (9) (recall the meaning of )2(v)+ explained in Definition 2.3). On the other
hand, let v be a vertex of the compact core with degree greater than or equal to 2 (for vertices of
degree 1 (8) is satisfied for free). Moreover, let

0
dom(D) 3 p = ( 2) , with (pzl (V) = —ng(V)i, goz(v) =0 Ve#e,eo,
2

where e and eg are two edges incident at v, and ¢? = 0 on each edge not incident at v. Again,
integrating by parts in (23) and using (14),

w2, (V)xte, (v) + 92, ()£, (v) = 0.

Then, repeating the procedure for any pair of edges incident at v one gets (8).
Finally, iterating the same arguments on all the vertices one concludes the proof. O



NLDE ON GRAPHS WITH LOCALIZED NONLINEARITIES 11

Remark 3.2. In addition to Proposition 3.1, it is worth mentioning that, due to the linear behavior
outside the compact core, the bound states are known explicitly on the half-lines. Pecisely, if e € E
is a half-line with starting point v, then

m+w _ 2_.,2
Phlae) = 1 (v) | T
m-w , ze € [0,00). (25)
—/m2—w2

V2 (we) = Y2 (v)e VI T

The second preliminary step is to prove that the functional £ possesses a so-called linking
geometry ([26, 53]), since this is the main tool in order to prove the existence of Palais-Smale
sequences.

Recall that, according to (22) we can decompose the form domain Y as the orthogonal sum of
the positive and negative spectral subspaces for the operator D, i.e.

Y=YTaYy .
As a consequence, every ¢ € Y can be written as ¢ = Pt + P~ =: T 4+ ¢~, where P* are

the orthogonal projectors onto Y*. In addition one can find an equivalent (but more convenient)
norm for Y, i.e.

1ol = IVIDIll2, VY.

Remark 3.3. Borel functional calculus for self-ajoint operators [48, Theorem VIIIL.5] allows to define
the operators |D|“, a > 0, and more general operators of the form f(D), where f is a Borel function
on R.

In view of the previous remarks and using again the Spectral theorem, the action functional
(21) can be rewritten as follows

1 _ w 1
£w) =3 -1 -5 [P [ pds (26)
2 2 g p K
which is the best form in order to prove that £ has in fact a linking geometry (see e.g. [53, Section
I1.8]).

Lemma 3.4. For every N € N there exist R = R(N,p) > 0 and an N-dimensional space Zy C YT
such that
L(Y) <0, Y edMy, (27)
where
My ={veMn:[[v =R or |[¢7|=R}.
and
My:={YeY:|v | <R and ¢ €Zy with |v*|<R}. (28)

Proof. Let e be a bounded edge, associated with the segment I, = [0, 4], and let V' be the space
of the spinors

0!
n = <O> . with n' e Cge(I,),
which is clearly a subset of dom(D) and hence of Y. Moreover, a simple computation shows that
/<n,Dn> dx = m/ m | da (29)
g g

and thus, in view of (26), if 71 # 0 then n™ # 0.
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Assume first that dimV*™ = oo, where V* = V NY™. For every fixed N € N, choose N
linearly independent spinors 7y, ...,177{, € V* and set Zy := span{n, ..., 77;(,} As a consequence,
if p € OMpy, then ¢p = o + £ with ¢ € Y~ and £ € Zy, so that

1 1
L@) = Lp+8) =5 (IEl* = llell*) - / o+ &P da.
pJk
It is clear that, if ||¢|| > [|£]|, then
L+ < [ lo+ePar<o

If, on the contrary, ||£]| = ||¢||, then some further effort is required. Since ) € IMy, ||€|| = R and
thus

R* 1
Lo+ <y -0 [ lo+epdn
pJk

[lo+er <o (/ |so+erpdx>’“ (30)
K K

(recall that ¢ = |K|) and hence

From the Hoélder inequality

R2 p(2—p)

cor<y - —— ([ !<P+£!2dw> . (31)
Now, by definition, & = Z;\le )\jn;.r, for some A\; € C. On the other hand, denoting by n; the
spinors such that n,” + 77]-+ =:1n; € V, since ¢ € Y, there results that ¢ = ot + x, with

X = Z;Vﬂ )\jn; and ¢ the orthogonal complement of x in Y ~. Therefore, as ¢ is orthogonal
to x and ¢ in L?(G, C?),

/\wazdxz/\wl|2dx+/|§+x12dx; (32)
g g g

while, as £ + x = Zjvzl Ajnj vanishes outside I C I,

/|w+£|2dl‘=/g |<p+€|2d:n+/ |<p+£|2dm=/g |90L|2d:1:+/lc|90+5|2d1‘- (33)

Combining (32) and (33) we get

/|@+§I2d$—/|@ 2 dx+/|x+€l2daf
r(2—p)

R dﬂf+/|x+§l2dx>g<2(/!x+§l2dw> (39)

Then, since x and f are orthogonal by construction and x + & belongs to a finite dimensional space
(so that its L?-norm is equivalent to the Y-norm), there exists C' > 0 such that
R2 » R? R2
Lp+8) < 5 —C (P + 16P)E < = - CllglP = 5 - OR?

and thus, for R large, the claim is proved.

and, plugging into (31),
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Finally, consider the case dimV ™ < oo. As dimV = oo, we have dimV~ = oo. On the other
hand, there holds 0oV~ C YT and that 0oVt C Y, where o5 is the Pauli matrix

0 —z
02 = ;
1 0

as this matrix anticommutes with the Dirac operator. Therefore (also recalling that o9 in unitary),
if one defines V' = g9V, which consists of spinors of the form

0
n = ( 2) s with 772 S CSO(IE),
n

so that VT = ooV~ and V— = o2V T, then (arguing as before) one can prove again (27). U
Lemma 3.5. There exist r,p > 0 such that

infL > p>0,

SF
where

St={y eyt |yl =r}. (35)

Proof. The proof is an immediate consequence of the definition of £ given in (21), in view of the
fact that p > 2 and w € (—m, m). O

Finally, we introduce a further representation of the functional £, which will be useful in the
sequel. Preliminarily, note that as the spectrum of the (self-adjoint) operator (D — w) is given by

