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CONSTANT SIGN AND SIGN CHANGING NLS GROUND STATES
ON NONCOMPACT METRIC GRAPHS

COLETTE DE COSTER, SIMONE DOVETTA, DAMIEN GALANT,
ENRICO SERRA AND CHRISTOPHE TROESTLER

We investigate existence and nonexistence of action ground states and nodal action ground states for
the nonlinear Schrodinger equation on noncompact metric graphs with mixed homogeneous Kirchhoff
and Dirichlet boundary conditions. We first obtain abstract sufficient conditions for existence, typical of
problems with lack of compactness, in terms of “levels at infinity” for the action functional associated
with the problems. Then we analyze in detail two relevant classes of graphs. For noncompact graphs with
at least one half-line, we detect purely topological sharp conditions preventing the existence of ground
states or of nodal ground states. We also investigate analogous conditions of metrical nature. The negative
results are complemented by several sufficient conditions to ensure existence, either of topological or
metrical nature, or a combination of the two. For graphs with infinitely many edges, all bounded, we focus
on periodic graphs and infinite trees. In these cases, our results completely describe the phenomenology.
Furthermore, we study nodal domains and nodal sets of nodal ground states and we show that the situation
on graphs can be totally different from that on domains of RV .

1. Introduction

We investigate the existence of constant sign and sign changing solutions of the nonlinear Schrédinger
equation
u” + ul”"2u = u, (1-1)

where p > 2 and A is a real parameter, on noncompact metric graphs under various assumptions.
Throughout this paper we consider the class G of connected metric graphs G = (V, E) where the sets V
and [ are at most countable, every vertex V € V has finite degree, and the lengths of the edges e € [ are
bounded away from zero (see Definition 2.1 below). A graph of this type is noncompact if at least one
edge is unbounded (i.e., it is a half-line) or if it consists of an infinite number of bounded edges, giving rise
to two classes of graphs that behave quite differently and that we will treat separately. Every half-line is
considered to end at a “vertex at infinity” of degree 1. The set of all such vertices of V is denoted by V.
The analysis of differential equations on metric graphs experienced a massive growth in recent years,
in particular motivated by the potential of graphs to serve as simple models for signal propagation in
branched structures. In this context, stationary nonlinear Schrédinger equations such as (1-1) gained
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a prominent interest, as it is well known that to any couple (u, A) satisfying (1-1) there corresponds a
standing wave solution ¥ (¢, x) := M

—iB, W (t, x) = 02 W (£, %) + | (1, )P~ (1, x). (1-2)

Nonlinear dispersive equations such as (1-2) are largely studied in view of the role they play in many

u(x) of the time-dependent nonlinear Schrddinger equation

applications, such as, e.g., in the modeling of quantum mechanical systems in Bose—Einstein condensation
or in the modeling of optical fibers.

It is clear however that, when considering any differential model on graphs, it is not enough to prescribe
a differential equation that describes the behavior of the system in the interior of each edge. The equation
must be complemented with suitable matching conditions at the vertices, specifying how the interaction
among edges behaves at the junctions. In the case of nonlinear Schrddinger equations, there is a wide
class of vertex conditions that can be considered. In the present paper, we couple (1-1) with a specific
choice of boundary conditions. Precisely, given a (not necessarily finite) set Z C V\ V, of degree-1
vertices, we are interested in solutions to the problem

u” +|u|P~>u =xu onevery edge of G,

u is continuous ong, (1-3)
Doeyu,(V)y=0  forevery veV\(ZUVy),
u(v)=0 forevery ve Z,

where u/,(V) is the outgoing derivative along the edge e incident at the vertex V and e > V means that the
sum is extended to all such edges. The boundary condition for vV ¢ Z (together with the continuity of u) is
the homogeneous Kirchhoff condition, by far the most used in the literature. It is a natural analogue of the
Neumann boundary condition for metric graphs (see, e.g., [Berkolaiko and Kuchment 2013, Section 1.4]).
The boundary condition for V € Z is the homogeneous Dirichlet condition, which by contrast has been
discussed only in a few papers (see, for instance, [Esteban 2022]). Here we choose to include mixed
conditions to highlight their role in the existence (or nonexistence) of various types of solutions to (1-3).
The requirement that all nodes of Z have degree 1 prevents the graph from being disconnected by the
Dirichlet conditions, but more general frameworks can easily be treated building on the results of this paper.

Coupling the operator —d?/dx? with our boundary conditions guarantees its self-adjointness. This is
a natural requirement in the analysis of quantum mechanical problems (see, e.g., [Adami et al. 2020]
for an overview of boundary conditions ensuring self-adjointness on metric graphs and [Berkolaiko and
Kuchment 2013, Section 1.4] for a thorough discussion).

Solutions to (1-3) can be found by a variational approach that has been employed very frequently to
deal with this kind of problem or with its variants. In our setting, the appropriate function space to set
problem (1-3) is

HY(G) :={u e H'(G) | u(V) =0 for every V € Z}.

Standard arguments show that the H'!(G) solutions of problem (1-3) are exactly the critical points of the
action functional J, : Hé (G) — R defined by

1
D) == 31132 + 3 Mull 7o, — S MullZr). (1-4)
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that is of class C2 on H% (G). Hereafter the parameter A satisfies as usual A > —wz(G), where
m2
|| v “ LZ(g)

wz(G):= in 3
veHyG\O) [[V]I72 g,

denotes the bottom of the spectrum of the Laplacian on G associated to the boundary conditions in (1-3).
This assumption is standard when working with this problem and is justified by the fact that, under it, the
quadratic part in (1-4) provides a norm on H'(G) equivalent to the usual H'-norm.

When looking at solutions to (1-3) from the variational perspective, one has to take into account that the
functional J; is not bounded from below on H Zl (G). A standard way to recover the notion of minimality
is to introduce the Nehari manifold associated to J;, defined by

Ni.z(G) :={u € Hy(G) |u #0, J; (u)u =0}
= {u € Hy(G) lu#0, [lu'll32.g, +2ulfagg, = lull]) g}

Clearly, V. z(G) contains all solutions to (1-3). It is a C'-manifold diffeomorphic to the unit sphere of
H é (@) and is a natural constraint for J;, in the sense that constrained critical points of J, are in fact true
critical points. Other approaches are possible (for instance, one could constrain J) on the unit sphere
of L?(G)), but the Nehari approach has the advantage that it works also in cases where the nonlinearity is
not homogeneous, thus providing a framework suitable to be generalized to a wider class of nonlinear terms.

Definition 1.1. We say that a function u € N, _z(G) is a ground state for problem (1-3) if

J(u) = /\i/nf )J,\(v).

VEN). Z
Since we want to discuss both one-signed and sign changing solutions, we will also consider nodal
ground states, roughly the analogue of ground states among sign changing functions. To define rigorously
this notion, we let

ut :=max(u,0), wu~ :=min(u, 0)

and define the nodal Nehari set as
M;.2(G) :={u € Hy(G) | u™ € N3, 2(G)} = {u € HY(G) | u* #0, J (w)u™ = 0}.

The nodal Nehari set contains all nodal solutions of (1-3) but, contrary to N, z(G), in general is not a
manifold (see, e.g., [Bartsch and Weth 2003; Castro et al. 1997; Szulkin and Weth 2010]) and is not a
natural constraint for J;, which causes some extra difficulties when proving existence results.

Definition 1.2. We say that a function u € M, z(G) is a nodal ground state for problem (1-3) if

Jri(u) = inf ) Ji(v).

veM,; z(

It is well known that, whenever they exist, ground states (resp. nodal ground states) provide constant
sign solutions (resp. sign changing solutions) of (1-1) of minimal action. Actually, to look for one-signed
solutions of nonlinear Schrodinger equations as minimizers of suitable functionals is a standard strategy,
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that has been widely exploited on graphs in the mass constrained setting, where ground states are defined
as minimizers of the energy functional u — %llu/lli2 @ %llullip(g) restricted to an L2—sphere (see, e.g.,
[Adami et al. 2014a; 2015; 2016; 2019; 2022; Berkolaiko et al. 2021; Boni and Carlone 2023; Besse et al.
2022a; 2022b; Boni and Dovetta 2021; 2022; Dovetta and Tentarelli 2022; Kairzhan et al. 2021; 2022;
Pierotti and Soave 2022; Pierotti et al. 2021; Tentarelli 2016]). In particular, these works have shown that
the existence of ground states for the prescribed-mass problem on noncompact graphs is a rather unlikely
event. Obstructions to existence are provided mostly by the topology of the graph, and sometimes also
by its metrical properties. Conversely, the action approach has not received much attention so far (some
results in this direction can be found, e.g., in [Adami et al. 2014b; De Coster et al. 2023; Kurata and
Shibata 2020; Pankov 2018]). Let us stress that, though clearly critical points of the action on Nehari sets
are also critical points of the energy on a suitable L?-sphere and vice versa, the general relation between
the action and the energy approach is not fully understood. First investigations in this direction started
only recently in [Dovetta et al. 2023; Jeanjean and Lu 2022] for NLS equations posed on domains of R",
but many of the results obtained therein extend with no difference to metric graphs. Specifically, if on the
one hand those analyses proved that mass constrained ground states of the energy are always also ground
states of the action, on the other hand they showed that the converse is in general not true. Hence, there
may well exist action ground states that are not energy ground states among functions with the same mass,
and the actual occurrence of this phenomenon on metric graphs has been proved, e.g., in [Agostinho et al.
2024, Theorem 1.4; Dovetta 2024, Proposition 2.4]. This somehow further motivates the independent
study of the action ground state problem even in a context, as that of graphs, in which a well-developed
theory of energy ground states is already available. In addition, to the best of our knowledge, nodal
ground states, and more generally sign changing solutions, on general metric graphs have never been
investigated up to now, neither for the action nor for the energy problem. In the nodal setting, actually,
the asymmetry between the action and the energy point of views is more pronounced, as it is not even
clear how to define a general variational framework to deal with sign changing solutions with prescribed
mass (that is, no analogue of the nodal Nehari set is known for the energy).

The main concern of the present paper is thus to begin a systematic study of action ground states and
nodal ground states for (1-3), characterizing the dependence of the problem on topological and metrical
properties of the graph. On one side, as it is reasonable to expect, with purely Kirchhoff vertex conditions
(i.e., Z = @), we will find that sometimes the same topological conditions that rule out mass constrained
ground states do prevent existence of action ground states too (this is the case for graphs with half-lines,
as in Theorem 1.6 below), and analogous conditions for nodal ground states will be identified. On the
other side, we will also show that there are graphs (periodic ones and trees) for which action ground
states exist for every admissible value of A, whereas existence of mass constrained ground states depends
on the value of the mass.

To begin the discussion of our results, we observe that if G is compact, the existence of a ground
state and of a nodal ground state can be proved via standard compactness arguments. Indeed, the
compactness of the domain guarantees compactness for Sobolev embeddings H'(G) < L?(G), which
is all that is needed to obtain strong convergence of minimizing sequences for the above variational
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problems (see, e.g., [Dovetta 2018, Proposition 3.1] for further details on such compactness results in the
context of mass constrained critical points of the energy).

On the contrary, if G is noncompact, since as we said above the existence of ground states is unlikely,
it is not surprising that the analogous eventuality for nodal ground states is even more so. As for ground
states, we are going to derive sufficient conditions for both existence and nonexistence of nodal ground
states involving topological features, metrical ones and combinations of the two.

Our analysis is based on a rather abstract procedure, typical of problems with lack of compactness,
consisting in locating thresholds on the levels of J,, involving the so-called level at infinity

J22(G: Z) = inf{liminf J; (un) | (n)n S N3, 2(G), limu, =0 weakly in H(G)}.

Theorem 1.3. Let G € G be a noncompact graph and A > —wz(G).

@ 1f
inf () < J3(G: 2), (1-5)

UE./\/’;MZ(
then there exists a ground state of J, in N _z(G). Moreover, ground states have constant sign on G \ Z.

@) If

inf  J,(v) <JX(G;Z)+ inf  Jy(v), (1-6)
veM,; z(G) veN,, z(G)

then there exists a nodal ground state of J in M z(G).

Theorem 1.4. For every noncompact graph G € G and ). > —wz(G),

inf Jy(v)>2 inf Jy(v). (1-7)
veM; z(G) vEN,, 2(G)

If equality holds, then G admits no nodal ground states of J, in M;_ z(G).

Remark 1.5. Inequality (1-7) also holds when G is a compact metric graph, and is then strict as nodal
ground states always exist in this case.

This abstract strategy, though general, is absolutely insufficient to obtain existence results if one is
not able to compute the level J°(G; Z) in concrete cases. Here we will detect specific properties of the
graph that permit such computation and make sure that, in certain cases, the ground state level or the
nodal ground state level lie below the level at infinity. Since this is where the topology and the metric of
the graph become crucial, the analysis of such questions is carried out separately according to the class of
graphs under study.

We first discuss the case of graphs with at least one half-line. For every such graph, wz(G) = 0 and so
the following results hold for every A > 0.

We identify topological conditions on G that prevent the existence of ground states and nodal ground
states. We describe them here in a concise way, referring to Section 4 for a more detailed discussion.
To begin with, recall that the set of vertices at infinity of G is

Voo = {V € V| Vv is the vertex of degree 1 of some half-line}
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Z

(A) B) ©
Figure 1. Examples of graphs G with corresponding set F'(G) containing 0 (A), 1 (B), and 4 (C)
edges, respectively. Here, Kirchhoff conditions are assumed at every vertex, and edges in F'(G)

are drawn thicker.

and define the set
F(G) ={e € E| at least one connected component of (V, E \ {e}) has no vertices in V,, U Z}.

The set F(G) is thus the set of edges of G (if any) whose removal disconnects G creating a connected
component without vertices in Vo, U Z. Basically, if F(G) is nonempty, there exists at least one “bridging”
edge in the graph that, once removed, creates at least one connected component separated from all
the half-lines and all the vertices with homogeneous Dirichlet condition (see Figure 1 for a concrete
illustration of F(G) on different graph structures). The cardinality of F(G) is a purely topological notion
and plays a fundamental role in the nonexistence of ground states and nodal ground states. Roughly, we
will see that the presence of bridging edges in F'(G) may facilitate existence of such states, especially if
the connected components without vertices in Vo, U Z they isolate have a very simple structure. On the
contrary, a low cardinality of F(G) somehow corresponds to a too-intricate graph structure not compatible
with existence. This is stated rigorously in the next theorem, where for every A > 0 we denote by

sy = inf J,(v
pi= ot A (V)

the ground state level of J, on R.

Theorem 1.6. Let G € G be a noncompact graph with at least one half-line and ). > 0. Then

inf  Jy(v) <s; (1-3)
veN,, z(G)
and
inf  J,(v) <sy+ inf  Jy(v). (1-9)
veM,, z(G) veN,, z(G)
Moreover,
(1) if#F(G) =0, then
inf  J;,(v) = sy (1-10)
veN,,z(G)

and it is not achieved, unless G is isometric to R or to a “tower of bubbles” depicted in Figure 2;

(i) if#F(G) <1, then

inf  J,(v)=s,+ inf Jy(v) (1-11)
veEM;, z( veN;,z(G)

and it is never achieved.
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{3

()b

£y £y

o0 o

Figure 2. An example of a “tower of bubbles” graph. Each of these graphs, identified in
Example 2.4 of [Adami et al. 2015], is built of a real line and a finite sequence of two-by-two
tangent circles.

The preceding results are the main examples where a purely topological assumption on the graph rules
out the existence of ground states or nodal ground states. The families of graphs fulfilling each of the
conditions of Theorem 1.6 are rather large and it is not difficult to exhibit examples of structures with
these properties (see Figure 1(A)—(B) and Figure 3). In the case of ground states, the condition #F (G) =0
was already shown to prevent existence of mass constrained ground states of the energy in [Adami et al.
2015, Theorem 2.5], where it was named assumption (H). In contrast, the analogous condition for nodal
ground states is established here for the first time. We underline that both assumptions on the cardinality
of F(G) are sharp for nonexistence. Indeed, in Section 4 we will show that there exist graphs satisfying
#F(G) > 1 that admit a ground state, and graphs satisfying #F (G) > 2 that admit a nodal ground state.

These nonexistence results are complemented in Section 4 by a number of sufficient conditions to ensure
existence. Relying on techniques developed for energy ground states in [Adami et al. 2015, Section 6;
2016, Section 3], it is easy to construct graphs where existence of action ground states is guaranteed by
purely topological properties whenever Z = & (see Theorem 4.8 and Figure 6 below). Notably, this turns
out to be impossible as soon as Z # &. In this case, a necessary condition of metrical nature for the
existence of ground states arises: the diameter of the set of all bounded edges of the graph must exceed a
threshold depending on A but not on the graph itself (Theorem 4.9). The same constraint holds true for
nodal ground states, where it is not even needed to have a nonempty set Z (Theorem 4.11). In addition to
providing purely metrical nonexistence results, these theorems imply that the interplay between topology
and metric must be further exploited if one hopes to recover existence. We give examples of this fact by
describing two general procedures to construct graphs where existence is granted (Theorems 4.12-4.16).
The former relies on the metric only, and shows that one and two sufficiently long edges with vertices
of degree 1 not in Z are enough to have ground states and nodal ground states, respectively. The latter
basically consists in a suitable gluing of graphs hosting ground states to obtain structures supporting
nodal ground states (see, e.g., Figure 7).

(A) B)

Figure 3. Further examples of graphs with half-lines satisfying #F (G) =0 (A) and #F (G) = 1 (B).
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The previous results highlight how the presence of at least one vertex with homogeneous Dirichlet
conditions affects the existence of ground states and nodal ground states. Indeed, the fact that vertices in
Z play the same role as those at infinity in the definition of F(G) suggests the idea that an edge ending at
a vertex with zero Dirichlet conditions behaves as an half-line. This heuristic comparison makes some
sense, since H' functions tend to zero at infinity along each half-line. However, Theorem 4.9 unravels
that the analogy with half-lines is not complete: edges with endpoints in Z are somehow “worse”, as
they make metrical assumptions necessary to obtain existence. We may be tempted to say that existence
of ground states simply requires edges ending in Z to be long enough (and thus sufficiently close to
half-lines), but this is not true in general, as ground states can exist even on graphs where all edges with
vertices in Z are arbitrarily short (see Remark 4.10 below).

Section 5 of the paper deals with noncompact graphs in the class G with an infinite number of edges,
whose length is uniformly bounded from above. Given the huge variety of structures in this class,
we confine ourselves to two subclasses of major relevance, that have already been studied extensively
in the literature in many contexts (see, e.g., [Adami et al. 2019; Besse et al. 2022a; 2022b; Dovetta and
Tentarelli 2022; Dovetta et al. 2020; Gilg et al. 2022; Pankov 2018; Pelinovsky and Schneider 2017] for
results related to those we discuss here): periodic graphs and regular trees.

Without entering the details of the definition of periodic graphs (for which we refer to [Berkolaiko and
Kuchment 2013, Definition 4.1.1]), let us mention here that we always work assuming that the set Z shares
the same type of periodicity as the graph itself. Our main result in this respect completely describes the
phenomenology from the point of view of ground states and nodal ground states (results in this direction
for ground states on periodic graphs were already given in [Pankov 2018]).