0(D —w) = (—00,—m —w|] U [m — w, +00)
(and as |w| < m), one can define an equivalent norm

[Pl = IVID —wlpllpz, VY €Y,

and the two spectral projectors PF on the positive and negative (respectively) spectral subspaces
of (D — w). As a consequence,

v=PlY+P ¢,  WeY (36)

and (26) can be written as
1 _ 1
L@) = S5 = e l2) - / [9[” da.
P Jk

3.2. Existence and multiplicity of the bound states. The aim of this section is to prove,
for p > 2, the existence of infinitely many (pairs of) bound states of the NLDE for any frequency
w € (—=m,m). The techniques used below (such as, for instance, Krasnoselskij genus or pseudo-
gradient flows) are well-known in the literature in their abstract setting and can be found for
instance in [47, 53] (see also [26] for an application to nonlinear Dirac equations).

Recall the definition of Krasnoselskij genus for the subsets of Y.

Definition 3.6. Let A be the family of sets A C Y\{0} such that A is closed and symmetric
(namely, ¥ € A = —1p € A). For every A € A, the genus of A is the natural number defined by

7[4] := min{n € N: Jp : A — R"\{0}, ¢ continuous and odd}.

If no such ¢ exists, then one sets y[A] = co.



14 W. BORRELLI, R. CARLONE, AND L. TENTARELLI

In addition, one easily sees that the action functional £ is even, i.e.

As a consequence, it is well known (see, e.g., [47, Appendix]) that there exists an odd pseudo-
gradient flow (h;),.p associated with the functional £, which satisfies some useful properties. This
construction is based on well-known arguments and, thus, here we only present an outline of the
proof, refering the reader to [47, Appendix| and [53, Chapter II] for details.
Since the interaction term is concentrated on a compact set I C G, the compactness of Sobolev
embeddings imply that h; can be chosen of the following form
ht:At—i—KtI[0,00) XY—)Y,

where A; is an isomorphism and K; is a compact map, for all £ > 0. Moreover, one can also prove
that
A:Y YT —Y @Yt  VteR,
that is, Y+ are invariant under the action of A, for all ¢ > 0.
Fix, then, € > 0 such that p — e > 0 (with p given by Lemma 3.5). Exploiting suitable cut-off
functions on the pseudogradient vector field, one can get that, for all ¢ > 0,

h() =v, Vo e{peY:L(p) <p-—e} (37)
namely, the level sets of the action below p — ¢ are not modified by the flow.
In view of these remarks, we can state the following lemma.

Lemma 3.7. Let r,p > 0 be as in Lemma 3.5. Then, for every N € N, there results
Y[he(STYN My] = N, vt >0,
with S;F and My defined by (35) and (28), respectively.

Proof. For each fixed ¢ € Y, the function ¢t — L o h(¢)) is increasing. Then Lemma 3.4 implies
that
he(S;H) NOMy = 0, vt > 0.

Note, also, that by the group property of the pseudogradient flow
(he) ™" =hy =AMy + Ky,
so that
ht(Sj) NMpy =hs (Sj Nh_g (MN)) .
Then, from (37), a degree-theory argument (see e.g. [53, Section I1.8]) shows that
STNh_y(My)#0.
On the other hand, by (37) and Lemma 3.4, it is easy to see that
(SN My =h(ST)N (Y™ & Zn),
and thus
h(SHNMy =h (STN (Y™ @ Zy + Ko (Y™ @ Zn))), (38)
where Z; := A_4(Zy) is a N-dimensional subspace of Y and where we used the fact that Ay is

an isomorphism for all s € R and preserves Y*. Now, since h;(0) = 0 and A;(0) = 0, we have
K;(0) = 0. As a consequence

Y- @®ZyC (Y @Zy)+ K (Y™ @ Zy),
and hence, exploiting (38) and the monotonicity of the genus,
¥ (SN My] 2 [SFN (Y™ @ Zy)] > [SFnZy] =N,
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as S;r N Z)y ~ SN, namely, is homeomorphic to a N-dimensional sphere. Il

Using Lemma 3.7 we can prove the existence of the Palais-Smale sequences at the min-max
levels.

Corollary 3.8. Let the assumptions of Lemma 3.7 be satisfied and define, for any N € N,

= inf L 39
on = ol sup (1), (39)
with
Fy={X e A:q[h(5)NX]>N,vt>0}. (40)
Then, for every N € N, there exists a Palais-Smale sequence () CY at level ay, i.e.

E("pn) — anN
v as m — oo.

In addition, there results

an, < an,, VN| < No, (41)
0<p<ay<supL < oo, VN € N.
My

Proof. The existence of a Palais-Smale sequence for £ at level a follows by standard deformation
arguments, and then we only sketch the proof (see [47, 53] for details).

Preliminarily, we note that by Lemma 3.7 (and the definition of M) the classes Fx are not
empty, and hence that the levels oy are well defined.

Now, suppose, by contradiction, that there is no Palais-Smale sequence at level aiy. Then, since
L € C', there exist §,e > 0 such that

[dL(¥)] = 9, Vi € {any —2e < L < ay + 2¢}. (42)

In addition, from (39) there exists X, € Fx such that

sup L(¢) < an +e,
peXe

and hence, combining with (42), we can see that there exists T' > 0 such that
L(h-r(X:)) C{L<any—¢}.

As a consequence, if one shows that h_p(X.) € Fp, then obtains a contradiction.
First, observe that h_p(X.) € A as hy is odd, so that it suffices to prove that

v [he (SF) Nh-r (X:)] = N.
On the other hand,
hy (S:_) Nh_r (Xg) =h_p (ht+T (S;’—) N XE) R
and then the monotonicity of the genus gives
o [he (SF) O her (X0)] = 7 [hesr (ST) N X2] > N,
Therefore, h_7(X.) € Fy and this entails that
ay < sup  L(Y) <an —¢,
wEth(Xs)

which is a contradiction.
Finally, the first line of (41) follows again by monotonicity of the genus, whereas the second one
is a direct (up to some computations) consequence of Lemmas 3.4, 3.5 and 3.7. O
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Remark 3.9. It is easy to see that there are no non-trivial critical points for the action functional
L at levels v < 0. Indeed, let 1) € Y be such that d£(¢)) = 0 and L£(¢)) = a.. A simple computation

gives
1 1 /
- _ - VIP = a,
(2 P> 1c|

which implies that o > 0. Suppose, now, that & = 0. Consequently, ) vanishes on the compact
core K. Then, it follows that ¥} (v) = 92(v) = 0, Vv, e € K, and thus, exploiting (8) and (25), that
Y =0ong.

Now, before giving the proof of Theorem 2.12, we discuss the compactness properties of Palais-
Smale sequences.

Proposition 3.10. For every o > 0, Palais-Smale sequences at level o are bounded in Y .

Proof. Let (¢,,) be a Palais-Smale sequence at level a > 0 and assume by contradiction that, up
to subsequences,
|m|lw —> o0, as n — oo.

Simple computations show that, for n large,

1 1 1
(2 _ p) /’C [Gal” dz = £(tn) = (AL W) |n) < C+ o

and (recalling the definition of PF given by (36))

2P| = | [ (P, (0 =) da = [ o, P ) da] <
As a consequence, using the Holder inequality and (12), we get
[, @ =) da| < e+ [ IR0
p=1 1
<oallot ([ 1wnPac) " ([ 1Pzoiras)” O
K K

_1
<O (1 +[¥nllo)' ™7 [tnlle-

On the other hand, by the definition of PF, one sees that
IPL0E = [ (PE00, (D= )PS v} da = [ (v, (D= )i do
and, combining with (43),
1P a2 < C L+ Iball) > Iibulle-
Arguing as before, one also finds that

_ 1-1
1PS ¢nll2 < C (1 + llthnllw) ™7 14l
and hence

1—1
[nlls < (C+ ¥nllw) 7 ¥l
which is a contradiction if [|1)y, ||, — oo, since 1 — % €(i,1)asp>2. O

Lemma 3.11. For every a > 0, Palais-Smale sequences at level a are pre-compact in'Y .
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Proof. Let (¢,,) be a Palais-Smale sequence at level « > 0. From Proposition 3.10, it is bounded

and then, up to subsequences,

1/Jn 7 wa in Y7
Pp — 1, in Lp(IC,(CQ).

On the other hand, by definition
o(1) = (dL(Yn) P (¥n — ¥))

— [R50 = ). = wn) do— [ 00l 00, P 6 — 0) d,
g K

and (again) by Holder inequality and (44)

/,< P2 (o, P (s — ) d

X np_1P+ n - d
</K|w| P — )] de

< Wl e oy 1B (o = ) a2y = 0(1):

As a consequence, combining with (45),
/g (P (n = ), (D — w)n) do = of1).
In addition, since (¢, — ) — 0 in Y, we get
L, (PE (tn — ), (D — w)¥) da = o(1)
and, summing with (46), there results
IR = )1 = [ (D= )Pt =), P (s = ) o = o(1),
Since, analogously, one can prove that
1P (6o — )2 = /g (D = )Py (Yo — ), Py (tn — 1)) da = o(1),

we obtain
[t — |12 = o(1),

which concludes the proof.

Finally, we have all the ingredients in order to prove Theorem 2.12.

(44)

Proof of Theorem 2.12. By Corollary 3.8, for every N € N, there exists at least a Palais-Smale
sequence at level ay > 0 (defined by (39)) and, by Proposition 3.11, it converges to a critical point

of L, which is via Proposition 3.1 a bound state of the NLDE.

Now, if the inequalities in (41) are strict, then one immediately obtains the claim. However, if
aj =y =+ = g = @, for some ¢ > 1, then the claim follows by [8, Proposition 10.8] as the

properties of the genus imply the existence of infinitely many critical points at level a.

O
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4. NONRELATIVISTIC LIMIT OF SOLUTIONS

In this section we prove Theorem 2.13; namely, that there exists a wide class of (pairs of)
sequences (¢p), (wy) for which the nonrelativistic limit holds. More precisely, we show that with
such a choice of parameters the bound states of the NLDE converge, as ¢, — 400, to the bound
states of the NLSE with a = 2m.

The strategy that we use is the one developed by M.J. Esteban and E. Séré in [27] for the case
of Dirac-Fock equations. However, the differences between both the equations and the frameworks
discussed call for some relevant modifications. In particular, while in [27] one of the main point is
the estimate of the sequence of the Lagrange multipliers of bound states with L?-norm fixed, here
the major point (since there is no constraint) is to prove that the limit is non-trivial. Moreover,
we also have to distinguish different cases according to the exponent p € (2,6) of the nonlinearity.

Preliminarily, note that, since here the role of the (sequence of the) speed of light is central, we
cannot set any more ¢ = 1. As a consequence, all the previous results has to be meant with m
replaced by mec? (and w replaced by wy,). In addition, we denote by D,, the Dirac operator with
¢ = ¢, and with £, the action functional with D = D,, and w = w,. There are clearly many other
quantities which actually depend on the index n (such as, for instance, the form domain Y, Zy,
...), but since such a dependence is not crucial we omit it for the sake of simplicity. In addition,
in the following, we will always make the assumptions (18),(19) and (20) on the parameters (cy,),
(wp). In particular, those assumptions immediately imply that

0 < Cy <me? —w, <Co. (47)

Now, from Theorem 2.12, for every fixed N € N, there exist at least a pair of bound states of
frequency w;, at level a; of the NLDE at speed of light ¢,,. Hence, we denote throughout by (1)
a sequence of bound states corresponding to those values of parameters. Since all the following
results hold for every fixed N € N, the dependence on N is understood in the sequel (unless stated
otherwise).

4.1. H'-boundedness of the sequence of the bound states. The first step is to prove that
the sequence (¢,,) defined above is bounded in LP(K, C?).

Lemma 4.1. Under the assumptions (18), (19) and (20), the sequence (1) is bounded in LP(K, C?)
(uniformly with respect to n), as well as the associated minimaz levels (o).