As for graphs with half-lines, if G is a periodic graph then wz(G) = 0, so that the next theorem holds
again for every A > 0.

Theorem 1.7. Let G € G be a periodic graph and ) > 0. Then G admits a ground state. Furthermore,

inf  Jy(v)=2 inf Jy(v)
veM,; z(G) veN), z(G)

and there are no nodal ground states.

It is interesting to note that the above results are insensitive of the degree of periodicity, i.e., the
dimension n of the group Z" whose action leaves the graph invariant. This is particularly relevant when
put in relation with the available results for prescribed-mass energy ground states (compare, e.g., [Adami
et al. 2019, Theorems 1.1-1.2], where n = 2, with [Dovetta 2019, Theorem 1.1], where n = 1), whose
existence has been shown to depend strongly on the value of .

The last results of Section 5 concern regular trees, i.e., acyclic, noncompact metric graphs with infinitely
many bounded edges, all of the same length, and where all the vertices have the same degree, with the
possible exception of a unique root vertex of degree 1. If such a vertex with degree 1 is present, we speak
of a rooted tree (see Figure 4(A)), otherwise we speak of an unrooted tree (see Figure 4(B)). Regular trees
are well-known examples of noncompact graphs satisfying wz(G) > 0 (see, e.g., [Dovetta et al. 2020]).
Hence, in this setting our results involve also negative values of A.
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(A) (B)

Figure 4. Examples of a rooted tree (A) and an unrooted tree (B).

Theorem 1.8. Let G be a regular tree and ). > —wz(G). Then

(1) if G is unrooted or if G is rooted and Z is empty, G admits a ground state;
(i1) if G is rooted and Z is not empty, there are no ground states on G;
(iii) independently of Z, there are no nodal ground states on G.

As in the case of periodic graphs, the above theorem provides a complete description of the problem
for regular trees. As one may expect, the role of the set Z is crucial to discriminate between existence and
nonexistence on rooted trees. Moreover, as already seen for periodic graphs, observe that Theorem 1.8(i)
establishes the existence of ground states of the action on trees for every admissible value of the parameter A.
It is interesting to compare this result with [Dovetta et al. 2020, Theorem 1.2], where it is shown that
existence of mass constrained ground states of the energy on trees does depend on the mass. In particular,
when p €[4, 6), energy ground states do not exist if the mass is smaller than a positive threshold. However,
this seeming asymmetry is not sufficient to guarantee that, on trees, the action approach is more general
than the energy one. Indeed, [Dovetta et al. 2020] does not provide any information on the values of the
parameter A associated to energy ground states, and nothing is known about the mass of action ground
states identified in this paper. Hence, it is not clear whether the ground states of the action given by
Theorem 1.8(i) for A > —wz(G) coincide with the mass constrained ground states of the energy found in
[Dovetta et al. 2020, Theorem 1.2].

We observe that the discussion developed here requires no restrictions on the nonlinearity power p,
so that all our results apply for every p > 2. In particular, the existence statements listed above provide
constant sign and sign changing solutions to (1-3) also when p > 6, the so-called L?-supercritical regime,
whose analysis is much harder in the context of fixed mass critical points of the energy (first investigations
in this direction have been initiated in [Borthwick et al. 2023; Chang et al. 2024]).

To conclude, we study nodal domains (i.e., the connected components of G \ u~1(0)) and the nodal
set (i.e., the set u~'(0)) of nodal ground states u. As one may expect, nodal ground states have exactly
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two nodal domains (Theorem 6.1). We also show that the nodal set can have an arbitrary number of
components and an arbitrary measure. This is in contrast with the case of open domains of RY, where
unique continuation principles forbid nonzero solutions to vanish on nonempty open subsets.

Theorem 1.9. For every k, m,n € N with m > 2, there exists a graph G and a nodal ground state u on G
such that u="(0) is the union of k isolated points, m half-lines and n line segments.

The remainder of the paper is organized as follows. Section 2 collects some preliminary facts useful
for the subsequent analysis, while Section 3 provides the proof of the abstract results contained in
Theorems 1.3—1.4. Section 4 analyzes the case of graphs with half-lines, while periodic graphs and trees
are dealt with in Section 5. Qualitative properties of nodal ground states are studied in Section 6.

Notation. Throughout, we will drop the dependence of N, z(G), M; z(G), J, on A and G, writing N7z,
Mz and J whenever possible, keeping the complete notation only if necessary. Similarly, when the
context permits it, we will not explicitly indicate, in norms, the dependence on the domain of integration.
Furthermore, when Z = &, we do not put & as a subscript and simply write H 16, N, M, etc.

2. Preliminaries
For the precise notion of metric graphs, we refer to [Berkolaiko and Kuchment 2013]. However, we make
precise in the following definition the class of graphs that we consider in this paper.
Definition 2.1. We denote by G the class of metric graphs G = (V, E) such that
G is connected and has an at most countable number of edges;

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

e ¢ :=inf,cr £, > 0, where £, denotes the length of the edge e.

A graph G € G is noncompact as soon as one of the following two eventualities occurs:
(i) G has at least one unbounded edge (i.e., a half-line),
(ii) the number of edges of G is infinite.

Remark 2.2. One could add in the definition of G the assumption that every vertex V satisfies deg(V) # 2.
Indeed, vertices V of degree 2 can a priori be eliminated from any metric graph, by melting the two edges
incident at v into a single edge. In some cases however (see Remark 3.2) the possibility of using vertices
of degree 2 turns out to be quite handy. Adding or removing vertices of degree 2 from a graph changes it
combinatorially, but not as a metric space, and in this paper we will identify graphs that differ only by
vertices of degree 2.

As anticipated in the Introduction, we couple (1-1) with mixed Kirchhoff and Dirichlet boundary
conditions. Given a noncompact graph G € G, we let Z C V denote a set of vertices of degree 1 (possibly
empty or infinite) where we impose homogeneous Dirichlet conditions and we set

HY(G) :={u e H'(G) | u(v) =0 for every V € Z}.
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The Nehari manifold associated to J on H % (G) is
Nz :={ueHy@G)|u#0, J'(uyu =0}

={u e Hy(G) |u#0, [ull5+rlul3 = llulb},

while the nodal Nehari set is
Mz :={ue Hy(Q) |u* e Nz} ={u € Hy(G) |u* #0, J' (wu* =0}.
The nodal Nehari set contains all nodal solutions of (1-3), but, generally, it is not a manifold. However,
the following fundamental property holds for global minimizers on compact graphs.
Proposition 2.3. Let G € G be compact and ) > —wz(G). If u € My satisfies
= inf
J(u) ol J(v),

then J'(u) = 0.
Proof. The fact that any function realizing the minimum of the action restricted to its nodal Nehari set is in
fact a critical point of the action is a very general property, that holds true for a large class of NLS equations
including the one we consider in this paper, and is not specific of graphs. A detailed proof can be found,
e.g., in [Bartsch et al. 2005, Proposition 3.1] in the case of NLS equations (with more general nonlinearities
than the one of this paper) posed on bounded domains of R" with homogeneous Dirichlet conditions at

the boundary. The proof reported therein uses only abstract tools of critical point theory (in particular, the
deformation lemma). For this reason, that argument extends with no modification to compact graphs. [

Obviously Mz C N7z and, for u € Nz, the functional J defined in (1-4) takes the simple form

Tw) =wlullh = k('3 +rul3), «:=3--, (2-1)

S -

from which we see that J is positive on Nz. Actually much more can be said, as stated in the next proposi-
tion, which rephrases in the present setting an analogous result of [De Coster et al. 2023, Proposition 2.3].

Proposition 2.4. For every .. > —wz(G) and p > 2, there exists a constant C > 0 depending only on A
and p such that, for all noncompact G € G,

inf > .
ot lull, = C >0
Moreover, if (u,), C Nz satisfies sup,, J (u,) < 00, then (u,), is bounded in HY(G) and
inf |uyll2 >0, inf|luy|leo > 0.
n n
As is well known, there is a natural continuous projection 7, : H é (G) \ {0} > Nz, defined by

1
w |24 Aljul|?\ 72
lu'll5 + Al ||2)' ’ 2.2)

D
l[uell’p

() =ny(Wu, ny(u)= (

so that u € Nz if and only if ny(u) = 1. If u € HL(G) satisfies u® # 0, then 7, (u™) + m(u™) € M.
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Remark 2.5. For every metric graph G and every set Z of degree-1 vertices, the map

t— inf J,(v
vt gy 71

is increasing and continuous on (—wz(G), +00). This property of the action ground state level is actually
general and does not depend on the fact that we are considering the problem on graphs. For this reason,
we redirect the interested reader, e.g., to [Dovetta et al. 2023, Lemma 2.4] for a detailed proof (in the
context of open subsets of RV).

3. Proof of the abstract results

In this section we prove the abstract results stated in Theorems 1.3—1.4. The strategy for the proof of the
existence results is to construct special minimizing sequences for J on Nz or Mz, to avoid problems
caused by the noncompactness of the graphs.

Remark 3.1. In this and in the next sections we will freely use the following fact: if u # 0 solves
problem (1-3) and # > 0 on G, then u > 0 on G, except of course at vertices in Z. For the convenience of
the reader we sketch a proof (full details can be found in [Adami et al. 2015]). If the claim were false,
there would exist an edge e of the graph on which u is not identically zero but on which there exists
X0 € G\ Z such that u(xp) = 0. If xo belongs to the interior of e, u’ vanishes at that point, by regularity.
Otherwise, x is a vertex V ¢ Z, so that the derivatives u/,(V) are nonnegative for every e > V, thus they
all vanish by the Kirchhoff condition. By uniqueness in the Cauchy problem, we deduce that u vanishes
identically on the edge e, a contradiction.

Remark 3.2. The proof of the next results relies on the following approximation procedure. Given a
noncompact graph G € G, we construct an increasing sequence (K,),, € G of connected compact graphs
such that Un2 1 Ko =G, and a sequence (x,), € H 1(G) of cut-off functions such that

0=l Wl =g o =1 swppin Ko,
with £ as in Definition 2.1.

To describe the graphs K, we begin by performing a preliminary operation on G as follows. On each
half-line of G (if any) we insert vertices of degree 2 at the points of coordinates k¢, k = 1,2, .... Every
half-line can now be viewed as a sequence of consecutive edges (each of length £). With some abuse of
notation, we still call G = (V, [E) the new graph obtained in this way (see Remark 2.2). Let now vg € G be
a fixed vertex. For every n > 1, let V,, be the set of vertices of V that can be reached from Vv traveling on
at most n edges. As each node of G has finite degree, the sets V,, are finite and, since G is connected, for
each vertex v € G (different from Vg) there exists ng(V) > 1 such that v belongs to V,, for every n > ng(V).
Then we define the graph IC, as (V,, E,), where E, is the set of edges of E whose vertices belong to V,,.
Clearly, each K, is connected and compact, and | -, K, = G. Finally, we define x, to be equal to 1
on KC,_1,to 0 on G\ K, and affine on every edge of IC_n \ KC;—1. All the required properties trivially hold
(the bound on y,, follows from the fact that all edges of G have length at least ¢).

Finally, given u € H % (9), it is straightforward to check that y,u — u in H 1(G) as n — 0.
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Exploiting Remark 3.2, we now construct suitable minimizing sequences for J on Nz and M.

Proposition 3.3. Let G € G be noncompact and A > —wz(G). There exists a minimizing sequence
(up)n SNz for J and u € H%(g) such that

up, —u weakly in H'(G), u>0, J'(u) =0.

Proof. Keeping in mind the notation of Remark 3.2, let (IC,), be the sequence of compact graphs
approximating G and let d/C, =V, \ V,,_;. Define the Hilbert space H, := H %Ua K, (K,,) and the Nehari
manifold associated to J on H,, namely

Ny:={ueH, | u#0, J (wu=0}.

If u € H,, it vanishes on 0/, and, after extending it by 0, it can be viewed as a function in H % (G), that
we still denote by u. Therefore, N,, € Nz for every n > 1. Let u,, € N, be a ground state for J restricted
to H,, that is,

n) = inf .
J(uy) vg}\fﬂ](v)

The existence of u,, is standard by the compactness of the embedding of H'!(K,) into L”(K,) observing
that, by construction, wzusi, (K,) > wz(G). Also, as u € N, if and only if |u| € N, and J (u) = J (|ul),
we can assume that u, > 0 on G.

We claim that (u,), is a minimizing sequence for J on N. First, since K,,_; C K, for every n, the
sequence (J (#,)), is nonincreasing.

Given any ¢ > 0, let u € Nz be such that J () < inf,ep, J(v) + /2. Let (x,)n be the sequence of
cut-off functions of Remark 3.2. For every n, the function &, := 7, (x,u) is in Nz and supp i, C K,,,
which means, in particular, that i, (restricted to K,) is in AV;,,. Moreover, by Remark 3.2 and the continuity
of m,, as soon as n is large enough we have

J(i,) < inf J(v)+e.
UENZ
Therefore, for all n large,

J(up) = UlenAf[ J() = J(uy) < Uiel}\% J(v) te.

Thus (u,), is a minimizing sequence for J on N7z, and the claim is proved. Since (u,), is bounded
in H%(g) (like all minimizing sequences), up to a subsequence it converges weakly to some u € H é(g)
that also satisfies u > 0. Since u,, minimizes J over N, it follows that J'(u,)¢ = 0 for every ¢ € H,.
As u +— J'(u)¢ is weakly continuous on H% (9), letting n — oo shows that J'(u)¢ = 0 for every ¢ € H,
and every n, and thus, by density, that J'(u) = 0. ]

Proposition 3.4. Let G € G be noncompact and A > —wz(G). There exists a minimizing sequence
(Up)n S Mgz for J and u € H%(Q) such that

up, —u weakly in H'(G) and J'(u)=0.
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Proof. The proof is very similar to the one of Proposition 3.3, to which we refer for the notation. Let
M, :={veH,|vEeN,)
and, for each n, let u, € M,, be a nodal ground state for J restricted to H,, that is,

J(uy) = véﬂﬁ J(v).

The existence of u,, follows plainly by the compactness of the embedding of H!(K,,) into L (K,) as, for
example, in [Szulkin and Weth 2010, Theorem 18] observing again that wzysx, (Kn) > wz(G).

We claim that (u,), is a minimizing sequence for J on M. As above, (J(u,)), is nonincreasing.
If u € Mz, we have (x,u)* = x,u™, and both functions are nonzero if  is large enough. By the continuity
of r; and Remark 3.2, as n — oo,

. + 105, ”) = @ +m@ ) =u  in Hy(G).

Now, given any ¢ > 0, let u € My satisfy J(u) < infrq, J + /2. Define i1, := 7, (xuut™) + 700 (0t ),
SO i, € Mz, supp i, C K, whence i, € M,. Then, for every n large enough,

J(up) = vér}\ﬁ J() = J(un) < veirj{ﬁz J(v) +e,
showing that (u,), is a minimizing sequence for J on M. Since, by Proposition 2.3, J'(u, )¢ = 0 for
every ¢ € H,, we conclude exactly as in the proof of Proposition 3.3. ]
We are now in position to prove Theorems 1.3—-1.4.
Proof of Theorem 1.3. Let us prove the two statements separately.

Proof of (i). Let (u,), € Nz be the minimizing sequence for J on N constructed in Proposition 3.3 and
let u > 0 be its weak limit. We first show that u = 0. Indeed, if this were the case, then u#,, — 0 in H % 9),
so that

inf J(v) =liminf J (4,) > J*(G; Z),
veEN7Z n—00

which is ruled out by assumption (1-5). Now as u # 0 and J'(u) = 0, u is a nontrivial solution of (1-3).
In particular, u € Nz and then, by (2-1) and weak lower semicontinuity,

J @) = ellull) < tim inf iclluy |} = lim inf J ;) = inf J(v),
n— n— 7

showing that u is a ground state. As such, u is positive on G \ Z by Remark 3.1. ([l

Proof of (i1). Consider the minimizing sequence (u,), given by Proposition 3.4 and its weak limit
ue H% (G) satisfying J'(u) = 0. We first show that u® #£ 0. For every n,

Jun)=JWwH +J@w,)>Jw )+ inf J(v).
UENZ
If, for instance, u* = 0, then u,J{ — 0in H% (G), so that

inf J(v) =liminf J(u,) > limian(u,T) + inf J(v) > J®(G; Z)+ inf J(v),
veMyz n— 00 n— 00 veNz veNz
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by definition of J°°(G; Z), which contradicts (1-6). In the same way one proves that u~ 0. As J'(u) =0,
it follows that u is a nonzero sign changing solution of (1-3), and hence u € Mz. Then by weak lower
semicontinuity, we conclude that

J () = llull}y < i liminf [y [} = liminf J (uy) = inf J (),
g z

namely that u is the required minimizer, i.e., a nodal ground state of (1-3). O

Proof of Theorem 1.4. Let u € M. Since u™ € Nz,

Jw)=JuH+Jw)>2 i% J(v),

which is (1-7).
Now assume that u € My satisfies

J(u) = uéIAI/ftZ J() = 21}161/15Z J(v).

Then J (ut)=J (u™) =infyepr, J (v), and therefore u™ are both ground states of J. As such, by Remark 3.1,
they cannot vanish in G\ Z, which is a contradiction since u™* = 0. U

4. Graphs with at least one half-line

In this section we discuss ground states and nodal ground states for noncompact graphs with at least
one half-line. These graphs may have infinitely many edges. When a finite number of edges is required,
it is explicitly mentioned in the statement of the result. Since for such kind of graphs the bottom of the
spectrum of —d?/dx? on H% (G) always satisfies

wz(G) =0,

all the results of this section will hold for every A € (0, 4-00).

The prototype cases in this context are given by the real line and the half-line, about which everything
is known (see, e.g., [Cazenave 2003; Le Coz 2009]). Since the ground states on R play a very important
role in what follows, we recall briefly their main features. On the real line the only nontrivial L? solutions
to (1-1) are called solitons and are unique up to translations and sign. Denoting by ¢, the unique positive
and even soliton, for every A > 0,

spi= () = Ueji\lflf(R) Ji.(v),
A

namely the solitons are the ground states on R (see, e.g., [Le Coz 2009, Proposition 3.12]). Similarly,
on the half-line (with Z = @) there is a unique nontrivial L? solution (up to sign) to (1-1), given by the
so-called half-soliton vy, i.e., the restriction of ¢, to R*. It is the ground state, and

— 1 _
() = ve]\lf?(fR+) Jr(v) = 351 4-1)
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If Z = {0} (the vertex of the half-line) there are no nontrivial L? solutions to (1-1), as any nontrivial
solution of u” + |u|”~?u = Au on R that vanishes at the origin corresponds to a periodic orbit in the
phase plane associated to the equation and thus is not in L?(R™).

For a general graph with half-lines, a first marker of the importance of the level s, is given by the
following straightforward property.