Proof. First, recalling (40) and following the notation of the proof of Lemma 3.4, one sees that

ah = inf sup L < sup L,.
N S ) € o

In addition, following again the proof of Lemma 3.4, given an orthonormal basis n;-r, 7=1.,N,
of Zy, every spinor ¢y € Y~ @& Zy can be decomposed as

N
1/1:SOJ_+Z)\]'T]]', )\1,...,)\]\[6@,
j=1

with ¢ € Y~ orthogonal to ¢ := Zjvzl Ajn; € V. Arguing as in (30)—(34) we get

e < 3 [@@uwag i ([ ra) (19
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On the other hand, exploiting (29) and (47), there results
[ Du =) do = (et —wn) [ (¢Pdr < [ foPde (19)
g g g

Hence, combining (48) and (49),

L) <C [ [P do [1 -( / |<|2dx>p?2]

and thus, since V' does not depend on n and since p > 2

oy < max L, < C < +oo, Vn € N.
Y-®ZN

Finally, as v, is a critical point of the action functional,

n 1 1 1
anN = Ln(wn) - §<d£n(¢n)a¢n> = <2 - p> /’ijn|pa
which concludes the proof. O

We can now prove that boundedness on LP(KC, C?) entails boundedness on L?(G, C?).

Lemma 4.2. Under the assumptions (18), (19) and (20), the sequence (1) is bounded in L?(G, C?)
(uniformly with respect to n).

Proof. For the sake of simplicity, denote by ¥* the projections of the spinor 1) € Y given by (36)

(with w = wy,). As the spectrum of the operator D,, — wy, is
0(Dy — wp) = (—00, —=mec? — wy] U [me? — wy, +00) (50)

and 1), satisfies (14) (with ¢ = ¢, and w = w,,), Holder inequality yields

0< /g (W (D — wa)?) de = é (W6 (D — wa i) i < /,C P 5| de

< </,< wmla:)p’f(/lC wmpdz)’lkc/’cwnvdx

for some C' > 0, where in the last inequality we used the fact that the decomposition
Y=Y &Y,
induces an analogous decomposition on LP(K), that is
[ o ,c2) < W llppecey, VW €Y.

Moreover, using (50) one can prove that
[ 0 iy o> (mk ) [ P
Then, combining the above observations with Lemma 4.1 and (47), there results
[ I 72(g,c2) < M < o0,

An analogous argument gives

(mep + Wn)”%:”%?(g,(cz) SM<oo
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and then

_ 1
1¥n llr2c2) = O <C> , as n— 400,

n

which concludes the proof. O

Finally, we can deduce boundedness in H'(G,C?). Preliminarily, we recall two Gagliardo-
Nirenberg inequalities for spinors that can be easily deduced from those on functions (see e.g. [52,
Proposition 2.6]). For every p > 2, there exists C), > 0 such that

p <Ol blIE L o 1] Vi € HY(G,C? 51
HipHLp(g7(c2) < p”l/’”Lz(g,(cz)Hw ||L2(g,<02)7 Y e H (G,C). (51)

Moreover, there exists Css > 0 such that
1 1
Il g2y < CoclblZag o 18I n g caye Va6 € H'(G,C2). (52)

Lemma 4.3. Let p € (2,6). Under the assumptions (18), (19) and (20), the sequence () is
bounded in H*(G,C?) (uniformly with respect to n).

Proof. First, recall that, since 1, are bound states they satisfy (edge by edge)

Dpton = wptPn + X;C|7l}n|p_2"/)n- (53)
The L?(G,C?)-norm squared of the right-hand side of (53) reads

lwnton + &lnlP "0l 22(g 02y = willdnll72 g c2y + /’C b 2P~V da + 20, /’C lpn|Pdz.  (54)

Let us estimate the last two integrals. Using (52), Lemma 4.1 and Lemma 4.2, we get

n 2(p1):/ Un p+(p—2) dz < ||[vm p;z / Up|P dx
//c| | ;c' | [9nllzoc (g c2) ,C| |

(55)
_ Py | P_1q p_1q
< L2l B o 01 B ) < CIL I o
On the other hand, by (51) and Lemma 4.2
p P 5+l rat 151
[ nl?de < [ [l de < Collvnl g on W g oy < WS G oy (50)
Since an easy computation shows that
HannH%?(g,@) = C%H?ﬁm%%g,@) + WZCi”?ﬁnH%?(g,c?)a (57)
combining (54), (55), (56) and (57), we obtain that
21
C%HwZH%%g,@) + m20i|\¢n”%2(g,c2) < W%Hﬁ’n”%%g,@) +C(1+ Wn)”@b;Lsz(g’Cz),
so that, from a repeated use of (18) and (19),
"
”"bn”L%(g,@) < Cm.
Hence, the claim follows by the assumption p < 6. O

Remark 4.4. The above results also hold if (20) is replaced by the weaker assumption (47).
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4.2. Passage to the limit. The last step consists in proving that the first components of the
sequence of bound states (¢, ) converge to a bound state of the NLSE, while the second components
converge to zero.

For the sake of simplicity we assume throughout that the parameters p and A are fixed and fulfill

p € (2,6) and A <0.
In addition, we set
Uy = LZJ}L and Uy 1= @Z)?L, Vn € N,

and, given the two sequences (¢, ) and (w,,) introduced in the previous section (which satisfy (18),
(19),(20) and (47)), we define

2
an = (Mmc2 — wy)by, and by, == w, Vn € N.
C?’L
Clearly, (47) implies that
b, — 2m, as n — oo (58)
while (20) gives
an — —A, as n — oo. (59)

We also recall that a function w : G — C is a bound state of the NLSE with fixed frequency A
and o = 2m if and only if it is a critical point of the C? functional J : H — R defined by

1 2
J(w) = 2/ |w'|2dx—m/ |w\pd:v—;/ lw|? dz,
g P Jk g

H :={w e H'(G) : (15) holds}
with the norm induced by H'(G) (this can be easily proved arguing as in [1, Proposition 3.3]). It

is also worth mentioning that a Palais-Smale sequence for J is a sequence (wy) C H such that
dJ(w,) — 0 in H*, namely

where

sup (dJ(wy)|e) — 0, as n — oo.
llellm<1

Furthermore, there holds the following property.
Lemma 4.5. Let (wy,) be a bounded sequence in H and, for every n, define the linear functional
Ap(wy) : H—=R

(A (wn)|e) :—/w%cp’dm—bn/ |wn]p_2wng0dx+an/wn<pdx.
g K g

Then, (wy,) is a Palais-Smale sequence for J if and only if

sup (Apn(wn)|p) =0, as m— oo. (60)
lellm<1

Proof. The proof is trivial noting that
(A (wy) — dJ(wy)|e) = —(bn — m)/ W, [P 2w, B da + (an + M) / Wy @ dx
K g

and exploiting (58), (59) and the fact that (w,) is bounded in H. O

The strategy to prove Theorem 2.13 is the following:
(i) prove that the sequence (v,) converges to 0 in H(G);

(ii) prove that the sequence (u,) is bounded away from zero in H'(G);
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(iii) prove that the sequence (u,) satisfies (60), as by Lemmas 4.3 and 4.5, this entails that it
is a Palais-Smale sequence for J;

(iv) prove that the sequence (u,) converges (up to subsequences) in H to a function u, which
is then a bound state of the NLSE with frequency A < 0.

We observe that we always tacitly use in the following the fact that, since each v, is a bound
state of the NLDE, then u,, € H, whereas v, ¢ H, but satisfies (9). In addition, we highlight that,
in the sequel, we often use a “formal” commutation between the differential operator (-)" and x,..
Clearly, this is just a compact notation (which avoids tedious edge by edge computations) that
simply recalls the different form of the NLDE on the bounded edges due to the presence of the
localized nonlinearity.

As a first step, we prove item (i). As a byproduct of the proof, we also find an estimate of the
speed of convergence of (vy,).

Lemma 4.6. The sequence (vy,) converges to 0 in H'(G) as n — oo. More precisely, there holds

1
[vnllg1g) = O (c) , as m— oo. (61)
n
Proof. As (i) is a bound state of the NLDE, rewriting the equation in terms of its components,
—2
—1cn Uy, + (mci — W)Uy = X;c(’un|2 + ’Un|2)p7una (62)
p=2
—1cputl, — (e + wn)vn = X ([tn|* + [a]*) 2 vp. (63)

Dividing (62) by ¢,, and using (47) and Lemma 4.3, we have

1
Itz =0 () (61)
On the other hand, dividing (63) by ¢2 and using again Lemma 4.3, there results

H v, (mep +wn)

1
——u, — ———"v =0\
o m 2 n 2(6) <ch>
and hence
(me;, + wn) v, (e 4 wn) Ly 1
~—n <||-—u, — ——= — =0(—|.
C% HUnHL?(g) Cnun C% Un @) + o HUTLHLQ(Q) o
Finally, combining with (64), one obtains (61). O

Item (ii) requires some further effort.
Lemma 4.7. There exists p > 0 such that
inf [un1g) > 1> 0. (65)
Proof. Assume, by contradiction, that (65) does not hold, namely that, up to subsequences,
Jim{Jup g1 (g) = 0. (66)

Dividing by ¢, and rearranging terms, (62) yields

1 p=2
—awfy = — X (fual® + Jonf?) T + (wn = mc2) | (67)

n
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and then, using (47), we find

1
/ W2 da < 2/ 2 dz. (68)
g Cn Jg
Moreover, (63) can be rewritten as
(funP? + Ionf?) =
Un, + Un 2 1Cp, ’
1 =— 69
Un + X me2 + wp, mec2 + wn Un (69)
and, since (again by (47)) (mc2 + wy) ~ c2, there results
/ o2 dz < = / |, |* de,
so that, combining with (68),
1
[onllzre) S llunllmo), (70)

Note that (69) also shows that u,, is of class C'! on each edge.
Now, plugging (69) into (67), one obtains

7 p—2 ! *2

— u;; + anty, = _% |:(’un|2 + ”Un|2) ’ Q]n:| + X}c [(|u”|2 + |U”| ) u":| ) (71)
n

Clearly, (71) is to be meant in a distributional sense. However, observing that it can be written as

P X 2 2 52 / 2 b2
_[un—c’c(\unl —an]) 2 Un:| = —apUp + X, bn [(]unl —an]) un],

n

and that consequently the 1.h.s. belongs to L?(G) and is continuous edge by edge (recalling also
that wu, is of class C'' edge by edge by (63)), the following multiplications by %,, and integrations
(by parts) can be proved to be rigorous in the Lebesgue sense.

Therefore, multiplying (71) by u, and integrating (by parts) over G, at the L.h.s. we obtain

d n,e
/|un|2dx+z <Zune Y )) —i—an/ | |? da
vek \e=v g

boundary terms

where we denote by w, . (and vy, ) the restriction of u, (and v,) to the edge (represented by) I.
and ﬁ is to be meant as in Definition 2.9. Using (63) and the fact that u, is of class C' (edge
by edge), we find that

d ’I’L@
D e (v) () =

exv

-2

= Zun e ( mCEL + wn)’l)n,e(V)i + (|un7e(v)|2 + |fUn,e(V)‘2) = Un,e(v)i)

:_aZune v)(mc? + wn)Une(V i—aZune V)Une(V)+ (’Un,e(V)P—i-\Un,e(V)P)%

e-v exv

=A
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(Vn,e(v)+ meant as in Definition 2.3). Moreover, as u, and v, satisfy the vertex conditions (8) and
(9) (respectively), one has

1(me2 + wy)

Cn

A=— Un(v) D Vne(v)x =0,

exv

while, for any v € K and e > v, there results

p—< p—<
Tne (V)0n,e (V) (Jtne (V) + [on,e (V7)) 2 | < lunl + [oal* | 2 gy lunll o= () 0l oo )

S lunllin @) llvallm o) = 0 (lunl3g))

(where we used Lemma 4.3, (70) and Sobolev embeddings). As a consequence (since the number
of the edges and the vertices is finite)

5 (S50 ) <ot

vek \ex>v

so that (recalling (59))
e [ ol e 2 (72)