Proposition 4.1. Let G € G contain at least one half-line and A > 0. Then
1 .
b < inf J@) <5 (4-2)

Proof. The inequalities can be easily proved, using rearrangement techniques, arguing exactly as in the
proof of [Adami et al. 2015, Theorem 2.2]. O

In the search for ground states, it is crucial to understand whether one can reverse the second inequality
in (4-2) (see, e.g., the discussion in [Adami et al. 2015; 2016] in the context of energy ground states
of prescribed mass). In [Adami et al. 2015, Theorems 2.3-2.5] the authors individuated a topological
condition on G under which this can actually be done. To state it we recall that V,, denotes the set of
vertices at infinity of G. Every vertex at infinity is a vertex of the graph G, but is not a point of the metric
space G. The assumption introduced in [Adami et al. 2015] is:

for every e € [, every connected component of the graph (V, E\ {e})
contains at least one vertex V € V. (H)
In [Adami et al. 2015, Theorem 2.3] the authors proved that, if G satisfies assumption (H), then for every
u € H'(G) we have #u~!(t) > 2 for almost every t € (0, ||#|ls). The main consequence of this (originally

proved in [Adami et al. 2015, Theorem 2.5] for the problem of prescribed-mass ground states) is described
in the following result.

Theorem 4.2 [De Coster et al. 2023, Theorem 2.6]. If G € G satisfies assumption (H) and ). > 0, then
inf J(v) =
o=

and it is never achieved, unless G is isometric to R or to a “tower of bubbles” shown in Figure 2.

In this paper the setting is different from that of [Adami et al. 2015; De Coster et al. 2023] for at least
two reasons: first, the boundary conditions are more general and the presence of the set Z must be taken
into account; second, we are also interested in nodal ground states. For these reasons it is convenient to
reformulate and generalize assumption (H) in a form that is more suited to handle the questions under
study. As in the Introduction, consider the set

F(G) = {e € E| at least one connected component of (V, E \ {e}) has no vertices in V,, U Z}
and the assumptions

#F(G) =0, (HO)
#F(G) < 1. (H1)
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Note that (HO) and (H1) are, respectively, the assumptions in (i) and (ii) in Theorem 1.6. From now on,
with some abuse of notation, we denote the graph (V, E\ {e}) simply by G \ e.

To investigate the relations between assumptions (HO) and (H), it is convenient to define a new graph G
in the following way. If Z = &, we set G = G. Otherwise, we replace every (finite) edge e ending at a
vertex of Z by a half-line, still called e. We obtain in this way a new graph G= (@ E) that has the same
number of vertices and edges as G. The only difference is that edges of G terminating at vertices of Z are
replaced, in g, by half-lines terminating at vertices in \/

Then it is easily seen that

g satisfies (HO) <— G satisfies (H). 4-3)

Indeed, to say that G satisfies (HO) means that there are no edges in E whose removal generates a connected
component without vertices in Vo, U Z, namely that for every e € [E, every connected component of G \ e
has a vertex in Vo, U Z. But this, read on G, means that every connected component of G \ e has a vertex
in Vo, which is (H) for G.

Furthermore, to say that #F(G) = 1, namely that F(G) = {e} for exactly one edge e, means that the
graph G \ e decomposes as

G\e=GgxUg, (4-4)

where Gk is connected and has no vertices in Vo, U Z, while G’ is connected and contains all the vertices
of Voo U Z. Also, there are no edges other than e that permit a decomposition like (4-4). As G has at least
one half-line, the unique e € F(G) can never have a vertex in Z. However, e can be a half-line. In this
case, though, G\ ¢ = Gx U {V}, where V, is the vertex at infinity of the half-line e. Thus in this case
the graph G is made of a set of bounded edges without vertices in Z and a single half-line attached to it.

The next result plays a key role in the proof of some of the subsequent results. Roughly, it states that
any graph satisfying #F(G) = 1 can be turned into a graph satisfying (HO) by attaching to it a suitable
half-line.

Lemma 4.3. Let G € G be a graph with at least one half-line satisfying #F (G) = 1. Let e be such that
F(G) = {e} and Gk be the connected component of G\ e as in (4-4). Choose a vertex V in Gg and define
a new graph 5\, by1 5\, = G U h, where h is a half-line attached at V. Then av satisfies (HO).

Proof. Let V4, be the vertex at infinity of & and assume by contradiction that #F Gv) > 1, namely that
there exists e € F (av) We claim that ¢ # h. Indeed, removing / from av would leave V4, isolated,
sphttlng Gy \ & into the two connected components G and {V4.}. Since both of them contain vertices
in Vs, this violates the definition of é. Slmllarly, it cannot be ¢ = e: removing e from Gy, and recalling
that £ is attached to Gg, would decompose gv into connected components as (Gx Uh) UG, violating
again the definition of ¢ as before. We are left with the case where ¢ is different from both /4 and e. In this
case we have the decomposition

gv\e— KUQ

IShorthand for (VU {Voo}, EU{h}), where Vo is the vertex at infinity of 4.
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with obvious meaning of the symbols. By construction, the half-line % is attached to g. Removing i and
Voo from G’ does not disconnect it and, since G’ contains at least another vertex in Voo U Z, we see that
G\ ({Voo}, {}) is not empty. Therefore Gx and G’ \ ({Voo}, {h}) are both nonempty, connected, disjoint
and their union is G \ e, namely ¢ € F(G). Since we also have ¢ € F(G), this shows that #F (G) > 2,
violating the assumption. U

We can now prove that the assumptions (HO) and (H1) are sufficient to rule out the existence of ground
states and nodal ground states respectively, as stated in Theorem 1.6.

Proof of Theorem 1.6. We split the proof into two parts.

Fart 1: proof of (1-8) and (1-10). Of course it is sufficient to work with nonnegative functions, which
we do without further warnings. Since G contains at least one half-line, Proposition 4.1 guarantees that
infyenr, J(v) < s,. To prove the reverse inequality under assumption (HO), let G be the graph defined
after the statement of assumptions (HO)—(H1).

Since, as metric spaces, G C E, every function u € H é (G) extended by O on 5 \ G can be seen as a
function i € H'(G). Plainly,

lulle@ = llullLag) forevery g €[1, +o0], a2 = 14l L2g)-
This implies that & € N (a) and since G satisfies (H) (because G satisfies (HO); see (4-3)),

= p = il ~ = i 1 =
J(u) = K”u”Lp(g) = K”“”Lp(g) J(u) = velj?/{g) J(v) =s;
by Theorem 4.2. As this holds for every (nonnegative) u € Nz, (1-10) is proved.
Assume now that for some nonnegative u € Nz we have J () = s,. Considering, as above, the function
uenN (6), we see that J (&) = J(u) = s;, namely that i is a ground state for J on N (5). As such,
u(x) > 0 for every x € 5, which shows that Z = &, namely that a = G. We then conclude by Theorem 4.2.

Part 2: proof of (1-9) and (1-11). We first prove (1-9). By density, for every & > 0 there exists a nonnegative
u; € Nz(G) with compact support such that

Jwy) < inf J@w)+e.
veNzZ(G)

Similarly, there exists a nonnegative u, € AV'(R) with compact support such that J (u;) < s; + €. By taking
a translation of u, (if necessary), we can make sure that its support, identified with an interval on some
half-line of G, does not intersect the support of ;. We then define w € H'(G) by

up(x) if x € G\ supp(ur),
—uy(x) if x € supp(uy).

w(x) = {
Obviously, w € Mz and
Jw)=Jw)+ J () <s,+ inf J(v)+ 2e.
UENZ

Since ¢ is arbitrary, we conclude.
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We now prove the reverse inequality in (1-11) under assumption (H1). If #F (G) =0, then G satisfies (HO)
and Theorem 1.6(i) shows that inf,,cp;, J (v) = s, so that the inequality to be proved is inf,e g, J (V) > 2s3,.
Given any u € M, applying Theorem 1.6(i) to u* and u~ immediately yields

Jw)=JwhH+Jw) > 2sy,

the inequality being strict since both u* and u~ vanish somewhere on G. This ensures that nodal ground
states do not exist in this case.
Suppose now that #F (G) = 1. Let e be the unique element of F'(G) and consider the decomposition (4-4):

G\e=GxgUg'.
Given a vertex V of G, for every u € Mz, at least one among u™ and u~, say u™, vanishes at v. Let 5\,
be the graph constructed in Lemma 4.3, obtained by attaching to v a half-line 4. Since u™ vanishes at v,

it can be extended to a function &+ simply by defining it to be 0 on &. Clearly, ™ € N5 (Gy) and, since
Gy satisfies (HO) by Lemma 4.3, we obtain J (ii*) > s;. Then

JW=JuH+Jw)=J@H+Jw ) > s+ i% J(v),

concluding the proof of (1-11).

It remains to show that the infimum is not achieved when #F (G) = 1. To this end, it suffices to observe
that the inequality used above, J (1) > s;, is in fact strict. Indeed if J (&™) =55 = inf, . N©& I (v), then
at is a ground state on G, and hence it cannot vanish anywhere, contrary to the fact that #7 =0 on h. [J

Remark 4.4. The assumptions of Theorem 1.6 are sharp. Indeed, Theorem 4.8 below shows that there
exist graphs G satisfying #F (G) > 1 that admit ground states, while in Theorem 4.16 and Remark 4.18
we exhibit graphs G satisfying #F (G) > 2 that admit nodal ground states.

Theorem 1.6 shows that nonexistence of ground states or nodal ground states can be determined by
purely topological properties of the graph. The situation for existence is, on the contrary, more involved.

In some cases, existence results for ground states based solely on the topology of the graph can be
easily obtained when Z = &, as, for example, if G has a finite number of edges. In this respect, there
is not much to say since the techniques developed in [Adami et al. 2016, Section 3] for the problem of
prescribed-mass minimizers of the energy work in the present setting as well, as we now briefly show.

For the reader’s convenience, let us first recall with the next lemma a standard relation between the
action of a function and the number of preimages of each value it attains. These properties are stated
in [De Coster et al. 2023, Propositions 2.2 and 2.8] and are consequences of standard rearrangement
techniques on graphs. For this reason, we omit the proof of the lemma.

Lemma 4.5. Let G be a noncompact metric graph. Given A > 0 and an integer K > 1, let u € N z
satisfy u > 0 on G and #u~ () > K for almost every t € (0, maxg u). Then J, (u) > K%sk. Furthermore,
if equality holds then

o #u~l(t) = K for almost every t € (0, maxg u);

e the support of u has infinite measure;

o u~'(t) has zero measure for all t € (0, maxg u).
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Since we use Theorem 1.3 in what follows, we prove the following characterization of J*°(G; Z).

Proposition 4.6. Let G € G be a noncompact graph with a finite number of edges and ) > 0. Then
J2(G: Z) = 5. (4-5)

Proof. By density, for every & > 0 there exists u = u, € N'(R) with compact support such that J (u) < s, +e¢.
For every n large enough, the function u, (x) = u(x —n) is supported in R™ and, as such, it can be seen as
an element of Az by placing its support on a half-line of G and then extending it by 0 outside its support.
Clearly u, — 0 in H'(G) and

liminf J (u,) <s; +¢.
n

Since ¢ is arbitrary, the “<” part is proved. For the reverse inequality, let (u,), C Nz be a sequence
converging weakly to 0 in H'(G) with J, (u,) — J2°(G; Z). We can assume u,, > 0 for every n since
otherwise we replace it by |u,| that is still in Nz. By weak convergence, we also see that u, — 0
in Ly

Therefore, letting v, := (u, —&,)", we see from Proposition 2.4 that v, # 0 for every n large enough.
Since G contains at least one half-line, by construction #v, () > 2 for every ¢ € (0, max v,) and every n,

(G9). Hence, if ¢, denotes the maximum of u,, on the set of all bounded edges of G, clearly &, — 0.

since v, vanishes on the set of all bounded edges, and the same holds for 7, (v,). So J (7, (v,)) > s5 by
Lemma 4.5. Furthermore, as n — 00,
v, 113 + Alvall3 - e 113+ Mualls

ny ()P % = < =1+o0(1), (4-6)
lvallh llunllh 4 o(1)

entailing
55 < J (0. (0n)) = J (13, (va) ) = iy (V)P [[0allh < (1 +0(D)|unllh = J () +0(1),

from which we obtain liminf,, J(u,) > s,. Since this holds for every sequence converging weakly to O,
the proof is complete. ([

Remark 4.7. The assumption that the graph has a finite number of edges in Proposition 4.6 cannot be
removed. This can be seen considering, for instance, the following example. On a real line we insert,
for each integer k > 1, a node Vv at the point of coordinate k£ and a terminal edge L of length k, by
identifying v, with an endpoint of L; (Figure 5). By density, for every & > 0 there exist k > 1 and
ur € N(RT) with compact support in [0, k] such that J (1) < %sx + &. Since uy can be considered as
a function on the edge Ly, we obtain a sequence (uy)x € N(G) that converges weakly to 0 and such
that lim infy, J; (uy) < %sk + &. This proves that J°(G) < %sk. By Proposition 4.1, we obtain in fact
J2(G) = %s;.

Having established (4-5), Theorem 1.3 yields existence of a ground state on a noncompact graph with
a finite number of edges as soon as one can prove that inf,cpr, J(v) < 5. This condition is analogous to
the one appearing in the fixed mass case. As we anticipated above, such an inequality can be shown to
hold for a number of graphs with Z = & exploiting only topological properties, by the use of the “graph
surgery” techniques developed in [Adami et al. 2016, Section 3].
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Ls
Ly
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Ly
[

Vi \'%) V3 Vg Vs Vg

Figure 5. The graph G described in Remark 4.7.

Theorem 4.8. For every A > 0, every graph G depicted in Figure 6, for every length of its edges, satisfies
inf J
UlélN (v) < sy

and therefore admits a ground state.

Proof. The inequality can be proved starting with a soliton on R, via rearrangement techniques, exactly
as in the final part of Section 3 in [Adami et al. 2016]. The basic idea is that, on each of these graphs,
one can construct explicit functions built from pieces of the positive even soliton ¢, on R and pieces of
its monotone rearrangement on R, then projected on the Nehari manifold. For instance, on the tadpole
such a function coincides on the loop of the graph (of total length L) with the restriction of the soliton to
the interval [—L/2, L/2], and on the half-line with the monotone rearrangement on R™ of the restriction
of the soliton to R\ [—L/2, L/2]. The construction on the other graphs in Figure 6 is analogous. Since
rearrangements always lower the normalizing factor n, defined in (2-2), it is then easy to check that these
functions realize action levels strictly smaller than that of the soliton s,. Existence of a ground state
follows then from Theorem 1.3. U

When Z is not empty, the existence of a ground state is harder to obtain and further conditions of
metrical nature have to be imposed. Indeed, the next theorem shows that, if a graph hosts a ground state,

(A) B)

00 0 /
©) O (D) N

Figure 6. Some graphs with Z = & admitting ground states. (A): line with a pendant; (B): signpost;
(C): tadpole; (D): 3-fork.
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the diameter of the set B3 of all bounded edges cannot be arbitrarily small. Recall that diam(5) is given
by the supremum of lengths of the shortest paths between any two points of B.

Theorem 4.9. There exists a constant C > 0 depending only on A > 0 and p such that, for every G € G
with at least one half-line and every Z # & such that inf,cpr, J (v) is achieved, we have

diam(B) > C,
where, as above, B is the set of all bounded edges of G.

Proof. Let u € Ny satisfy J(u) = inf,ep, J(v). As usual we can assume that u > 0. Let us show that u
attains its L°°-norm in 3. Suppose by contradiction that u instead attains its maximum at a point y on a
half-line 4. Then #u~'(¢) > 2 for every 0 <t <max u. Indeed, ¢ is attained at least once on 4 and once on a
path y joining y to a point in Z. Thus Lemma 4.5 and Proposition 4.1 imply that J (1) > s, =inf,epn;, J (V).
Let us show that the inequality must be strict, which gives the desired contradiction. If this were not
the case, Lemma 4.5 would imply that #1~'(¢) = 2 for almost every ¢ € (0, max u). Since u already has
two preimages on i U y, this means that ¥ must be constant on G \ (2 U y). This contradicts the last
assertion of Lemma 4.5 unless G = h U y, that is G is a half-line and homogeneous Dirichlet conditions
are imposed at its origin. But this is impossible, because, as we already recalled, on the half-line with
zero Dirichlet boundary conditions there is no nonzero solution.

Let then x € B be such that ||#|| .o = u(x). By the Cauchy—Schwarz inequality, (2-1) and Proposition 4.1,
letting z be any vertex in Z, we have

ulloo = [u()] = lu(x) —u(z)| < v/diam(B)||u'll .2(g) < \/dialn(lg)\/iz

which, coupled with Proposition 2.4, yields

(SIS]

_ 1 . 2_1{ Sx
C =< fullh < llullZ > lull3 < - diam(B) 1(;)

for a suitable constant C > 0 depending on A and p only. (I

Remark 4.10. Comparing Theorems 4.8 and 4.9 highlights the effect of the set Z on the existence of
ground states. One may wonder whether Theorem 4.9 can be improved to obtain a universal lower bound
involving only the total length of the edges with a vertex in Z, rather than the whole set 5. However, this
cannot be done in general: it is easy to exhibit graphs where ground states do exist and the length of the
edges with vertices in Z is arbitrarily small. To see this, let G be any given graph with Z = @ and such
that inf,cprg) J (V) < sa (e.g., any of the graphs in Figure 6). Exploiting, for instance, the approximation
procedure described in Remark 3.2, one can construct a function u € N'(G) so that J(u) < s; and the
support of u is contained in a suitable neighborhood of B. In particular, there exists M > 0 such that the
restriction of u to each half-line of G satisfies u = 0 on [M, +00). For every ¢ > 0, let then G, be the
graph obtained by attaching a single edge of length ¢ at the point x = M of one of the half-lines of G, and
assume that the vertex of degree 1 of this edge is the only vertex in Z. Clearly, one can think of u as a
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function in Nz (Gy) for every ¢, so that infyen;, (g,) J(v) < J(u) < s, thus implying existence of ground
states in Nz (G,) by Theorem 1.3 and Proposition 4.6.

In the case of nodal ground states, it is not even needed to have Z # & to recover the analogue of
Theorem 4.9.

Theorem 4.11. There exists a constant C > 0 depending only on ). > 0 and p such that, for every G € G
with at least one half-line and every Z such that inf,cpq, J (v) is achieved, we have

diam(B) > C,

where, as above, B is the set of all bounded edges of G.

Proof. Let u be a nodal ground state. Observe that if u™ attains its L°°-norm on a half-line, as in
Theorem 4.9, we prove that J; (u™) > s;. Hence Jy (1) = Jo(u™) + J,(u™) > s, +infyenr, ) Jo.(v) which
contradicts (1-9). The same is valid for #~. Hence both u™* and u™ attain their L°°-norm on B only. Thus
u changes sign in B and as such, has a zero in B. We then conclude as in Theorem 4.9 working on ut. [J

In view of Theorems 1.6, 4.9 and 4.11, it is clear that a suitable combination of topological and metrical
features is needed to guarantee existence of ground states with Z = & and nodal ground states. Towards this
direction, we conclude the discussion of this section with two general procedures to construct graphs where
ground states and nodal ground states do exist. The first one is genuinely of metrical nature, in that it is com-
pletely independent of the topology of the graph. The second one mixes topological and metrical properties.

In the next statement, by pendant we mean a finite-length terminal edge whose vertex of degree 1 is
notin Z.