Let us focus on the r.h.s. of (71). After multiplication times u,, and integration over G we have

7

p=2
- | a, [(|un|2~|—|vn|2) 2 vn] dxz + by, / |un|2~|—|vn|) |un|2dx
K

Cn

The latter term can be easily estimated using the Holder inequality and (58), (66) and (70), i.e
2 2 2 2
bn/’C(lun| + |vn| ) |u |*dr < (HUnH g)"‘Hv”’Lw(g))/g‘“n‘ dx

S (lunllitg) + ol ) Nl gy = o (llunliZn)

On the contrary, the former one requires some further efforts Clearly,

o R [ R e K

=1

1 p—4
+ C/Kunvn (|un|2 + |’Un|2) 2 (ﬂnuln —f—Env,/@) dx . (73)
n

~\~

Ip)

Using (67) and again Lemma 4.3, we immediately find that

1
1111 S S llunli gy = o (lunlirsgg) ) -

It is, then, left to estimate Is. We distinguish two cases.
Estimate for I, case p € (2,4): as p — 4 < 0 there holds

p—4 p—4 p—4
(Junl* + [vnf?) > <22 (Junlval)
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As a consequence

n n

1 P p—2 1 p—2 P
P N e ALy e P AT P
K K

Moreover,

Iy < loall Z, Elul | d
2,1Na||vn||1,oo(g) ’C|un| Uy, | dz

< 1 LEZ % / < 1 % §+
X a”vn”Lw(g)HunHLp(g)||unHL2(g) ~ aanHLoo(g)HunHHl(g)
whereas )
== L1 !
Iz S *HUTLHLgO ||UnH]211(g) S — ||Un||L°° ||UnHH1 G)’
Cn
so that (since p > 2)
1] = o (Jlunll3g)) -
Estimate for I», case p € [4,6): as p — 4 > 0, there holds
2 225" ‘ <C
[nl? =] o <
and then arguing as before one can easily find (as well) that
112 = o (Jlunll3g)) -
Summing up, we proved that for all p € (2,6),there results
]+ 1] = o (Jlunlq)
and hence, combining with (71), (72) and (73), we obtain that
a6y = 0 (lunlg))
which is the contradiction that concludes the proof. O

We now prove item (iii).
Lemma 4.8. The sequence (uy) is a Palais-Smale sequence for J.

Proof. By Lemma 4.5 it is sufficient to prove (60). Take, then, ¢ € H with ||| g1 < 1.
Multiplying (71) by ¢ and integrating over G (which is rigorous as we showed in the proof of
Lemma 4.7) one gets

—/gpugdw—l—an/gpundm:
g g

- _ /
— =2 [ o[ (unP o+ )5 0] ot b [ (0 F e (79
Cn JKC K

Arguing as in the proof of Lemma 4.7 and using Lemma 4.6, one can check that

_/gwgdx:/%undwrz <th T tne(v )) Z/g%%d%JrO(l) (75)

veEK \e>v
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(where throughout we mean that o(1) is independent of ¢). Now, the first integral at the r.h.s. of
(74) reads

[ [t e ] = [ [l + e ] o

(76)
—2
+) (Zso ([t (V)[? + [V (v >|2>"2vn,e<v>i) ,
veK \e-v
where the former term is estimated by
p—2 _
/}C (tnl? + [0al?) T [oal P dr < /K onlle'| dz < lonll 2o 192y = o1),  (77)

whereas the latter is estimated by

> (Z|90 |(Jtn,e (V) [* + Ivn,e(V)IQ)pflvn,e(V)l> S lellizegllvnllzoog) = o(1),  (78)

vek \e~v

(exploiting Lemmas 4.3 and 4.6). It is, then, left to discuss the last term at the r.h.s. of (74).
First note that

- p=2
/IC(\un\g—i-\vn\) 2 uncpd:c—/ [un P~ uncpdx—i-/ [(\un\2+\vn\2)p2 — Jun|P~?unp dz

=:R

p=2
and that (Jup|? + [vn]?) 2 — |up|P~2 > 0.

Let us distinguish two cases (as in the proof of Lemma 4.7). Assume first that p € (2,4).
Therefore 0 < p%g < 1, and this implies that

IR < /K [l + [0a2) T — Jun P2 Jun[] d < / fon[P2 ] d

< llunllzoe @) llvnllf o g) 12l £2(g) = o(1).

(where we used again Lemmas 4.3 and 4.6).
On the other hand, assume that p € (4,6) (the case p = 4 is analogous). In this case we exploit
the elementary inequality

(a+b)! —at <ecb(at +071), Va,b >0,

with ¢ > 1 and ¢ > 0. Then, setting ¢ = % > 1, a = |uy|? and b = |v,|?, we have that

[ L o)

Summing up, we proved that for all p € (2,6) there holds

~funl? el Pl S [ (funlF* -+ 10015 [0a Plunllel do = o(0).
K
/ (Jun|® + \vnl2)p% updr = / |t P2 un@ dx + o(1)
K K
and, combining with (74), (75), (76), (77) and (78), one gets (60), which concludes the proof. [

Finally, we have all the ingredients to prove point (iv) and thus Theorem 2.13.
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Proof of Theorem 2.13. From Lemma 4.8 the sequence (u,) is a Palais-Smale sequence for J. In
addition, from Lemma 4.3 it is bounded in H so that (up to subsequences)

{unﬁu in HYG),

up, = u in  LP(K). (79)

Now, following [51], define the linear functional B(u) : H(G) — R

B(u)v := / v dr — )\/ uv dz.
g g
From Lemma 4.8, (58), (59) and (79),

o(1) = (An(un) — B(u)|un, — u)

:/|u;—u/|2d$—bn/ |un|p_2un(un—u)dx—l—an/un(un—u)da:—i—)\/u(un—u)da::
g K g

g
:/]u'n—u'\zdac—)\/\un—uPdw—i—o(l),
g g

and, since A\ < 0, this entails that u,, — u in H'(G). Since by Lemma 4.7 u # 0 (recalling also
Lemma 4.6), the claim of the theorem is proved. g

APPENDIX A. THE DIRAC OPERATOR ON METRIC GRAPHS

In this section, we present a sketch of the proof of Proposition 2.5, that is, self-adjointness and
spectrum of the operator D introduced by Definition 2.3.