Theorem 4.12. There exists a constant C > 0 depending only on ). > 0 and p such that, for every
noncompact graph G € G with a finite number of edges,

(1) if G has a pendant of length a > C, then inf,c s, J (V) is achieved,

(i1) if G has two pendants of lengths ay, ay > C, then inf,c rq, J (V) is achieved.
Remark 4.13. The assumption that G has a finite number of edges cannot be removed. This can be
easily seen as follows. For point (1) it is enough to consider the graph G in Remark 4.7, for which
infyen; g J (V) = %sx. Therefore, if u were a (positive) ground state, by Lemma 4.5, almost every
t € (0, max ) would be attained only once on G, which is incompatible with the presence of vertices of
degree 3. For point (2) one can simply consider any periodic graph, since such graphs admit no nodal
ground state by Theorem 1.7.

Remark 4.14. In Theorem 4.12, C is the same for ground states and for nodal ground states and depends
on the presence of the pendants but not on the rest of the graph. This will be of great help in Section 6.

Proof of Theorem 4.12. Let ¥, € H'(R™) be the positive half-soliton satisfying, by (4-1), J (i) = %s,\.
By density, there exists a function u; € A'(R™) supported in some interval [0, C] such that

J(u1) < 353

(for example, one may take (y; — &)™ with § small and then project it on A (R™)).
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I L
oo o

T~ o0
J L

Figure 7. Example of a graph G, as in Theorem 4.16, constructed starting with two graphs in

Figure 6. If the vertical edge on the right is sufficiently far from the pendants of the graph, nodal
ground states exist.

(1) Let G, be a graph with at least one pendant of length a. If a is larger than C, we may consider [0, C]
as contained in the pendant, identifying x = 0 with its vertex of degree 1. Extending u; by O on the
remaining part of G,, we obtain a function ii; € Nz(G,) such that

J(ii) = J(uy) < 3s;.

The existence of a ground state follows from Proposition 4.6 and Theorem 1.3.

(2) We denote by G,, 4, a graph with two pendants ey, e, of lengths ay, a; and we show that if a; > C
and ap > C, then

inf J() < I (Guy.ars Z) + inf  J(®v), -7
UEMZ(gal,az) UENZ(gal,az)

which, via Theorem 1.3, establishes the existence of a nodal ground state. By Propositions 4.1-4.6, for
every ap, ap,

J®Gayar: Z) = 55, inf  J(v)>1ls;,
41,42 UENZ(gal.az) 2

so that
J®Gayw; )+ inf  J(v) = 3s;.

UGNZ(gal,az
Now, using the same u; as in (1), we define

ui(x) if x €[0,a;] Cey,
up(x) =y —ui(x) ifxe[0,az] Ces,
0 elsewhere on G, 4, .

Clearly it; € Mz(Gg, 4,) and
J(l/~t1) = 2J(u1) < %S}L.
This proves (4-7). O

We now discuss the second procedure to find nodal ground states. The idea is to take two graphs
admitting ground states and connect them by the addition of a faraway edge. So, let G', G2 be any two
noncompact graphs with a finite number of edges for which inf, ¢ Ny I (v) < 3. Given L > 0, we glue
together G! and G2 by taking a new edge of length 1, attaching its first endpoint to the point x = L on
a half-line 2! of G! and its second endpoint to the point x = L on a half-line /? of G>. We call G; the
resulting graph (see Figure 7) and we let the set Z of vertices of degree 1 in G; with homogeneous
Dirichlet conditions be given by the union of the corresponding sets of vertices in G' and G.
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Lemma 4.15. Let A > 0 and G, G2, Gr. be the graphs described above. Then

lim inf  J()=min( inf J(v), inf J(v)).
L—ooveNy, (GL) veN,1 (G VeN,,(G?)

Proof. Without loss of generality, assume that

ci:= inf Jw) < inf J() = c. (4-8)
veN,1(Gh) veN,2(G?)
For every ¢ > 0 there exists a function u, € N1 (G 1) with compact support such that J(u.) < c| + €. For
every L large enough, we can view u, as a function in Nz, (Gr), after extending it to zero on Gy, outside
its support. Therefore

limsup inf J@) <limsupJ(u.)=J(u,) <ci+e¢

L—o00 UENZL(QL) L—>oo

and since ¢ is arbitrary we deduce that

limsup inf J(v) <c. 4-9)

Lo VENZ, (G1)

We now prove a complementary inequality. For every L, let u; € Nz, (Gy) satisfy

Jwp) < inf J()+ % (4-10)

veNz, (GL)

and notice that by (2-1), (4-9) and (4-10), u is bounded independently of L. Let

ur(xp) = min wur(x), wur(yr)= min ur(x)
AIA[0,L] h20[0,L]

and set

S =max(ur(xg), ur(yr)).

Since u; is uniformly bounded in L*(Gr), 8; — 0 as L — oc.

Consider the function (u; —8;)" € H %L (GL), which does not vanish identically, for all L large, by
Proposition 2.4. Exactly as in (4-6), ny ((uy —8.)") <1+o0(1) as L — oo.

Set vy, = m; ((ur —8.)™). Now vy, € Nz, (GL), it vanishes at x;, y;, and

J(r) = «n; ((ur, =) P r = 80) TN < k(A +oMW)llurllh = J (ur) +o(1) (4-11)

as L — oo.

We now cut G; at x; and y;, splitting it into three parts G' € G', G2 € GZ and G° =G, \ (G' UG?).
We call v; (i = 1, 2) the two vertices of G> created on A’ (see Figure 8).

We can use vy, to construct a function vi € Hé, GhH by setting

vp(x) ifxegl,
0 elsewhere on G!

vy (x) = {

and in the same way we construct a function v% cH éz (gz). Finally, we call vz the restriction of v, to G3.
Setting 73 ={vy, Va}, by construction we have vi € H%3 (G?.
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I @l Vi @3

\ @ \p) N
e

Figure 8. The graph G, of Figure 7 splits into the three graphs G', G* and G°.

o0

If vi # 0, then there exists 6; € R so that vi €Ny, zi (G'). Taking 6; = 0 if vz = 0 and recalling that
Vg, € NZL (GL), we obtain
v li3 Iz 113 v 113

= 3. (4-12)
vz 113 lvzl13 vz li3

Furthermore,
J — Lyp 2p 3Py > 1p 2P 3P
(wr) = k(L 1L+ 02 1L + V3 12) = max{[[o} 12, 13112, 03 ]12).

Since, by (4-12), X is a convex combination of the 6;’s, at least one of the three will satisfy 6; > A.

If 6; > A, by Remark 2.5, we have «|[v} ||} > ¢;. If 6, > A, by (4-8), we have «|[[v} ||} > ¢z > cy.
If 65 > A, we have « ||vi ||§ > inf N, 43(G3) J >s; > ¢ since G° satisfies (HO) and by the assumptions on Gl
In each case we deduce, via (4-11), that

J(ur) = J(ve) +o(l) = ci +o(1)
as L — 00, so that by (4-10),

1
liminf inf  J(v) > liminf( J ——)>c.
1 m UEJ\}ZHL(QL) @)z e ( () L) =

In view of (4-9), this ends the proof. O

Theorem 4.16. Let . > 0 and G', G* and G be the graphs considered above. If L is large enough, then
there exist nodal ground states on Gy .

Proof. Without loss of generality, we assume that

min( inf  J(v), inf J(v)): inf  J(v).
veN,,1 (G VEN 2 (G?) veN,,1(Gh)

Let e := %(sk — infve/\/zz(gz) J(v)). By Lemma 4.15, we choose L so large that

inf Jw)> inf J)—¢ 4-13
vENzL(gL) ()_UGNZI(QI) () ( )

and that there exist nonnegative u’ € N7 (G'), with compact support satisfying

J) < inf J()+e.

veN,i (G')
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o0 . o

Figure 9. A graph with #F (G) = 2 where nodal ground states never exist, independently of the
length of the edges.

In particular, there is M > 0 such that the restriction of u' to each half-line of G! vanishes on [M, +00).
Hence, for every L > M, we define w : Gy — R as

u'(x) ifxegl,
wx) = —u(x) ifxeg?

0 elsewhere on Gy ,

where with a slight abuse of notation we still denote by G', G2 the corresponding subgraphs of G; . Clearly,
w € Mz, (Gr) and, by (4-13) and the choice of ¢, we have
inf  J)<Jw) =Jw)+Jw?)< inf J+ inf J@)+2e< inf J(@)+s;,

veMz, (GL) veN,1(Gh) veN,2(G?) veNz; (GL)
in turn implying existence of nodal ground states by Theorem 1.3 and Proposition 4.6. ]

Remark 4.17. Concrete examples of graphs fulfilling the hypotheses of Theorem 4.16 can be produced
starting, for instance, from any of the graphs in Figure 6 (see, e.g., Figure 7). Since inf,epnr,g) J (V) < 53
implies #F (G) > 1, by construction we have #F (G ) > 2.

Remark 4.18. Theorems 1.6(ii) and 4.11 show that, if (H1) holds, or if the set of all bounded edges
of G is too small, nodal ground states never exist, whereas Theorem 4.16 proves that there exist graphs
with #F (G) > 2 and a sufficiently large compact core where nodal ground states do exist. However, even
though the former provides sufficient conditions for nonexistence, the latter are not sufficient conditions
for existence. It is in fact not difficult to produce examples of graphs with #F (G) = 2, and compact core
of arbitrary size, where nodal ground states do not exist. For instance, consider the graph in Figure 9.
If u is a nodal ground state on this graph, we know that either u is identically equal to zero on the two
half-lines or it has constant sign on them. Assume thus that « > 0 on the half-lines. Then, since u™ is not

identically zero, u™

vanishes on the set B of the bounded edges of G at least at a point different from the
vertex of the half-lines. We then have that u™" has always at least two preimages for every ¢ € (0, maxu™)
by Theorem 6.1 and hence J(u™) > s; by Lemma 4.5. In view of Remark 3.1, as u~ € Nz(G) vanishes

somewhere on the graph, we have also that J (™) > inf,ecpr,(g) J (v). This implies that

Jw)=Jw )+Jwh) > inf JW)+s;,
veN7Z(G)

which contradicts (1-9).
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5. Graphs with infinitely many bounded edges

In this section we extend our discussion about ground states and nodal ground states to graphs with
infinitely many edges whose length is uniformly bounded. In particular, we focus on two subclasses of
such graphs that have already been considered in the literature: periodic graphs and regular trees.

5.1. Periodic graphs. Throughout this section, when we speak of a periodic metric graph we mean a
graph fulfilling [Berkolaiko and Kuchment 2013, Definition 4.1.1]. We avoid reporting the full details of
the definition here. For our purposes, it is enough to recall that, if G is a periodic graph, then there exists
anumber n € N and a compact subset W C G, called a fundamental domain of G, such that

where Wy is a copy of W for every k € Z", and W; N W; contains at most finitely many points for
every i # j. In this case, we say that G is a Z"-periodic graph.

Since we are concerned with problems involving homogeneous Dirichlet conditions on a subset Z
of the vertices of G, we specify that when G is a Z"-periodic graph, we only consider here Z”"-periodic
subsets Z (that is, Z N Wy is a copy of Z N W for every k € 7).

Proof of Theorem 1.7. We address independently the case of ground states and nodal ground states.

Part 1: existence of ground states. Let (u,), C Nz be such that lim,, J (u,) =inf,ep;, J(v). Exploiting the
periodicity of G and Z, we can assume with no loss of generality that u,, attains its L°°-norm on W, for
every n. Since (#4,), is bounded in HYQ), up to subsequences u, — u in HY(G) and u,, — u in L (G)
as n — oo. Furthermore, u # 0 on G because, if this were not the case, by the strong convergence of (u,,)
to u in L°°(Wy) we would have ||u, || 1~y = lunllzow, — 0 as n — oo, contradicting Proposition 2.4.

If u, — u in L%(G), then by standard Gagliardo—Nirenberg inequalities u, — u in L?(G) and, by weak
lower semicontinuity, n; (1) < 1, so that

. _ PUD 1 b
Jnf J(v) = J(mw) =k @)Pllull), <limflunlly, = inf J(),

i.e., m, (u) is a ground state.
Let us thus show that u,, converges to u strongly in L?(G). Assume by contradiction that

lim inf ||z, — u||3 > 0.
n

Let 0 € R and (1,), C R be such that u € Ny z, u, —u € N,, z for every n. By the weak convergence of
(tn), to u in H'(G), Brézis—Lieb lemma [1983] and the fact that u,, € N,..z, we have

B i — ully — lluj, —u'||3 B lunllly — N, 113 — lully + llu'[13 4 o(1)
n— 2 - 2
lup —ull5 lup —ull5
A 2_0||u|? 1 rA—0 2 1 2
_ lu,llz — O llull; +o(1) _, ( Mull; +o(1) _ llull5 = 0)+o(1) 5-1)

llun —ull3 lluy —ull3 ln —ull3
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as n — oo. Applying again Brézis—Lieb lemma, we obtain

veifff,z D) = limicllunlly, = lim i lfu, —ully, +cllul. (5-2)

Keeping in mind that A > 0, we distinguish three cases. If 6 > A, then, by Remark 2.5,

limk||u, —ul|? +«l|ul|? > «k||u||?> inf Jy(v) > inf J, (v).
T lluen I llully, = «ll ||p_v€N0’Z o(v) o A (V)

If 6 = X, we see from (5-1) that A,, — X as n — o0. Therefore, using again Remark 2.5,

. o Do e . . o
hy{n;c”un u||p+/c||u||pzhmnlnf eﬁi‘zhn(v)—kveljr\l/gzh(v)_2U€1Jr\1/£ZJA(v).

v

If 6 < X, we have liminf,, A, > A and, similarly,

J inf J; (v).
x,,(v)>v€1/r\1&Z (V)

limk |luy, — ull) +kllull) > liminf inf
n n rn.Z

In all three cases, (5-2) yields a contradiction.

Part 2: nonexistence of nodal ground states. By Theorem 1.4, it is enough to show that
inf J(v) <2 inf J(v).
B, I <2 ] I

To this end, given ¢ > 0, let u € Nz be such that J(u) < inf,cp;, J(v) 4 &. With no loss of generality, we
can take such u to be nonnegative, compactly supported on G and attaining its L°°-norm on Wj (it is, for
instance, enough to apply Remark 3.2 to a suitable ground state of J in N, that exists by the first part of
the proof). Hence, there exists M > 0 such that supp(u) C U‘ kj<m Wi Let then u € Nz be a translation
of u on G such that supp(u) C U|k‘>M Wi and define w : G — R as

u(x) if x € supp(u),
w(x) =3 —u(x) ifx €supp(nn),
0 elsewhere on G.

By construction, w € Mz and J(w) = J(u) + J(u) < 2infyep;, J(v) + 2¢. Given the arbitrariness
of ¢ > 0, we conclude. O

Remark 5.1. Observe that J*°(G; Z) = inf,epr, J(v) for every periodic graph G and every set Z with
the same periodicity. This is the reason why it is not possible to rely directly on the abstract result of
Theorem 1.3 to prove Theorem 1.7.

5.2. Regular trees. Recall that a regular tree is an acyclic, noncompact metric graph with edges all of
the same length and vertices all of the same degree d > 3 (unrooted tree), with the possible exception of a
single vertex of degree 1 (rooted tree). If G is an unrooted tree, then necessarily Z = & since every vertex
has degree at least 3, whereas if G is a rooted tree either Z = @ or it coincides with the root of G (i.e., the
unique vertex of degree 1).

We divide the proof of Theorem 1.8 into two parts, proving first statements (i)—(ii) on ground states
and then statement (iii) on nodal ground states.
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Proof of Theorem 1.8. We split the proof in several steps.

Step 1: ground states when G is an unrooted tree. Let (u,), C N be such that lim,, J(u,) = inf,cpr J (v).
Exploiting the symmetry of G, it is not restrictive to assume that u,, attains its L°-norm in the same fixed
edge of G, for every n. Indeed, the problem is invariant under any isometry of G and the isometry group
of the tree G acts transitively on the edges of §. Hence, arguing as in the proof of Theorem 1.7 shows
that the weak limit in H'(G) of (u,), provides a desired ground state for J in .

Step 2: ground states when G is a rooted tree and Z = @. Let r be the root of G, d > 3 be the degree of
each vertex of G different from the root, and G be the unrooted tree obtained by gluing together d copies
of G at their roots. We first prove that

J®G) = inf J@) = inf  J(v). (5-3)
VEN(9) veN(9)

To this aim, given any function u € N},}(G), we construct a sequence (u,), C N (G) converging weakly
to 0 in H'(G) by translating u along G and extending it by O on the remaining part of the graph. This
proves that J*(G) < inf,cny,, ) J (v). Next, let (u,), C N'(G) be a sequence converging weakly to O
in H'(G) and such that J(u,) — J*(G). Since u,(r) — 0 by Ly
without loss of generality that each u,, satisfies u,(r) = 0, namely that u, € N{,(G). This shows that

(G) convergence, we can assume

J*(G) = infyen,, ) J (v), and the first equality is proved.

To prove the second equality, notice that any u € NV(G) can be seen as an element of N/ (G), after
extending it by 0 on G \ G. On the other hand, any u € A/(G) with compact support can be considered
(when translated in such a way that r ¢ supp(u)) as an element of N{,}(G). By density this is enough to
conclude the proof of (5-3).

By (5-3) and Theorem 1.3, in order to prove the existence of a ground state, it is sufficient to show that

inf J(w) < inf J(v). (5-4)
veN(G) veN(G)
To this end, let u € N'(G) be a positive ground state of J in N (G), whose existence is guaranteed by the
previous step. Take a vertex V of G and split the graph at V into d disjoint rooted trees G;, i =1, ..., d.
For every i, let u; > 0 be the restriction of u to G; and A; € R be such that u; € Ny, (G;). Since u € N(@©G)
and u > 0 on G, we have

_ Z Lz(G)
lv
|| ”LZ(Q)
so that
)\’ ( )Z ”ul ”LZ(g) )\’
<
~ M<i<d lu || ) T i<izd
L%(G)
Hence, there exists j € {1, ..., d} such that n; (u;) < 1. Since each G; is a copy of G, we then have
P 14 —
Jnf ) < T () = ks @) 1 g <& Z il =l g, = inf JCo).

that is (5-4).
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Step 3: ground states when G is a rooted tree and Z # &. Since Z coincides with the root of G, as in the
first part of Step 2 we have
inf J(v)= inf J(v),

veNz(G) veN(G)
where G is the unrooted tree corresponding to G as above. That the problem on G has no ground state
follows by the fact that, if u were a ground state in Nz (G), it would be also a ground state in NV (G), as
any function on G vanishing at the root can be regarded as a function on G as well after extending it by 0.
Since this is impossible because ground states never vanish on G, we conclude.
Step 4: nodal ground states when G is an unrooted tree or G is a rooted tree and Z # @. If G is an
unrooted tree, exploiting again its symmetry, it is easy to adapt the argument developed in the proof of
Theorem 1.7 to show again that

inf J(w)=2 inf J(v),
veM(G) veN(G)

and likewise, if G is a rooted tree with Z # &, that

inf J(@w)=2 inf J(®).
veMz(G) veNz(G)

This implies that nodal ground states do not exist by Theorem 1.4.
Step 5: nodal ground states when G is a rooted tree and Z = &. Since, given any u € M, at least one

between ut and u~ vanishes at the root r, it follows that

inf J(w)= inf J(w)+ inf J(v).
veM(G) veN(G) veN1(G)

Arguing as in the proof of Theorem 1.4, this immediately implies that nodal ground states do not exist. [

6. Qualitative properties of nodal ground states

The first result of this section concerns the nodal domains (i.e., the connected components of G \ u~'(0))
of any minimizer u in M;_z(G).