Preliminarily, we observe that, using well-known results from the literature about self-adjoint
extensions, one could check that the operator D is in fact self-adjoint (see, e.g. [7, 17, 45]). In
particular, the main result of [17] proves self-adjointness for Dirac operators on metric graphs with
a wide family of linear vertex conditions (including the Kirchoff-type ones (8)-(9)).

On the other hand, the study the spectral properties of D requires some further efforts. First,
one has to study the operator on the single components of the graph (segments and halflines)
imposing suitable boundary conditions. Then, one describes the effect of connecting these one-
dimensional components according to the topology of the graph, through the vertex condtions
(8)-(9)-

This can be done, for instance, using the Theory of Boundary Triplets. In this section we limit
ourselves to a brief presentation of the main ideas and techniques. We refer the reader to [22, 30]
and references therein for more details.

Let us start by recalling some basic notions. Let A be a densely defined closed symmetric
operator in a separable Hilbert space H with equal deficiency indices ni(A4) := dimMNy; < oo,
where 91, := ker(A* — z) is the defect subspace.

Definition A.1. A triplet Il = {$,T,I'1} is called a Boundary Triplet for the adjoint operator
A* if and only if $ is an auxiliary Hilbert space and I'g,I"; : dom(A*) — $ are linear mappings
such that the second abstract Green identity

<A*f|g> - <f|A*g> - <F1f7 FOQ))’J - <P0f7rlg>f)7 f?g € dOHl(A*)7
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holds ((-, )5 denoting the scalar product in ) and the mapping

Ty
I:= ( > :dom(A") - HDH
I

is surjective.

Definition A.2. Let IT = {§,T, "1} be a boundary triplet for the adjoint operator A*. Consider,
in addition, the operator
Ao = A¥[kerry
and denote by p(Ap) its resolvent set. Then, the operator valued functions v(+) : p(A4g) = L(9, H)
and M (-) : p(Ag) — L($) defined by
v(z) == Toln.)”"  and  M(2):=T1079(2),  z€ p(A), (80)

are called the ~v-field and Weyl function, respectively, associated with II.

Then, we can sketch how to apply the Theory of Boundary Triplets to metric graphs. First,
observe that the set E of the edges of a metric graph G can be decomposed in two subsets: E; of
the bounded edges and Ej of the half-lines.

Fix, then, e € E, and consider the corresponding minimal operator D, on H, = L3(I,) ® C?,
with the same action of (6) and domain H}(I.) ® C2. The domain of the adjoint operator, which
acts as 176, is

dom(Dy) = H'(I,) ® C?
and a suitable choice of trace operators (introduced in [30]) is given by I'G; : H (1) ®C? — C?,

with
AN RO b (B _ (iev?(0)
“\w2) \iewle)) M \w2) \ k) )

In addition, given the boundary triplet {$.,'§, I'{}, with $. = C2, one can compute the gamma
field and the Weyl function using (80), and prove that D} has defect indices ni(D.) = 2. Note,
also, that the operator D, with the same action of D} and domain

dom(D,) = ker I,

is self-adjoint by construction. -
Analogously, fix ¢’ € Ej, and consider the minimal operator Do on Hy = L?(R) ® C2, with the
same action as before and domain H}(Ry) ® C2. The adjoint operator has domain

dom(ﬁj) = H'(R,)®C?
and the trace operators FS:I : H'(R,) ® C? — C can be defined as

’ /lzz)i’ / wi/ .
s < wi) =¢L(0), T ( w;) = icip? (0).

Again, the gamma field and the Weyl function are provided by (80) (with respect to the boundary
triplet {$o, ¢, ¢}, with $, = C), while the defect indices are ni(lf)\;) = 1. As before, the
operator

Dy =D,  dom(Dy):=kerT§

is self-adjoint by construction.
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As a further step, consider the operator on H = @eeES He & ®e’€Eh H. defined as the direct

sum
Do:= P Do P Do,

ecEg e’eEh
whose domain is given by the direct sum of the domains of the addends. The spectrum of the
operator Dy, it is given by the superposition of the spectra of each addend, that is

o(Do) = | o(@)u | o(De).
ecEg e’'cEy,

Precisely, in [22] it is proved that each segment I, e € E; contributes to the point spectrum of Dy
with eigenvalues given by

2me2m2 1\?
(D) = op(De) = i\/m;” <j—|—2> Tm2ch, jENYS,  VecE,, (81)
e

while the spectrum on half-lines, on the contrary, is purely absolutely continuous and is given by

0(De) = 04e(De) = (—00, —mc?| U [me?, +00), Ve € Ep,. (82)

Let us describe, now, the Dirac operator introduced in Definition 2.3 using Boundary Triplets.

Consider the operator
D= @De@ @ Do,

ecEg e'eEy,
and its adjoint
D+ = @ 73?,'; D @ 73://
ecBs '€l

(with obvious definition of the domains). Define, also, the trace operators

Toi=PTrs, e P 1.
ecEg e’eEy,
One can prove that {$),o,I'1}, with § = CM and M = 2|E4| + |Ey|, is a boundary triplet for the
operator Z/)v*, and it is possible to find the corresponding gamma-field and Weyl function arguing
as before.

On the other hand, note that boundary conditions (8)-(9) are “local”, in the sense that at each
vertex they are expressed independently of the conditions on other vertices. As a consequence, they
can be expressed by means of suitable block diagonal matrices A, B € CM*M | with AB* = BA*,
as

Algyp = BT'1¢
(the model case at the end of the section clarifies the above notation). Observe also that the sign
convention of (9) can be incorporated in the definition of the matrix B.
Summing up, the Dirac operator with Kirchoff-type conditions can be defined as

D:=D*,  dom(D) := ker(ATy — BI'}),
and thus the operator is self-adjoint (again) by construction.