Theorem 6.1. Let G € G and A > —wz(G). Let u € Mz be a nodal ground state. Then u has exactly two
nodal domains.

Proof. Assume for contradiction that there are at least three nodal domains. Up to a change of sign,
we can make sure that on at least two of them u is positive, and we call G; one of the two. Since u
solves (1-1), multiplying by u and integrating on G; we have

(' 1? + A u|* — u]?) dx = uujyg, +/(—u” + = |u|PPu)u dx =0, (6-1)
g g1
because on 3G, either u = 0 or u’ = 0 (this happens at vertices of degree 1 not in Z).

Now we define v € H% (9) by

ulx) ifxeg\g,

v(x) ::{ 0 ifrxeg,
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and we observe that v~ = u~ € Nz and that v (not identically zero by construction) satisfies
/(I(v+>/|2 + At =) dx = f(l(u+>/|2 + AP — [u ) dx —/ (' * + Aul® = ul”) dx =0
g g Gi
by (6-1) and because u* € Nz. Therefore v € Mz and
J(v) = K”””ip(g) = K”””{p(g) - ’C”u”ip(gl) < K”””iﬂ(g) =J(u),

violating the minimality of u. (Il

To conclude we are left to prove Theorem 1.9. To this end, we will actually prove three independent
statements, the full proof of Theorem 1.9 then following by their combination. Each of these statements
exhibits a graph supporting a nodal ground state with nodal set respectively given by

(1) k isolated points;
(2) m > 2 half-lines all attached to the same vertex;
(3) n line segments all attached to the same vertex.

These three constructions, though mutually independent, can all be carried out on the same kind of
graph, that we now describe. Given N € N and L > 0, let Vi, vV, be two vertices joined by N edges
e1, ..., ey, each of length L. Attach to v| a pendant and a half-line and do the same to V. In this way
we obtain the graph Gy ;. depicted in Figure 10. Throughout, we fix A > 0 and the length of the two
pendants so that nodal ground states in M, (Gy, 1) exist (independently of any other feature of the graph),
which is possible by Theorem 4.12.

Proof of (1). Here we show that, for a suitable choice of L, the graph G; ; admits a nodal ground state u
such that u~!(0) consists of k isolated points.

Proposition 6.2. For every k € N there exists L > 0, depending on A and k, such that, for every L > L,
every nodal ground state u on Gy.1 has a nodal set of the form u='(0) = {x1, ..., x}, where x; belongs to
the interior of the edge e;.

To prove this proposition we consider also the graph G;,.; made of k + 1 half-lines and a pendant all
attached at the same vertex. The length of the pendant of G| coincides with that of the two pendants
of G.1. Hence, by Theorem 4.12, ground states exist in N, (§k+1).

Lemma 6.3. Foreveryk e N,

lim inf Jw)= inf J(v).
L—00 veN; (Gk,L) veEN; (Gra1)
Proof. The argument is similar to that in the proof of Lemma 4.15. Using suitable compactly supported
functions in Ny, (§k+ 1), one immediately checks that
limsup inf J(v) < inf  J(v).

L—oco VENL(GrL) vEN; (Gis1)
To show that

liminf inf J@)> inf J(v), (6-2)
L—o00 veN;(Gk,L) VEN; (Gra1)
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Vi Va

Figure 10. The graph Gy ; with N =5.
it is enough to note that, if u;, € N, (Gk 1) satisfies

1
Jup) < inf  J()+ IR

veN;. (Gk.L)
then
max min |uy(x)| >0 as L — oo.
1<i<k xee;
This allows one to obtain (6-2) working exactly as in the proof of Lemma 4.15. ]

Lemma 6.4. If L — oo, then

limsup inf J()<2 inf J(v).
L—soo VEM(Gk,L) VENL(Grt1)

Proof. The proof follows the same lines as the one of Theorem 4.16. U
Proof of Proposition 6.2. Let u be a nodal ground state in M, (Gk.1)-

Step 1: for L long enough, either u = 0 on the pendants or it has no zero on their closure. Assume by

contradiction that # # 0 on a pendant p, but u(xg) = 0 for some xg on p. With no loss of generality, let

u > 0 at the vertex of degree 1 of p. Outside p, u < 0 thanks to Theorem 6.1. Denoting as usual by |p|

the length of p, since u is a solution to (1-1), we have u™ € N; (0, | p|) with u™(|p]) = 0, so that
Jwh> inf J)> inf J().

veN,(O,1p) NL(G
v(|;|)=0 vEN;(Gi+1)

This is because the pendant of §k+1 can be identified with the interval [0, | p|], but ™ is not a ground
state in A\, @k+1) as ground states never vanish.
Letting then

§:= inf J@-— inf J(@)>0
veN;(0,]pl) VEN; (Grr1)
v(lph=0

and recalling that u~ € N, (G, 1), it follows that

inf J)=JwW=Jw)+Jw)> inf J@w+ inf J@W)+3,
vEM; (Gr.L) veN;(Gr.L) veN; (Git1)

contradicting Lemmas 6.3-6.4 for L large enough.
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Step 2: u(vi)u(vy) < 0. Assume that this is not the case. Since u solves (1-1), on any of the two half-lines
either u = 0 or it never vanishes. Combining with Step 1, this implies that there existi € {1, ..., k} and
X1, X2 € e; U{Vy, Vo} with u(x;) = u(xp) = 0 and, for all x € (x1, x3), u # 0. Without loss of generality,
let u > 0 on (x1, x2). By Theorem 6.1, we know that # < O on the remaining part of the graph and
u~ € N;(Gk.1), while we can think of u™ as a function in A; (R) with compact support. Hence we have

inf . J)=JuH+Jw)>s,+ inf J(),
veM,; (Gk.L) veN; (Gr.L)

which contradicts Theorem 1.6.

Step 3: conclusion. The previous steps ensure that =" (0) C UlN: 1 €; and that it is a finite union of points
by uniqueness of the solution of the Cauchy problem for (1-1). The uniqueness of the zero of u# on each ¢;
follows then by Theorem 6.1. (Il

Proof of (2). Here we prove the following result.

Proposition 6.5. Let m > 2. There exists a graph G that admits a nodal ground state u such that u~"(0)
is the union of m > 2 half-lines attached at the same vertex.

The graph G is obtained from the graph G; ; by attaching m half-lines at a suitable point. Before
proving Proposition 6.5 we establish the following lemma.

Lemma 6.6. Let G be a noncompact graph with a finite number of edges. Let Gbea graph obtained from

G by attaching m > 2 half-lines hy, ..., h,, at one of its points p. If there exists a nodal ground state
in My (G), then
inf_ J(w)> inf J(v). (6-3)
vEM,;(G) veM,(G)

Proof. Let i be a nodal ground state on G and assume without loss of generality that 7 (p) > 0. Denote
by u the restriction of & on G and by ¢; the restriction of # to the half-line ; fori =1, ..., m.

If i(p) =0, since u solves (1-1), each ¢; vanishes identically. Hence, u € M, (G), J (i) = J (1) and
(6-3) follows.

If u(p) > 0, each ¢; coincides with a portion of the same soliton ¢;. With a slight abuse of notation
we denote by ¢! (p) the outgoing derivative of ¢; at p along ;. Note that ¢/(p) < 0 for every i. Indeed,
if on the contrary we had, for instance, ¢i (p) = 0, then the restriction of & to the union of the /;’s would

contain at least one full soliton ¢;, so that ||u ||€ (U i) > || o ||§. This would lead to

inf _ J(v)=J(ﬁ)=K(|Iﬁ+||§+llﬁ_ll,’§) > kllgallh + inf_ J(v) =s;+ inf_ J(v),
veM, (G) veN,(G) veN,(G)

which contradicts (1-9).

As, foralli € {1, ..., m}, ¢; is a solution to (1-1), we have in particular ¢; € N, (h;) with

580 dx = [, @7 dx [, 8 dx + 4 @)8®) + [, @ di dx 1 [, 87 dx+ Hi®I(®)
= = = <

9.
' Sy, 97 dax [, 97 dax J, 9% dx




CONSTANT SIGN AND SIGN CHANGING NLS GROUND STATES ON NONCOMPACT METRIC GRAPHS 237

since ¢; is a portion of ¢, and ¢/(p) < 0. Letting then p be the number such that ut € N, (G),

+
”d)l ||L2(/’l ) ||M ||L2(g)

= l

+

which, combined with the preceding inequality, yields p > A.
Since, analogously to Remark 2.5, for a given A, the map

; + p
/fl"—)v /\ll 2||U||L2(g)+2:u||v ||L2(Q)+ )‘”U ”LZ(g) ||U||Lp(g)’

;LA

where M, 3 (G) :={v e H'(G) | vt e N, (G) and v~ € N, (G)}, is increasing, we have

inf_ J()=J@) =@ 15+ 1a"15) = cu 1D +llu"[7) > inf J@)> inf J(v). O
VEM,(G) veM,, 5. (9) VEM,(G)
Proof of Proposition 6.5. Consider the graph Gy ; with L > L given by Proposition 6.2. On this graph, by
Theorem 4.12 and Proposition 6.2, we have a nodal ground state u with u~1(0) = {xo}. Let now G be the
graph obtained from G; ; by attaching m half-lines at the point xo and let # € M; (G) be the function
obtained extending u by 0 on each of the additional half-lines.
By Theorem 4.12, nodal ground states exist on G and, by Lemma 6.6,
inf- Jw)y=Jw)=Jwm)> inf J()> inf  J(v).
veEM,(G1,L) veM;(G) vEM,(G1,L)

This proves that i is a nodal ground state on G and hence the existence of a nodal ground state whose
nodal set is given by m half-lines attached at the same point. (I

Proof of (3). Here we prove the following statement.

Proposition 6.7. Let n € N. There exist a graph G, a subset Z €V \ V, of its vertices of degree 1 and a

nodal ground state u € M,_z(G) such that u=1(0) consists of n line segments attached at the same point,

1\2/(p—2)
each of length smaller than or equal to ZKT\ (%) P=.
Similarly to construction (2), the graph G will be obtained from G; ; by attaching n line segments at

one of its points. To do this we need the next lemma.

Lemma 6.8. Let G be a noncompact graph with a finite number of edges. Let Gbea graph obtained
from G by attaching n line segments sy, ..., s, at one of its points p. Assume that each line segment has a

length smaller than or equal to a number S > 0 and ends at a vertex with Dirichlet boundary condition.

piN2/(p=2)
J(Kﬁ) (T) - Then

inf _ J()> inf J(v).
veM;. 7(©) veM; z(G)
Proof. We proceed in the same way as in the proof of Lemma 6.6. With no loss of generality, let &(p) > 0.
Denote by u the restriction of i to G and by u; the restriction of u to s; for every i. Moreover, let u; (p)
be the outward derivative of u; at p along s;. As # is a nodal ground state, ui(p)u; (p) <0. Indeed, if this
were not the case, we would have ug(p) > (0 and, since u; satisfies the Dirichlet condition at the end of s;,
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RO OO0

N § AV 7 N
Figure 11. Example of a graph as in Theorem 1.9 hosting a nodal ground state whose nodal set

(thick on the picture) is made of two isolated points, two groups of three and four line segments
respectively, and a group of five half-lines.

by a phase plane analysis we would have u; (xo) := max u; > max ¢, = (3 pk)l/ P=2 " Considering the
first zero x| € 5; of u;, it would then follow that

1/(p=2) X0 =
j28 - SJ(u)
(7> Sui(xo)—ui(xl)Z/ ui(s)ds < /xo—x1l@'|l2 < pa
x1
which contradicts the choice of S. The rest of the proof follows as in that of Lemma 6.6. O

Proof of Proposition 6.7. The proof is the same as the one of Proposition 6.5, using Lemma 6.8 instead of
Lemma 6.6 and observing that, by Theorem 4.12, J (1) < 2s;. O

Remark 6.9. Graphs fulfilling Theorem 1.9 can be obtained combining ad libitum the constructions (1),
(2), (3). The general result is a graph as the one depicted in Figure 11.
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CONTROLLABILITY OF PARABOLIC EQUATIONS
WITH INVERSE SQUARE INFINITE POTENTIAL WELLS
VIA GLOBAL CARLEMAN ESTIMATES

ALBERTO ENCISO, ARICK SHAO AND BRUNO VERGARA

We consider heat operators on a convex domain €2, with a critically singular potential that diverges as
the inverse square of the distance to the boundary of 2. We establish a general boundary controllability
result for such operators in all dimensions, in particular providing the first such result in more than one
spatial dimension. The key step in the proof is a new global Carleman estimate with a carefully chosen
weight that captures the appropriate boundary conditions, the global geometry of the domain €2, and the
H'-energy for this problem. The estimate is derived by combining two intermediate Carleman inequalities
with distinct and carefully constructed weights involving nonsmooth powers of the boundary distance.

1. Introduction

We consider, on a bounded domain in R”, the heat operator with a potential that diverges as the inverse
square of the distance to the boundary hypersurface. More precisely, our setting will be the following:

Setting. Throughout the paper, we let I' denote a closed, connected, and convex C*-hypersurface in R"
(n > 1), and we let Q denote the interior domain that is bounded by I'. In addition, we let dr : 2 — R
denote the distance to I.

We will consider the following equation on €2 and over a time interval:

—8tv+(A+;—2)v+Y-Vv+Wv:0. (1-1)
r
Here, o0 € R is a parameter measuring the strength of the singular potential, while ¥ and W represent first
and zero-order coefficients that are less singular at I".

Our main objective in this paper is to derive boundary null controllability for the above equation. Given
any initial state v(0) and T > 0, the question is whether one can pick some control f on the boundary
(0, T) x T so that the evolution through (1-1) — together with the boundary control — drives the solution
to the target state v(7) = 0 at time 7. While results have been established in one spatial dimension using
moment methods (see [Biccari 2019]), here we provide, to our best knowledge, the first such result for
general domains in arbitrary dimensions.
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To show the above property, we derive sharp Carleman estimates for the operator in (1-1). Indeed,
genuinely new estimates are needed, since the singular potential scales as the Laplacian near the hyper-
surface I', hence one cannot treat (1-1) as a perturbation of the standard heat equation. Moreover, these
estimates will enable us to obtain robust boundary observability and controllability results, in that we both
treat any spatial dimension and deal with a large class of lower-order coefficients. Note the inclusion of Y
and W in (1-1) is very natural in our context, as dr itself fails to be regular and well-behaved away from I'.

1.1. Boundary asymptotics. Let us start by describing the role of the strength parameter ¢ in the boundary
asymptotics of solutions to (1-1). We let ¢ < 1, and we consider the Cauchy problem associated to (1-1),
with initial data v(0) = vy. Moreover, it will often be convenient to write o :=« (1 —«), withx :=k (o) < %

According to the classical Frobenius theory for ODEs, the inverse-square singularity of the potential at
dr = 0 implies the characteristic exponents of this equation are precisely « and 1 — «. Therefore, if « is
not a half-integer (which ensures that logarithmic branches will not appear), solutions to the equation
are expected to behave either like df or d}*’( close to I and correspond to the Dirichlet and Neumann
branches, respectively. As a result, the boundary data for our problem must be formulated with these
dr-weights taken into account.

Now, as such quantities will naturally appear throughout the article, we set the following notation for
future convenience:

Definition 1.1. Given a strength parameter o € (—oo, %):

e We let « := k(o) € R be the unique parameter satisfying
o:=k(l —«k), K<%. (1-2)
» We define the associated Dirichlet and Neumann trace operators:

Do i=dr plap~o,  No@ :=dFVdr - V(A d)laro0- (1-3)
« In addition, we introduce the following notation:

o
Ay =0+ —. (1-4)
dr
Remark 1.2. We stress that throughout the paper, « will always implicitly depend on o via the rela-
tion (1-2). Note that there is a one-to-one correspondence between the values of o € (—oo, ;11) and
K € (—oo, %) In particular:

1 1
o/1; < kK/3
oc=0 <« k=0,
__3 —_1

o=—3 < K=—3

In addition, all the associated quantities in (1-1) and Definition 1.1 reduce to the standard ones in the
absence of the singular potential, i.e., when o = 0.
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Later in this paper, we will show that the Dirichlet and Neumann traces in (1-3) indeed lead to viable
well-posedness theories for (1-1), at least for a subset of values o; see Sections 3 and 4. As a result, (1-3)
provides natural notions of boundary data for our upcoming main boundary control results.

The specific range of o for which we will develop well-posedness results is discussed further below.
1

For the moment, we note o = ; can be viewed as a critical threshold, as (1-1) is expected to be ill-posed
for o > %; see [Baras and Goldstein 1984; Biccari 2019; Vazquez and Zuazua 2000]. (Moreover, Biccari

[2019] showed —in one spatial dimension — that the cost of boundary control blows up in the limit
o/ }‘.) We also highlight o = —% as another natural threshold, since the Dirichlet branch fails to lie in

3
L? once o < -3

Remark 1.3. Analogues of the adapted boundary data (1-3) have been considered before in the literature
in different contexts for other singular operators; see, e.g., [Mazzeo and Melrose 1987; Warnick 2013].
The boundary conditions (1-3) were also used in [Enciso et al. 2021] toward Carleman and observability
estimates for the wave equation analogue of (1-1).

1.2. Motivation. Parabolic problems involving inverse square potentials have been intensively studied in
the past decades; see [Baras and Goldstein 1984; Garcia Azorero and Peral Alonso 1998], for instance,
as well as references within for some early results. Since the literature in this area is far too extensive
to describe in full, we restrict our focus here to null controllability and Carleman estimates to keep the
present discussion concise.

First, in one spatial dimension, in which we can set 2 := (0, 1) without loss of generality, there are
ample results treating the singular heat operator

—a,+a§+%. (1-5)

For instance, interior null controllability results for (1-5) — with the control supported away from x =0 —
were established in [Cannarsa et al. 2005; 2008; 2020; Martinez and Vancostenoble 2006]. Also, various
boundary null controllability results for (1-5) have been proven, both at x = 1 (away from the singularity)
[Cannarsa et al. 2020] and at x = O (at the singularity) [Biccari 2019; Cannarsa et al. 2017; Gueye 2014].

Remark 1.4. Many of the above results treated the degenerate parabolic operator
—0; + 0, (x%0y+), «a€(0,2). (1-6)

However, this can be transformed to (1-5) through an appropriate change of variables, at least for a subset
of parameters o; see [Biccari 2019, Appendix A] for details.

Of particular relevance is the recent result of Biccari [2019], which established boundary null controlla-
bility at x =0 for (1-5), with o < 21;- As Biccari [2019] applied the moment method, which relied strongly
upon an eigenfunction decomposition of 8% +o0x72, the results do not readily extend to higher dimensions,
nor to parabolic equations with general lower-order terms as in (1-1). Partly for this reason, the author
listed several open questions of interest; see [Biccari 2019, Section 8].

A key motivation of the present work is to address a number of these points:
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(1) We use Carleman estimates to prove our controllability result. Such techniques have the advantage
of being more robust, in that they allow one to treat lower-order terms and to more easily extend to
nonlinear problems.

(2) We treat the case where the potential diverges on all of I". As mentioned in [Biccari 2019], even in
one spatial dimension, the case of a potential singular at both x = 0 and x = 1 cannot be treated via
the moment method.

(3) We obtain boundary null controllability in all spatial dimensions, under the assumption I" is convex.
To our knowledge, this is the first such boundary control result in higher dimensions; see the
discussions below.

In particular, [Biccari 2019] highlighted the problem of developing Carleman estimates adapted to the
weighted boundary data (1-3) as being especially challenging.

Next, turning to higher dimensions (with general 2 C R"), [Cannarsa et al. 2009; Ervedoza 2008;
Vancostenoble and Zuazua 2008] established interior controllability results for the singular heat operator,

4+ A+—2 . xeQ, (1-7)
|x —xol?
i.e., a singular potential that diverges as an inverse square of the distance to a single interior point. The
above results were then extended in [Cazacu 2014] to the case x¢ € ', in which the potential instead
diverges at a single boundary point.

The case of higher dimensional settings (1-1), where the potential becomes singular on all of T, is
known to be particularly difficult. Incidentally, these arise naturally when considering parabolic equations
on conformally compact Riemannian manifolds; see, e.g., [Vazquez 2015]. Along this direction, Biccari
and Zuazua [2016] first proved interior null controllability for the operator —d; + A, using Carleman
estimates.

Biccari and Zuazua [2016] stress that one cannot employ their results to derive boundary controllability
or boundary observability properties. The key reason is that their Carleman estimates do not capture an
appropriate notion of the Neumann data at the boundary, (1-3) in particular. Moreover, the Carleman
estimate in [Biccari and Zuazua 2016] only captures the full L?-norm, and not the (unweighted) H'-norm;
as we shall see, the full H'-norm will be a critical part of our setup.

1.3. Boundary controllability and observability. In this subsection, we state the main results of this
paper. However, before doing so, we first give a precise description of the lower-order coefficients Y and
Win (1-1):

Definition 1.5. We let Z denote the collection of all pairs (Y, W), where:

e Y:Q— R"isaC'-vector field, and W : Q — R is an L°°-function.
« Y extends to a C3-vector field on a neighborhood of T'.

o drW extends to a C2-function on a neighborhood of T.
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While the exact form of Definition 1.5 is technical in nature, at an informal level, our results will
require ¥ and W to have sufficient regularity at . On the other hand, since dr fails to be regular away
from I, it will also be useful for ¥ and W to be less regular away from I'; see Remark 3.2. Though the
conditions in Definition 1.5 are not optimal, we adopt these particular assumptions in their current form,
since they allow for a simpler presentation.

The main result of this paper is the boundary null controllability for the singular parabolic equation (1-1).
More precisely, we consider the following Cauchy problem:

Problem (C). Given initial data vy on 2, as well as Dirichlet boundary data f on (0, T) x I, solve the
initial-boundary value problem for v,

- v+ Asv+Y -Vo+Wuv=0 o0n(0,T)xK,
v(0)=v9 on K2, (1-8)
Dyv=f on(0,T)xT,

where o € (— 3 O), and where the lower-order coefficients satisfy (Y, W) € Z.

Z 9
The following statement, which is a simplification of the more precise Theorem 4.6 in the main text,
represents our main boundary control result:

Theorem 1.6. Let Q C R" be a bounded domain, with a convex, connected, C 4-b0undary I', and fix
o€ (—%, O). Then, Problem (C) is boundary null controllable in any positive time —for any initial
data vy € L*(Q2) and any T > 0, there exists Dirichlet boundary data f € L2((0, T) x ) such that the
corresponding solution v to (1-8), with the above vy and f, satisfies v(T) = 0.

Theorem 1.6 is, to our best knowledge, the first boundary controllability result for (—9; + As)v =0 in
spatial dimensions higher than 1, and for equation (1-1) — containing also general lower-order terms —
in any dimension.

To prove Theorem 1.6, we employ (the variational formulation of) the celebrated Hilbert uniqueness
method (HUM); see [Lions 1988; Micu and Zuazua 2005]. As is standard, the main step is to obtain key
estimates — most crucially an appropriate observability inequality — for the dual problem. Thus, in the
context of observability, we will consider the following Cauchy problem for the backwards singular heat
equation:

Problem (O). Given final data ur on 2, solve the following problem for u,
ou+Asu+X-Vu+Vu=0 0on(0,T) xR,
u(T)=ur onQ, (1-9)
u=0 on(0,T)xT,
where o € (—%, O), and where the lower-order coefficients satisfy (X, V) € Z.

Remark 1.7. Since o < 0, the boundary condition in (1-9) implies D,u = 0. While one could develop
an equivalent theory using instead the condition Dyu = 0, here we remain with u = 0 to be consistent
with the existing literature, e.g., [Biccari 2019; Biccari and Zuazua 2016].
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A first consideration in the proof of Theorem 1.6 is finding an appropriate choice of spaces for the
controllability Problem (C), as well as the corresponding spaces for the observability Problem (O). To
apply the HUM, one requires estimates for an appropriately defined Neumann trace in Problem (O):

e The Neumann trace should be bounded by the final data u7.

o The Neumann trace should satisfy a boundary observability estimate; that is, it should be bounded
from below by u(0).

We will show that the above indeed holds when u7 lies in the usual energy space.

In particular, in Section 3, we briefly summarize the well-posedness theory for Problem (O) with final
datauyp € H(} (€2) —that is, the analogue of strict solutions in [Biccari 2019; Biccari and Zuazua 2016].
We then show (in Proposition 3.14) that if o € (_?T’ %), then the quantity Nyu from (1-3) is indeed
well-defined and bounded in L2 by the H I_norm of ur. Furthermore, if o < 0 as well, then we prove (in
Theorem 3.17) observability by bounding A, u in L? from below by the H I_norm of u(0). The above

two estimates can be roughly summarized by the following theorem:

Theorem 1.8. Let Q C R" be a bounded domain, with a convex, connected, C 4-boundary I, and fix
o€ (_?T’ O). Moreover, let u be a solution to Problem (O), with final data ur € HO1 (2). Then, the
Neumann data Nyu on T is finite, and

f|w<0>|25/ (Ngu)%/ |Vur|?.
Q 0,T)xI’ Q

Using the estimates of Theorem 1.8, the boundary null controllability of Theorem 1.6 then follows by
adapting standard duality arguments. In Section 4, we develop the dual theory of weak (or transposition)
(H~"-)solutions for Problem (C), now in the presence of the singular potential. We then show (in
Theorem 4.6) that in this setting, one can construct the desired null boundary controls in L2,

We stress that the well-posedness theories for Problems (C) and (O) are far from direct due to the
singular potential, and are further complicated by the lower-order terms. Thus, for completeness, we
develop both theories in Sections 3 and 4.

The key ingredient to establishing the crucial Theorem 1.8 is a new global Carleman estimate, proved
in this paper, that captures both the boundary data (1-3) and the H'-energy of the solutions. This is
discussed in the following subsection.

1.4. Global Carleman inequality. Carleman estimates have found many applications in PDEs, such as
in unique continuation [Aronszajn 1957; Calderén 1958; Carleman 1939; Dos Santos Ferreira 2005;
Escauriaza and Ferndndez 2003; Hormander 1985; Tataru 1995], control theory [Duyckaerts et al. 2008;
Fursikov and Imanuvilov 1996; Laurent and Léautaud 2019; Lépez et al. 2000; Tataru 1992; 1994],
inverse problems [Belishev and Kurylev 1992; Bukhgeim and Klibanov 1981; Klibanov 1992], and
embedded eigenvalues in the continuous spectrum of Schrédinger operators.

We next motivate and state the new global Carleman estimate for the singular parabolic operator
+0; + A,. The premier issue is that of capturing the Neumann boundary data from (1-3), which now
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involves powers of dr that blow up at I'. This is achieved through a specially constructed Carleman
weight that is designed to generate precisely the correct power of dr at I'.

In the Carleman estimate of [Biccari and Zuazua 2016] (which yielded interior observability for
solutions of (9; + A, )u = 0), the authors employed a weight having, near I', the form

1 2 dr(x) : Y (x)
t,x)i=——7—=|C—d —-\— )€ 1-10

fO( ,X) t3(T—t)3 |:C F()C) W(X) ( d() € s ( )
with s a large enough real number, C and dy constants, and ¥ € C*(Q2) a function of dr so that f; is
sufficiently smooth near and at I'. For our case, we must replace s by a smaller power depending on «, so
that appropriate singular weights appear upon differentiation. In particular, near I', our weight will be of
the form

1 1 142k
F()([,X) —m[mdr(](f) + +/3], (1-11)

with 8 > 0 a suitably chosen constant. A key step will be then to show that the weight (1-11) indeed
suffices to capture the Neumann trace from (1-3) on I'.

Next, observe that in order to prove Theorem 1.8, our Carleman estimate will also need to control
the H'-norm on . In [Biccari and Zuazua 2016], their choice of weight (1-10) yields control of a bulk
quantity that is roughly of the form

T
/ ﬁ/dﬁvmzdxdt, s> 0.
0 - Q

Because of the factor dr(x)*, which vanishes near I', their estimate fails to capture the full H'-energy
of u. (Only the full L?-norm was needed in [Biccari and Zuazua 2016].)

For our setting, we show that by using the weight (1-11) instead, we can capture the full H'-norm,
without a weight that degenerates at I". Here, we note that our assumption of I' being convex is crucial,
as this ensures that the bulk terms in our Carleman estimate containing |Vu/|? are uniformly positive.

Unfortunately, (1-11) does not yet suffice for a global Carleman estimate on all of 2. This is because
while dr is C* near T (by the regularity of I'), it can fail to be differentiable elsewhere in 2 due to the
presence of caustics. To get around this, we replace dr by a more general boundary defining function
y € C*(RQ) that coincides with dr in a thin neighborhood of I". While this function y remains regular
away from I, it also retains almost the same convexity properties as dr. See Definition 2.1 for the precise
properties of y, and Lemma 2.4 for its construction.

Thus, for our global Carleman weight, we replace dr in (1-11) by y:

o 1 1 142k
F(t,x)._m[l+zl<y(x)+ +,B]. (1-12)

Since y is “close enough” to dr for our purposes, by using F, we both capture the Neumann trace and
bound the global H'-norm on all of €2 as desired.

We emphasize that the above still leaves untreated one fundamental issue — while these arguments
suffice to control the L?-norm of Vu, the same cannot be said for the L?-norm of u itself. Away from the
(unique by construction) critical point x, of y, our Carleman inequality allows us to control bulk integrals
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(over (0, T) x ) of u? with uniformly positive weights, provided o € (—%, O). However, these weights,
which are accompanied by factors of |[Vy|?, can become nonpositive near x..

To overcome this rather serious obstacle, we construct two boundary defining functions y;, y, with
distinct critical points x; « 7 x2 «; see Lemma 2.4. We then sum the two Carleman estimates arising from
y1 and y,. In particular, the above-mentioned nonpositivity for the y;-Carleman estimate near x; , can be
overcome by a positive L?-contribution in the y2-estimate (since x , is away from x» ), which also has
an extra factor of the large Carleman parameter A. Thus, by combining two Carleman estimates, we can
absorb all nonpositive terms into positive ones.

Remark 1.9. Similar tricks involving summing two Carleman estimates with different weights were used
in [Alexakis and Shao 2015; Jena 2021; Shao 2019], in the context of wave equations.

Combining all the above leads to our Carleman estimate, for which an informal simplified version is
stated below; see Theorem 2.9 for the precise statement.

Theorem 1.10 (global Carleman estimate). Let Q2 € R" be a bounded domain, with a convex, connected,
C*-boundary T, and fix o € (—%, O). Then, there are two boundary defining functions y1, y, € C*(R),
such that, for any T > 0 and A > 1, and for any sufficiently regular function u satisfying u = 0 on
0, T)xT,

Cx / Nyu)?dS dt + Z e M (8,u + Agu)?
(0,T)xT’ j=1.270.1)xQ

2 f e My VUl + y7 02 +y7 ], (1-13)
=127 0.1)xQ

where F; is the Carleman weight (1-12), but with y replaced by y;.

The proof of Theorem 1.10 follows the usual multiplier approach to Carleman estimates for heat
equations, using the weights (1-12) for both y; and y,. Aside from the ideas mentioned before, there
are two key technical challenges to overcome. The first is showing that the boundary terms capture the
Neumann trace; this follows from computations for the boundary terms (Lemma 2.7), along with the
detailed understanding of boundary asymptotics gained from Proposition 3.14.

The second, and more difficult, challenge is to ensure all the top-order bulk terms obtained in the
computations have good sign. As there are many singular weights involved, we have more dangerous
terms to consider than in standard derivations of Carleman estimates. These are treated via extensive
computations (see Lemma 2.7) that use, in an essential way, both the geometry of the domain — via
convexity of the level hypersurfaces of y — and our assumption that o € (—%, O).

Remark 1.11. In the full statement, Theorem 2.9, of our Carleman estimate, the power 1+ 2« in (1-12)
is replaced by a more general parameter 2p. For purposes of boundary control, one requires 2p = 1 + 2«
to capture the Neumann trace. However, allowing for more general powers p leads to unique continuation
properties for a larger range of 0. We plan to revisit this point in a future paper.
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Remark 1.12. Note the estimate in the precise Theorem 2.9 differs from that of Theorem 1.10 in that
the Neumann integral in (1-13) is replaced by various boundary limits of integrals over hypersurfaces
{y; =6}, as § \ 0. However, one can show that, in the context of Problem (O), each of these boundary
limits will either vanish or be bounded by the desired Neumann integral; for details, see the proof of
Theorem 3.17, as well as Section 3.3 for the limit computations. The simpler Neumann integral was
written in (1-13) for conceptual clarity.

1.5. Further discussion. Let us now elaborate on the specific range o € (_43'1’ 0) that is assumed in all
our main results. As mentioned before, this is required in the proof of Theorem 1.10 to ensure positivity
of the bulk L?-terms. However, there are also conceptual reasons for applying this particular restriction.

First, the condition o > —% is crucial to the setup of our well-posedness theories. As mentioned before,
on the control side (Problem (C)), this is needed for solutions of (1-8) with inhomogeneous Dirichlet data
to be Lz—integrable on 2. Furthermore, on the observability side (Problem (O)), this seems necessary in
order to bound the Neumann trace from above by the H'-energy; see Proposition 3.14. The latter is an
essential part of the Hilbert uniqueness method setup we apply here. Thus, we do not expect our results
to extend to o < —%, at least within the well-posedness and HUM settings adopted in this paper.

Of course, the case o = 0 is just the classical heat equation, for which global Carleman estimates are
now standard. However, one should note that the proof of Theorem 1.10 does not carry over to this case
simply by setting o = 0, as it uses in a crucial way the critical singularity of the potential.

On the other hand, it is less clear whether our results can be extended beyond to the range o € (O, JT),
though there seem to be some obstacles. For one, note the Carleman estimate (1-13) fails to control the
full H'-energy when o > 0 (k > 0). Furthermore, in this regime, the boundary condition u = 0 in (1-9)
does not directly imply D,u = 0. Therefore, one could expect that our Carleman weight (1-12) and our
choice of spaces are not well-adapted to this case o € (O, %)

Remark 1.13. Also worth mentioning is the result of Gueye [2014], which established boundary controlla-
bility of the degenerate parabolic equation (1-6) in one spatial dimension using spectral theoretic methods
and a variant of Ingham’s inequality. However, this result cannot be directly compared to ours, since
[Gueye 2014] uses different spaces in its HUM setup. In particular, [Gueye 2014] showed that the
L%-norm of the Neumann datum controls the fractional H ~¥-norm of the solution, and vice versa. In
contrast, we are less optimal with regards to regularity, but we use the smoothing property of parabolic

equations to our advantage.

Finally, for wave operators having the same singular potential (i.e., —3 + A,), we recently established
in [Enciso et al. 2021] —in the special case n > 2 and 2 a unit ball —boundary observability through
a similar sharp global Carleman estimate. While the Carleman weight is different from (1-12), due to
the equation being hyperbolic, it is built upon the same sharp power of d yielding both the H'-energy
and the Neumann boundary trace. Interestingly, this observability fails to imply boundary control for
wave operators, as the lack of smoothing prevents us from applying the HUM machinery. Using this
framework, boundary controllability would necessitate working with fractional Sobolev spaces of optimal
regularity, as in [Gueye 2014].
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One can also view Theorem 1.10 partly as extending the methods of [Enciso et al. 2021] (which hold
only for 2 being a unit ball) to all convex domains. It would be interesting to determine whether the
results of [Enciso et al. 2021] also hold for general convex €2.

1.6. Organization of the paper. In Section 2, we construct boundary defining functions that coincide
with the distance dr near the boundary I". These are then used to prove a precise version of our global
Carleman estimate, Theorem 1.10. The applications of this Carleman estimate to boundary observability
and controllability are then presented in Sections 3 and 4, respectively.

2. The Carleman estimate

In this section, we prove a precise version of Theorem 1.10 — our main Carleman estimate for parabolic
operators with inverse square potentials.

In the remainder of the paper, we adopt the setting described in the beginning of the introduction — in
particular the domain €2 € R", its convex boundary I', and the distance dr to the boundary. Moreover,
since dr is always C* in a neighborhood of T", we can also adopt the following for convenience:

Setting (regularity of dr). Let 0 < dy < 1 be such that dr is C* on the domain
{x € Q|dr(x) < 2dy}.

2.1. Construction of boundary defining functions. As described in the introduction, the proof of our
Carleman estimate will require, as weights, boundary defining functions that extend dr while essentially
preserving concavity and regularity. Here, we detail the construction of such functions.

First, we list the precise conditions needed for our constructions:

Definition 2.1. Given constants ¢, &’ > 0, we call y € C*(Q) an (e, &')-boundary defining function for Q
if and only if the following properties hold:

(a) y is strictly positive on 2, and y =dr on {x € Q : dr(x) < dp}.
(b) y has a unique critical point x, € 2, with dr(x,) > 2dj.

(c) y satisfies the following gradient bounds:

IVyl>=1, dr(x)<d,
{IVy|2>%, do < dr < 2d. @-D
(d) y satisfies the following concavity properties for each x € Q and & € R":
—£-V2y(x)-§ >0, dr(x) < do,
—£-V2iy(x)-£ > —€[E]%, do < dr(x) < 2d, (2-2)

=
—&-V2y(x)-&>¢lE?,  dr(x) > 2do.

Remark 2.2. Definition 2.1 implies x, is a nondegenerate maximum of y, that is, Vy(x,) = 0 and
& y(x,) is negative-definite. Furthermore, note that x,. is the only maximum of y, so that Vy vanishes
only at x,.
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Definition 2.3. Given any ¢, ¢’ > 0, we refer to (yy, y2) as an (g, &')-boundary defining pair in  if and
only if the following properties hold:

(i) Both y; and y; are (e, &’)-boundary defining functions.
(i1) The (unique) critical points of y; and y, are distinct: xj s 7= X2 x.