Remark A.3. The boundary triplets method provides an alternative way to prove the self-adjointness
of the Dirac operator with conditions (8)-(9), different from the classical approach ¢ la Von Neu-
mann adopted in [17].
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It is then left to prove (10). As for the Schrodinger case [36], the following Krein-type formula
for resolvent operators can be proved

(D—2)"" = (Do—2)7' =9(2) (BM(2) - A) 7' BYy*(2),  Vz€p(D)Np(Dy),  (83)

and thus the resolvent of the operator D can be regarded as a perturbation of the resolvent of
the operator Dy. In the above formula ~(-) and M (-) are the gamma-field and the Weyl function,
respectively, associated with D (see [22]). It turns out that the operator appearing in the right-
hand side of (83) is of finite rank. Therefore using Weyl’s Theorem [49, Thm XIII.14] one can
conclude from (83) that

Oess(D) = ess(Do) = (—00, —mc?] U [me?, +00).

Finally, recall that the point eigenvalues (81) for Dy are embedded in the continuous spectrum
(82). Hence, in order to conclude the proof of Proposition 2.5 we have to show that they cannot
enter the gap (—mc?, mc?) as vertex conditions (8)-(9) are imposed.

Let A € o(D) be an eigenvalue. As a consequence, for some ¢ € dom(D), there holds

Dy = Ay,
that is
—iCCZ’/;: = (A —mc*)yt, (84)
1
—ic% = (A 4 mc)?. (85)

Assuming |\| # m, we can divide both sides of (85) by (A + mc?) and plug the value of 1? into
(84), so that

del
5 = (A2 — m2chl, (86)
In addition, combining conditions (8)-(9) yields

1
> ey =o,

exv

Ve, (V) = g, (v), Ve e - v.

Then, ' turns out to be an eigenfunction of the laplacian with Kirchhoff vertex conditions on G.
Hence, multiplying (86) by ¢! and integrating, one can see that

I\ > mec?,

thus proving that there cannot be any eigenvalue of D in (—mc?, mc?). In other words, imposing

Kirchoff-type vertex conditions, the eigenvalues (81) can “move” to the thresholds +mc?, but
cannot “enter the gap”.

A.1. A model case: the triple junction. Let us consider an example in order to clarify the
main ideas explained before. Consider a 3-star graph with one bounded edge and two half-lines,
as depicted in Figure 4.
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N
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\

€1
€3
€2

/
s
’

FIGURE 4. A 3-star graph with a finite edge.

In this case the finite edge is identified with the interval I = [0, L] and 0 corresponds to the
common vertex of the segment and the half-lines. A suitable choice for the trace operators is

e, (0) icy?, (0)
L0 ic? (0
F(ﬂ/} = wf( ) ) Fﬂ/J = . 22( ) ’
e5(0) icte, (0)
icthe, (L) V2, (L)
and the Kirchoff-type conditions (8)-(9) can be rewritten as AT'gtp = BT'1¢, AB* = BA*, where
-2 1 1 0 1110
o 1 =2 1 0 ol 111 0
A= 7 B=—=
3 1 1 -2 0 1 1 10
0 0 0 a 0 0 0 b

(where, choosing the parameters a,b € C, we can fix the value of the spinor on the non-connected
vertex). Since, as already remarked, conditions (8)-(9) are defined independently on each vertex,
one can iterate the above construction for a more general graph structure, thus obtaining matrices
A, B with a block structure, each block corresponding to a vertex (for the sake of brevity we omit
the details).

APPENDIX B. DEFINITION OF THE FORM DOMAIN

In Section 2.3 we claimed that the form domain of the Dirac operator D can be defined inter-
polating between L?(G,C?) and the operator domain (7). The aim of this section is to provide a
more detailed justification of this statement, combining Spectral Theorem and Real Interpolation
Theory.

One of the most commonly used forms of the Spectral Theorem states, roughly speaking, that
every self-adjoint operator on a Hilbert space is isometric to a multiplication operator on a suitable
L?-space. In this sense the operator can be ”diagonalized” in an abstract way.

Theorem B.1. ([48, thm. VIIL.4]) Let H be a self-adjoint operator on a separable Hilbert space
H with domain dom(H ). There exists a measure space (M, 1), with p a finite measure, a unitary
operator

U:H— L*(M,dp),

and a real valued function f on M, a.e. finite, such that
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(1) ¥ € dom(H) if and only if f(-)(U)(-) € L*(M, dp),
(2) if ¢ € U (dom(H)), then (UHU t¢) (m) = f(m)p(m), Vm e M.

The above theorem essentially says that H is isometric to the multiplication operator by f (still
denoted by the same symbol) on the space L?(M, du), whose domain is given by

dom(f) := {p € L*(M,dp) : f(-)p(-) € L*(M,dp)} .
endowed with the norm

lll? = /M<1 + F(m)2)p(m)2dp(m)

The form domain of f has an obvious explicit definition, as f is a multiplication operator, that is

{ € 12, dp) : VITOT () € LA(M, dpy)}

Anyway, it can be recovered using real interpolation theory (we follow the presentation given
in [5, 9]). Consider the Hilbert spaces Ho := L?(M,du) with the norm ||z||g = [ 2 (ay), and
H1 := dom(f), so that H1 C Hp. Define, in addition, the following quadratic version of Peetre’s
K-functional

K(t,z) = inf {||zo||§ + t||z1]|T : @ = zo + z1, 20 € Ho, 21 € Ha} .
The squared norm ||z|3 is a densely defined quadratic form on H, represented by

Iz[IF = (1 + f2())z, )o,
where (-, -)g is the scalar product of H,.

By standard arguments (see e.g. [9] or [5, Ch. 7] and references therein) the intermediate spaces
Hog C [Ho,Hily C Ho, 0 < 6 < 1, are given by the elements € Hg such that the following

quantity is finite:
RV dt
(t K(t,x)) — < o0.
0 t

Then, for the space Hg := [Ho, H1], there holds

2 2/ \\0
2]l = ((L+ f7())", )o.
As a consequence, for 6 = % one recovers the form domain of the operator f and, hence, setting

H =D and H = L?(G,C?), we can conclude that the space defined in (11) is exactly the form
domain of D, with Y = U~'H

NI
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