In the proof of our global Carleman estimates, we will employ a carefully constructed boundary
defining pair. As the first step, we show that any convex domain admits such a pair, given sufficiently
small parameters:

Lemma 2.4. There exist C, C', gy > 0—depending only on 2, dy— such that, for any 0 < & < g, there
exists a (Ce, C'g)-boundary defining pair (y1, y2) in 2.

Proof. We begin by constructing one such boundary defining function y;. First, note that if 7,,I" is the
tangent hyperplane to I" at a point p and x € 2, then

dr(x) = inf dist(x, T,I"),
pel
by the convexity of I'. This implies dr is a concave function on €2; in particular, for any & € R”, the

distributional derivative —& - V2dp - £ is a nonnegative measure.
Consider now the function

d* = ¢f wdr, ¢ (x)i=e""() (2-3)
for a small parameter 0 < & < &g, where ¢ is a standard positive mollifier:
¢ € CZ(B1(0), [0, 00)), p(x)dx =1.
Rn

Note d° is smooth and concave by the concavity of dr —indeed, for all £ € R",
—§ V2" 5 =¢° % (=5 - Vdr -§) 20, (2-4)

since ¢ > 0 and —¢ - V2dr - £ is a nonnegative measure on 2.
We now introduce a new cutoff ¢ € C°°(2) such that

= {1, dr(x) < do,

(2-5)
0, dr(x) 2 2d0.

In terms of these functions, we then set y; € C*(2) as
Y1(x) :=dr(x) + [1 = p(x)][d* (x) — dr (x) — e|x|’], (2-6)

with ¢ < g9 < dy. (Note 1 — ¢ =0 near I', where d° fails to be defined.)
To begin with, in the region {dr < dy}, we note that y; = dr, since ¢ = 1 there by (2-5). Furthermore,
the above implies
VyiP=1,  —£-Vy-£20, £eR"

In particular, all the conditions in Definition 2.1 are satisfied by y; on {dr < dp}.
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Next, consider the intermediate region {dy < dr < 2dp}. Since dr is C 4 there,

d® — dr || ¢4 (dy<dr <2dop) < CE-

Moreover, since |Vdr| =1 and |1 — ¢| < 1 in this region, the above implies
nELoce0. [VyP1-Cels ], 2-7)
for sufficiently small gy (depending on €2, dp), as well as
—&-Vy & =—£-VdrE —£- V(1 —)(d* —dr —elx[)]- £ > —C'e|s? (2-8)

for all &£ € R", where C’ > 0 denotes constants (depending on €2, dp) that can change between lines. Thus,
y1 satisfies the conditions of Definition 2.1 on {dy < dr < 2dp}.
Lastly, consider the region {dr > 2dp}, on which

y1 =d° —¢lx|*.

The above, along with (2-3), implies that y; is uniformly positive on this region for sufficiently small &g,
and that y; is uniformly concave, since by (2-4),

—&-Viy £ =—£- V" £+ 26|57 > 26157, E€R"

Moreover, since y; is a positive function on 2 whose gradient does not vanish on {dr < 2dy} and which
is uniformly concave on {dr > 2dp}, y; must have a unique critical point x 4 € {dr > 2dp}, its maximum.
Therefore, y; satisfies all the conditions of Definition 2.1 on {dy > 2dy}.

The above yields that y; is a (Ce, C’¢)-boundary defining function, for appropriate constants C, C’ and
sufficiently small gy. It remains to construct a new function y; so that (y;, y») defines a corresponding
boundary defining pair.

To this end, note by the Morse lemma, there is a neighborhood U C {dr > 2dj} around x; , and local
coordinates z : U — R" such that y; is a quadratic form on U: y; =z- A -z, with A a nonsingular n x n
matrix. Furthermore, without loss of generality, one can assume z(x1,+) =0, and U is an open ball B,,(0)
in z-coordinates, for some small n > 0. As the critical point x; , is nondegenerate, |[Vy;| = ¢ > 0 on
U\ U’, where U’ = B,(0) in z-coordinates.

We then take a cutoff function y € C*°(2) satisfying x =1 on U’ and x =0 on Q\ U, and we define
the function

yri=yi+8xb-z, beS"! s«I1. (2-9)

Since y;, coincides with y; on Q\ U, then y, satisfies all the conditions of Definition 2.1 (with the same
parameters) on both {dr < dp} and {dy < dr < 2dp}.
For the remaining inner region, note we have on U’ that

V.y» =2A-z+ 6D,
so that y;, has a critical point at
2(x2,4) = —38A7 b #0,
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which is unique in U’. Moreover, as the shift § xb - z is supported in U and

18xb-zlles Son'™7,  j <4, (2-10)

~

no new critical points are introduced as long as § is taken small enough with respect to #; in particular,
we can ensure that |V, y,| > 0in U \ U’. Similarly, by further shrinking § if needed, (2-9) and (2-10) also
ensure that, on {dr > 2dy},

—£-V2y,-&E > Celg?, EeR",

possibly with a different value of C. Thus, y, satisfies all the conditions of Definition 2.1, hence (y1, y2)
is our desired boundary defining pair. U

Finally, since dr fails to be regular away from I", it will often be useful to replace our singular operator
by a smoother variant:

Definition 2.5. Given any y € C*(2), we define the y-modified operators
Apy:=A+oy 2, oeR. (2-11)
For convenience, we also adopt the following notation for the y-derivative:

Dyv:=Vy-Vu, veCY(Q). (2-12)
In particular, when y is a boundary defining function, so that y = dr near I, the difference d 2_ y~2
is hence bounded on 2. Thus, it will suffice to prove Carleman estimates for 40, + A, y, which has a C 4
singular potential, rather than 09, + A,.
With this notation in hand, we prove a pointwise Hardy-type inequality associated with D,-derivatives
that will useful in proving our Carleman estimates:

Lemma 2.6. The following holds for any q € R, y € C*(Q), and v € C1(Q):
Y(Dyv)? = 1 (1=2q)°y* 72| Vy[*o? + V- [3(1 =2q)y* 7 Vy|Vy?]
— 31 =29) [y~ Ay|Vy 0?4292 7 (Vy - V2y - Vy)o?]. (2-13)
Proof. This is a direct consequence of the inequality
0< (¥ Dyv +by? ™! Vy[*v)?
=y (Dyv)* + b*y* 2| Vy*v? + 2by* | Vy| v Dyv

=y (Dyv)? +b(b —2q + 1)y* 2| Vy[*v? — 2by* " (Vy - V2y . Vy)?
— by 1 Ay Vy P + V- (by* T Vy | Vy PP,

which holds for any constants g, b € R. Equation (2-13) is then obtained by taking the optimal value of
the parameter b := %(Zq —1). U
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2.2. The global pointwise inequality. Our aim here is to prove the following key lemma, which serves
as the pointwise Carleman inequality obtained from a single boundary defining function y. In particular,
this attains adequate control for our solutions everywhere except near the critical point of y.

Lemma 2.7. Fix T > 0, and let p, o € R satisfy
O<p<3, p*—2p+o>-3. (2-14)

Let g, &', 8 > 0 be sufficiently small (depending on T, 2, dy, o, p), let y € C*(Q) be an (¢, g")-boundary
defining function, and let x, denote the critical point of y. Then, there exist C, C’, Ay > 0 (depending
onT,Q,dy, o, p, e, &, 38) such that the following inequality holds on [0, T] x Q for any A > Ay and any
u e C*([0,T] x Q):
e (&0 + Aoy )ul* =40, ) + V- J) = Cae My T2 | Vu P — /020%™ y 3t g i

F Ce 2 (3393 y~4+6p +k9y_3+2p)1g\36(x*)u2, (2-15)

where the weight F is given by

1

F(t,x) =00 f ). 60):= 7

O =y, (2-16)
with B > 0 an arbitrary constant, where J' is a scalar function satisfying
|71 < Ce 2\ Vu? + Ce 2P 1202y =242, (2-17)
and where J is a vector field satisfying, sufficiently near T,
Vy - J—e P 3uDyu < Ce ™0y 127 (Dyu)? + Ce 2393y =327y2, (2-18)

Proof. Throughout, we let C, C’ > 0 denote constants with the same dependencies as in the lemma
statement, and such that their values can change from line to line. Furthermore, it suffices to prove (2-15)
for just the backward operator 9, + A, y, as the estimate for —9; + A, , then follows via a time reversal
t—T—t.

For clarity of exposition, we divide the proof into four steps.

Step 1. The conjugate inequality. First, we prove the key preliminary commutator estimates for the
operator d; + A, . For this, let us set

vi=e My, (2-19)

Furthermore, the following constant will be useful later in the proof:

1-2p
zi=
2y(x4)

Using (2-19) and (2-20), we expand (9; + A, y)u as

> 0. (2-20)

e M@+ Apyu =@+ As ) (e v) = Sv+ Av+ A, (2-21)
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where Sv and Ay are given by

Sv:i=3v+2LVF -Vu+A(AF —2zD,F)v, Ag:=AdF +2xzDyF + *|VF|* +oy 2.

Multiplying (2-21) by Swv, and noting from Cauchy’s inequality that

e (@ + Agy)uSv < 1e7F(0 + Ao yul* + Sl
we then conclude
1e (3 + Ao yul* > AvSv + AgvSv.

We now expand the terms on the right-hand side of (2-23). First, we have

AvSv = Avdv +2LAV(VF - Vv) + A(AF —2zDyF)vAv = I2 + IR + I

The first term on the right-hand side is straightforward:
12 =V - (Vvdv) + 3,(31V?v]).

The most involved term is / IA, requiring multiple applications of the Leibniz rule:

I} =V - [2AVu(VF -Vv)] =AVF - V(|Vv[*) = 24(Vv - V2 F - V)

=V -[2AVu(VF - Vv) — AVF|Vv|*] + AAF|Vv|* = 2A(Vv - V*F - V).
A similar computation also yields
I§ =V - [MAF —2zDyF)uVv] — AM(AF — 22D, F)|Vv|> = JAV(AF — 22D, F) - V(v*)
=V [MAF —2zDyF)vVv — 1AV(AF — 22Dy F)v*] = A(AF —2zD,F)|Vv|?

+ IMA(AF — 22Dy F)v’.

Moreover, for the remaining term in (2-23), we expand

AguSv = S Ap3,(v?) + LAV F - V(v?) + A(AF — 22Dy F) Agv?
= 3, ($A0v?) + V- AV Fv?) — 18, 4gv*> — AVF - VA? — 220D, F Agv?.

Combining (2-24)—(2-28), the estimate (2-23) then becomes
Le )@+ Ao yul*> = 8,0 + V- J° + 224Dy F|Vu|* = 2A(Vv - V2F - V) + Av?,
where the zero-order coefficient A is given by
Ai=—18,40—AVF - VA)— 224Dy F Ag+ $AA(AF — 22Dy F),

and where the scalar J* and vector field Jj are given by

J' = %leI2 + %onz,

Jo=Vvo,v+2AVu(VF -Vv) — )»VFlel2 +MAF —2zD,F)vVv

— IAV(AF = 22Dy F)v* + 2 AgV F v,

255

(2-22)

(2-23)

(2-24)

(2-25)

(2-26)

(2-27)

(2-28)

(2-29)

(2-30)

(2-31)
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Step 2. First-order terms. We record here the following identities for F:
VF =0y 112ryy,
VAF =—(1-2p)0y P (Vy® Vy) + 6y~ 2P V?y, (2-32)
AF =—(1—=2p)0y 2T2P|Vy|2 40y 1+2P Ay.
As a result, we see from (2-32) that
2zAD, F|Vu|? = 21(Vv - V*F - V)
=270y 2P |Vy 2| V2 — 200y 2P (Vo - V2y - Vo) +2(1 — 2p) by > T2P (Dyv)?
> 200y TPV - (nz| Vy T — V2y) - Vol 4+ 2(1 — 2p)a8y~*TP (Dyv)?
+2(1 = mzrdy~ " (Dyv)?, (2-33)
for some 0 < n < 1 whose value will be chosen later.
Applying the Hardy inequality (with ¢ = —1+ p and ¢ = —3 + p), we see that
2(1 —2p)r0y 2P (Dyv)* +2(1 — ) zA0y ' 2P (Dyv)?
>V Jg+3(1=-2p)3—2p)° A0y 2P| Vy|*v® +2(1 — (1 — p)*zr0y 27| Vy[*?
—(1=2p)(3=2p)A0y 3F2P Ay|Vy|?0v? — C'A0y 2202, (2-34)

where the vector field Jy is given by
Ju = (1=2p)3 =2p)A0y "2 Vy|Vyv? +2(1 — n)(1 — p)zaby *F?Vy|Vy?.  (2-35)

In particular, we have collected all terms of order y =227 or better into the final negative term in the
right-hand side of (2-34). Furthermore, any term containing Vy - V2y - Vy can be included in this negative
term by default, since by Definition 2.1 both |[Vy|?> =1 and Vy - V?y . Vy =0 in the region dr < do.
Combining now (2-29) with (2-33)—(2-35) yields
3¢ @+ Do yul? — @ + V- T)
> 200y~ [Vo- (2| VyPT = V2y) - Vol + 3(1 = 2p) (3 — 2p)* 20y 27| Vy[*?
+2(1 =) (1 = p)*z20y 2| Vy[f? — (1 =2p) (3 = 2p)ady 2P Ay|VyPo? + Av?
— C'A0y~2F2Py? (2-36)
where the vector field J in (2-18) can now be given explicitly by
J=Jo+Jy
= Vudv+2AVu(VF - Vv) —AVF|Vv|* + M(AF — 22Dy F)uVv — AAV(AF — 22Dy F)v?
+(1=2p)3 =2p)a8y TPV |Vy o +2(1 = )(1 = p)zay 2PV y|VyPu?
+AA)VFV2.  (2-37)
Recalling that y satisfies Definition 2.1, we then have, for any £ € R",
nzl§1?, dr < d,
nzIVyPIEP —&-V2y £ > 1 (znz—€)IEI°, do <dr <2dy, (2-38)
elEl?, dr > 2dy.
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In particular, letting &’ be sufficiently small, and choosing
=" e, (2-39)
z
we obtain from (2-38) that
nz|VyPE]* =& - V2y & > CIEP. (2-40)
Furthermore, the same concavity properties (2-2) also yield the following in €2:
0, dr <do,
—Ay > {—-¢'n, dy<dr <2d,

(2-41)
en, dr =2d.
From (2-36) and (2-40), we now conclude
1e 1@ + A yul> — (3,4, + V- )
> CA0y ™ PP Vo + 3(1=2p)(3 —2p)* A0y 2P |Vy|*?
+2(1 =) (1 = p)2za0y 2P| Vy[*v? — (1 —2p)(3 —2p)A8y 2P Ay|Vy[*v? 4+ Av?

— CAOy 2H2Py2,

(2-42)
Step 3. The zeroth order terms. It remains to estimate the zero-order coefficient A. First, for Ap, note
from (2-22) and (2-32) that
Ay =0y 2+ 220%y 724 |1V y 2 42200y~ 1427 |V y 2 + 2iw/y21’. (2-43)
p
Using that
10/ §92, 10" < 63, (2-44)
we then compute that
—%3t~/40 > _C/)\293y—2+2p. (2_45)
Next, using (2-32) and (2-43) we expand
—AVF -VAy= -0y "Dy A,
> 2040y PP IVyP +2(1-2p)1 6 y TP Wyt =136y TP (Vy . Py Vy)
+22(1 = 2p)A202y 34 | Wyt — C'A20%y 24P (2-46)
as well as
—2zADyF Ag = =220y~ 2P|V y [P 4y
2 _2O_Z)\‘0y—3+2p|vy|2 _ 2Z)\‘393y—3+6[)|vy|4 _ C/)\’Zezy—z-‘er. (2_47)
Lastly, observe from (2-32) that

IMA(AF —2zDyF)
= AMA[—(1 —2p)y 2P| Vy P +y TP Ay — 22y TP Vy )P
> —(1=2p)(1 — p)3 =2p)A0y 2P| Vy[* +2(1 —2p)(1 — p)Aby 2P| Vy|* Ay

—2z(1=2p)(1 — p)ay 2P| Vy|* — C'A0y~2F2P.  (2-48)
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Thus, combining (2-30) and (2-45)—(2-48) yields
A>[20|Vy|2 =1 =2p)(1 — p)(3—2p) Aoy *2P|Vy[*
—[20z|Vy| 2 +2z(1 —2p)(1 — Py 27| Vy[* +2(1 — 2p)(1 — p)Ay|Vy| A0y 27|V y|*
+2)30°[(1 = 2p) — zyly 0P| Vy[* +22(1 —2p)A202y 42| Vy | — C'2207y 212 (2-49)
Putting (2-49) together with our estimate (2-42), we then have
e @+ Ao ul? = @ + V- )
> CA0y~"P2P|Vu2 +2(p* —2p + 0| Vy| 72 + )0y~ H 2 vy | t?
+2z[p —n(1 = p) = o |Vy| 2110y 2| Vy*v? — (1 =2p)ady 2P Ay|Vy[v?
+22303[(1 — 2p) — zyly 0P| Vy[*o? +22(1 — 2p)a202y TP vy ty?
— 203y (2-50)
Choosing ¢’ sufficiently small, so that (2-39) implies

p—n(l—p)>1ip+Ce,
and recalling (2-14), (2-20), and (2-41), we conclude that
1P EN@ + Agyul — 0 +V - )

>C}\‘ey—l+2p|vv|2+C}\‘393y—4+6p|vy|4vz+2(p2_2p+g|vy|—2+%))\‘ey—4+2p|vy|4v2
+2(p =20 |Vy| Hr0y 327 | Vy 2 — C'A293y 32 (2-51)

We now claim that (2-51) implies
1€ 1@+ Do yul® = (0T +V - T)
> C}\‘ey—1+2p|vv|2 + C(k393y—4+6p +)\‘0y—3+2[))|vy|4,v2 _ C/)\‘293y—3+4p,v2. (2_52)
First, when o < 0, we have that (2-52) follows from (2-14), (2-51), and the inequalities
20 |Vy|2a0y 2P | Vyt? = 2040y P |V y [ to? — A0y TPy,
2(p* = 2p+o + a0y~ |Vy[*? > 0,
2(p =20 |Vy[ )0y | VyM? = 2pady P vyl

(The first inequality above follows, since |Vy|~2 — 1 vanishes near I' and is bounded from below on £

by a negative constant.) On the other hand, the case o > 0 follows from (2-14), (2-20), (2-51), and the
inequalities

2(p® —2p+3)20y P Vy [ 20,
2000y 2P|V y2v? — 2000y 3 2P|V y|20? > 4

Combining the above two cases completes the proof of (2-52).
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Step 4. Completion of the proof. Since x, is the only critical point of y, it follows that |Vy| is bounded
away from zero on Q \ Bs(x,), and hence (2-52) becomes

e M@ + A ul? — 4@, T, +V - )
> C)‘Hy—1+2p|vv|2 4 C()\‘393y—4+6p + )»Qy_3+2p)19\85(x*)1)2 _ C/)»293y_3+4pv2.
Furthermore, on Q2 \ B;s(x,), the negative term in the right-hand side of the above can be absorbed into
the positive terms by taking A sufficiently large, and hence
e PN @ + Ag ul? =43 T+ V- )
> CM0y 2P|V 2 + C(WP0°y P 100y 2P 1o o0 — C'A203y 341 02 (2-53)
The desired estimate (2-15) now follows from (2-53) by (2-19), and by noting that
e*ZAFy71+2p|Vu| < Cy*1+2p|vvl +C)\,292 *3+6plvy|
< Cy 2P |Vu2 + CA20%y 0P 1, g (o v? + C'A20%y 3415 (02
It remains to prove the inequalities (2-17) and (2-18). For the latter bound, we apply (2-19), (2-32),
(2-37), and (2-43) to obtain
Vy - J —vDyv < 240y~ 2P (Dyw)? — A0y~ 2P Vo> + CA0y 2P |v||Dyv| + CAOy TP p?
< CA0y ™2 (Dyv)? + Cafy 3 12Py?
< Ce—Z)LF)\Qy—H—Zp(Dyv)Z + Ce—Z)\F)“393y—3+2[7u2’
whenever dr < dy (so that |[Vy|> =1 by Definition 2.1). Notice, in particular, that terms containing
derivatives of v in directions other than along Vy are nonpositive and hence can be omitted. The desired
(2-18) now follows from the above, (2-16), (2-19), and (2-44). Similarly, for (2-17), we estimate
|Jl| < C|vv|2 + C)\‘Zezy—zvz < Ce—2kF|vu|2 + Ce—Z}LFKZGZy—ZuZ’
where we applied (2-19), (2-31), (2-32), and (2-43). O

2.3. The global Carleman estimate. In this subsection, we will state and prove the precise version our
main global Carleman estimate. Before doing so, we must first improve the pointwise estimate (2-15)
by eliminating the negative term in the right-hand side that is supported near the critical point of the
boundary defining function. This is accomplished below by summing two instances of (2-15), using two
boundary defining functions with distinct critical points.

Lemma 2.8. Fix T > 0, and let o, p € R satisfy (2-14). There exist C, ¢, &', oo > 0 (depending on
T,Q,dy, o, p) and an (¢, &')-boundary defining pair (y1, y2) such that, for all u € C2([0, T] x Q) and
A Z Ao,

2 2
D e + Mgy ulP =4 (@ TF+ V- T))
j=1 j=1

Z Ty VU + 0363y TP 00y ], (2-54)
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where F; (j = 1,2) is given by

. = 10 ) — 1 -
Fj(t, x) .—e(t)(zpmx) tB). 00 = s, (2-55)
for appropriately chosen B; > 0, where the scalars J; satisfy
751 < Ce T |Vul? + Ce 193207y 2u?, (2-56)
and where the vector fields J; satisfy, sufficiently near I",
Vyj-Jj—e M iguDy u < Ce a0y 2P (Dy u)? + Ce P Fia303y 2, (2-57)

Proof. Lemma 2.4 yields a (e, ¢’)-boundary defining (y;, y») satisfying the properties of Definition 2.3,
for any sufficiently small ¢ and ¢’. In particular, y; (j = 1, 2) has a unique critical point x; € 2, with
dr(x;j) > 2dy, at which it attains its maximum R; := y;(x;). Since x; is the (unique) global maximum
of y;, and since x| # x2, there exist § > 0, 0 <r| < Ry, and 0 < rp < R; such that

Bs(x)NBs(x2)=2, {n<yi<RINy2<n}2Bs(x1), {ra<y2<RIN{y1 <r1} 2 Bs(xz). (2-58)
See Figure 1 for an illustration of this setting.

We can thus apply Lemma 2.7 with y = y;, our given p, o, the above §, and sufficiently large A > 0.

Summing both estimates, we derive

2 2

D eI (D + Agy )P —4Y (@ TL+ V- T))

j=1 j=1

> C0 Ze,Q)LF y 1+2plvu| -C )»203 Zefijy] +4p185(x,)”
j=1

2
Z G303y P 420y ) g gy pu?. (2-59)

Figure 1. The domain 2 with convex boundary I' is depicted together with balls centered at the
critical points x;, x, of two good boundary defining functions y;, y,. In a neighborhood of T,
these functions agree with the distance to the boundary dr-.
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Furthermore, we write the Carleman weights F; as
Fj(t,x)=0() f;(y;(x),  fi(r):= _rz,, +B;.
and we choose B, > > 0 to satisfy
1,2 2
B2— B = E(’”]p _rzp)~
Notice that with the above choice, we have
fi(r) = fa(r2). (2-60)
Then, for each j = 1,2 and j* := 3 — j, we have that

_ 344 —446 — s (rix) L —4+6
sz,y] P135(x,) < e W S(r)) v plB,;(xj-) < Ce™ 200 fjx(r; )y- plB,s(xj)

COAF o —4+6
< Ce ™My P Lo By o) (2-61)

with C > 0 independent of A. (Here, the first and third steps in (2-61) follow from (2-58) and the
monotonicity of fi and f>, while the second step is a consequence of (2-60) and the fact that both y;, y;«
are bounded away from 0 on B;s(x;).)

Applying (2-61) and taking A large enough, the negative term in the right-hand side of (2-59) can be
absorbed in the subsequent positive term, and we arrive at

9 2
DGR+ Aoy ul’ =43 @S+ VT
j=1 /=
1 2 —4+6 —3+2
Ze ZA.F + plvu| +()\’303 + p+)\‘9yj + p)lQ\Bg(Xj)Mz]-
j=1

Finally, the desired (2-54) follows by noting that the factor 1q\ gy in the above can be removed — this
is because €2 is covered by 2\ Bs(x1) and 2\ B;s(x3), and both y;, y, are bounded away from zero on
Bs(x1) U Bs(x2). U

We can now state our main global Carleman estimate:

Theorem 2.9. Fix T > 0, and let o, p € R satisfy (2-14). Then, there exist constants C, &, &', Ly > 0
(depending on T, Q, dy, o, p) and an (g, &')-boundary defining pair (y1, y2) such that the following
Carleman estimate holds:

2
j= [0, T]x |

hmsupZ/ e*Z}uF/‘[}Le 1+2P(D M)Z_i_)k 93 —3+2p 2]
[0.T]x{y;=6}

EAN)

2

Z f e Fi atuDyju
j=1 [0,T]x{y;=6}

2

+> / eI (&8, + Mgy ul?,  (2-62)

121 /10.71xQ

+ lim sup
N0
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for all A > Ay and for all u € C?([0, T] x Q) having finite energy,

sup / (IVul* +d*u?) < oo, (2-63)
tel0,T] J{t}xQ

and where both F; (j =1, 2) and 6 are defined as in (2-55).

Proof. Let C, ¢, €, Mo, (y1, ¥2) be chosen as in Lemma 2.8. Integrating the pointwise estimate (2-54)
over the domain [0, T'] x {y; > &} and applying both the fundamental theorem of calculus (in #) and the
divergence theorem (in x) yields

2
ey / e PFi[a0y VU + (1363 gy )
=1 0,T1x{y;>8}

2
Z/ e\, + Ay ul? +4Z/ ! |+4Z/
o J0.T1x0y>0)

+4Z/ (Vy;-Jj). (2-64)

[0.7]x {y;=3)

x{y;>d} X{y]>(3

By (2-57), there exists C’ > 0 (with the same dependencies as before) with

/ (VyJJJ)<C// e—ZAF_/)Leyj—l-l-Zp(Dyju)z_i_C// e—ZAF_,-)L393yj—3+2pu2
[0,T]x{y;=4} [0,Tx{y;=3} [0,T]x{y;=6}

+C’

/ e duDyul, (2-65)
[0,T]x{y;=6}
for j =1, 2. For the remaining boundary integrals for J ]t note that

akoke Fi < 3Kk o=108;

converges uniformly to O as ¢ /' T and ¢ N\ 0, for any k > 0. The above, combined with (2-56) and (2-63),
imply that the terms of (2-64) containing J{, J; vanish:

2
4 / |Ti =4 f 171 =0. (2-66)
; {T)x(y;<8) Z O)xly;<8)
Combining (2-64)—(2-66) and then letting § N\ O results in (2-62). 0

Remark 2.10. While the final boundary term in (2-62) (involving 0,u) is expected to vanish in our
applications of Theorem 2.9, it has to be treated especially delicately. Thus is due to the presence of 0, u,
which counts for two spatial derivatives in the context of parabolic equations, and which makes this the
least regular boundary term. In particular, we will have to take full advantage of the structure of our heat
operator in order to ensure that this term is well-defined and finite.
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3. Boundary observability

As an application of Theorem 2.9, we present in this section a boundary observability result for critically
singular (backwards) heat equations. Throughout, we let 2, I, dr, and the constant dy be as in previous
sections.

Before stating our key results, we must first develop the requisite well-posedness theory for our
singular heat operators. For this, we will also have to treat the more general inhomogeneous extension of
Problem (O):

Problem (OI). Given final data ur on 2, and forcing term F on (0, T) x 2, solve the following final-
boundary value problem for u:

0, +A;+X-V+Vu=F o0on(0,T)x,
u(T)=ur onQ, (3-1)
u=0 on(,T)xT,
where o € (_43'1’ O), and where the lower-order coefficients satisfy (X, V) € Z.

Our analysis of Problem (OI) is closely connected to the setting studied in [Biccari and Zuazua 2016]
(but only for subcritical o). Since we are dealing with boundary rather than interior observability, here we
must deal more carefully with boundary asymptotics. Moreover, the presence of lower-order terms in (3-1)
complicates the analysis. As a result, we provide abridged proofs of several key results for completeness.

Remark 3.1. We note that all the theory in this section applies to the forward heat equation as well, with
the final data ur replaced by initial data u at t = 0. Indeed, this can be obtained by applying the time
transformation t — T —1t.

For future convenience, we also use Lemma 2.4 to fix the following:

Setting (boundary defining function). Fix a boundary defining function (Definition 2.1) y € C*(S2). (The
associated constants ¢, &’ are not relevant.)

The above is mainly for technical simplification, as this allows us to replace dr, which can fail to be
differentiable away from I, by a smoother quantity.

Remark 3.2. Equation (3-1) can now be rewritten as

dJu+y V- -[y* Vo u)l+X -Vu+Vu=F, (3-2)
where the modified potential V, is given by

Vy=V =iy ' Ayg + k(1 =) (IVy Py 2 —d:H)e. (3-3)

Note in particular that (X, V)) € Z. In the upcoming analysis, it will often be more convenient to express
Ay in terms of “y-twisted” derivatives, y“Vy™ and y “Vy*.
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3.1. Elliptic and semigroup theory. The first task is to establish the elliptic and semigroup properties for
the singular operator A, + X -V + V.
The following Hardy inequality will play a crucial role in our analysis:

Proposition 3.3. For any ¢ € H} (),

1 / dr’¢? < / VoI, (3-4)
4Ja Q

Remark 3.4. See [Brezis and Marcus 1997; Marcus et al. 1998] for details on Proposition 3.3. We
mention that the explicit constant le in (3-4) is only valid when I" is convex; for more general €2 and I,
one still has (3-4), but with % replaced by a possibly smaller positive constant.

Corollary 3.5. The following holds for any o € (—%, O) and ¢ € HO1 (),

Pl m ) = 1Y VO D)2 + 1912 (3-5)

where the constants depend on Q2 and o.

Proof. Half of (3-5) is an immediate consequence of (3-4):

VOO 2@ S IVl + 11y ll2@) S IVl L2 0)-

For the reverse inequality, we integrate by parts to obtain, for ¢ € C3°(S2),
[ w0k < [ o-s8-a0)
Q Q
< —/ POV VOO + VSl 2@ + ol 2@lol 2
Q

</Q|)’KV()7_K¢)|2+[||V¢||L2(Q)+||¢||L2(Q)]||¢||L2(Q)-

The result now follows from the above via approximation. (]
Remark 3.6. One can in fact show, using (3-4), that (3-5) holds for all o < le'

Next, we show that A, + X - V 4 V generates an appropriate semigroup, from which one can derive
well-posedness properties for Problem (OI):

3
40

Proposition 3.7. Fixo € (— O) and (X, V) € Z, and consider the operator
As i =As+X-V+V, (3-6)
which we view as an unbounded operator on L3(),
As 1 D(Ag) > LX), D(A):={¢ € Hy(Q) | Asp € L*(Q)}.
Then, there exists y > 0 such that:
o M — A, is invertible for any A >y, and

I =AD" fllzg < A —») I fll2gys  f € LARQ). (3-7)
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o —A, generates a y-contractive semigroup t — ¢4 on L*>(Q); that is,
le™ Y ll2) <€ l¢lli2). >0, ¢ LA Q). (3-8)
Furthermore, if p € D(Ay), then ¢ € HI%)C(Q), and
Iy VIy* VO )]l2@ + 1IVOl 200 S 1Az + 101 120). (3-9)
with the constant of the inequality depending only on Q, o, X, V.
Proof sketch. First, by the computations in Remark 3.2, we have
Ae =y V- XYy ™ ) + X -V + V. (3-10)
We begin with the resolvent estimate (3-7). Note —A, can be associated with the bilinear form
B, : Hy(Q) x H} (Q) — R, given by
By (¢, ¥) == /Q[y"V(y_K¢) YV = (X V)Y — Vyoy]. (3-11)
By Definition 1.5 and (3-5), there exist ¢ > 0 and y > 0 such that
By (@, 9) = clldllzy ) — v 101175 (3-12)

In particular, when A > y, the Lax-Milgram theorem and (3-12) imply that for any f € L?*(Q), there
exists a unique ¢ € HO1 (€2) such that

A/Q¢w+zsa<¢,x/f)=/gfw, ¥ € Hy (). (3-13)

Applying an integration by parts to (3-13), we see that f = (Al — A,)¢ (at least in a weak sense).
Moreover, setting ¥ := ¢ in (3-13) and recalling (3-12) yields

A =Bl72q) < If 2@l 2@,

from which the resolvent inequality (3-7) immediately follows.
The next step is to obtain the H 2_estimate (3-9). The H!-bound

Vol 2@ S 1Acdll 2 + 1101120 (3-14)

is a consequence of (3-11), (3-12), and an integration by parts. Moreover, interior regularity for A,
follows from standard elliptic theory (see [Evans 2010, Section 6.3]), since all the coefficients of A,
are bounded on any compact subset of 2. In particular, ¢ € ©(A,) implies ¢ € HI%C(Q), and hence it
suffices to bound y“V[y*V(y ¥ ¢)] in (3-9) while assuming that ¢ is supported sufficiently near I'.

Let Y and A denote the gradient and Laplacian on the level sets of y, respectively. The informal idea
is then to integrate by parts the identity

fQAad)/M)=fg{y_'(v-[yZKV(y_W))]-i-X-V¢+Vy¢>}4&¢. (3-15)
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In particular, estimating lower-order terms using Definition 1.5 and (3-4), and noting that Y ¢ and Y72¢)
have zero trace on I', we obtain the estimate

Iy Y VO O
S Al 2@l Al L2 2) + 191 20 1y Y VO Ol 2@) + 181710, + 177 Sl 2@ | A1l 120
SAlL2@ + 191 m @y *YI* VO 12y + 19151 -

(Formally, there is not enough regularity to carry out the above manipulations, and one must approximate,
e.g., by replacing A¢ in (3-15) with appropriate difference quotients; see [Evans 2010, Section 6.3].)
The above then implies

Iy YV 720 S 1408172 ) + 19171 ) (3-16)
In addition, for normal derivatives, we bound, using (3-4), (3-6), and (3-16),

Iy ™ Dy[y* Dy (v “ Ol 2y S N Acdll 2 + 1801 20 + 1Dl 10
S1Acoll 2@ + 181 a1 () (3-17)

The desired estimate (3-9) now follows by combining (3-14), (3-16), and (3-17).

It remains to prove the semigroup property for —A,. By the Hille—Yosida theorem (see, e.g., the
discussions in [Evans 2010, Section 7.4]), this is a consequence of (3-7), provided we show that A, is
closed and densely defined. The latter property holds, since D (A, ) contains C;°(£2) and hence is dense
in L2().

Finally, to see that A, is closed, consider a sequence (¢) in D (A,) such that

lim ¢y =¢, lim As¢p =, (3-18)
k—o00 k—o00
with both limits in L?($2). Then, all the ¢ ’s lie in HI%,C(Q), and (3-9) yields that

Iy VIV ™ (b — o)l 2 + IV (@ — 8Dl 2 @) S 1Achr — Aoill 2@y + 10k — Bl 20,

for any k, [ € N. Since the right-hand side of the above goes to zero as k, [ — oo by (3-18), then (¢¢) is a
Cauchy sequence in a weighted H>-space, and

lim Vg = Ve, lim y “V[y*V(y )] =y *VIy*V(y o).
k— 00 k— 00
The above then implies ¥ = A, ¢, and hence A, is indeed closed. O

Remark 3.8. Hardy’s inequality ensures the usual Sobolev space HO1 (€2) suffices for working at the level
of first derivatives. However, the situation changes for second derivatives, as the left-hand side of (3-9) is
no longer comparable to the H?-norm.

3.2. Strict solutions. Following the discussions in [Biccari 2019; Biccari and Zuazua 2016], we now
define two notions of solutions of (3-1), and we state the corresponding well-posedness results:
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Definition 3.9. Given ur € L>(Q) and F € L*((0, T) x ), we call
u e CO0, T1; L* () N L*((0, T); Hy ()

a mild solution of Problem (OI) if and only if the following holds:
T
u(t) =e T4 yy — / e F(s)ds, tel0,Tl. (3-19)
t

Proposition 3.10. Suppose ur € L%(Q) and F € L*((0, T) x Q). Then, there is a unique mild solution u

to Problem (Ol). Furthermore, u satisfies the estimate

2 - 2 2 2
”u”Loo([O,T];LZ(Q)) + ||yKV(y Ku)”LZ((O’T)XQ) 5 ”MT”LZ(Q) + ”F”LZ((O,T)XQ)’ (3'20)
with the constant of the inequality depending only on Q2,0, X, V.

Proof sketch. Both existence and uniqueness are immediate from (3-19). For (3-20), we only consider
when ur € D(A,) (so that u(t) € ©(A,) and d,u(r) € L*(Q) for every t € [0, T)); the general case then
follows by approximation.

By the fundamental theorem of calculus, (3-2), and integrations by parts,

lu(TH17 2y — 14172

T
:2/ / uf{F —y™V-[y* V(™ u] = X - Vu— Vyu}|_ ds
t Q

T T T
=2/ / Fuli=s ds+2/ / Iy”V(y“u)|2|,_Yds+/ /(V-X—ZVy)MZL_Yds,
1 JQ 1 JQ o 1 JQ o

for any ¢ € [0, T). Rearranging and recalling Definition 1.5, we obtain that

T
OBy +2 [ [ VO uen s
t JQ T
<l g + / [IFE )20 + 11y~ w20 10 () | L2 ds.
t

Applying (3-4), (3-5), and absorbing then yields,

lu @2y + 1l 20,1y @ S Mer 172y + I W20,y ) T / ' 15 172 .
and the result follows from Gronwall’s inequality. (I
Definition 3.11. Given ur € Hy(Q) and F € L*((0, T) x ), we call
u e CO([0, TT; Hy () NH'((0, T); L*(2)) N L*((0, T); D(As))
a strict solution of Problem (O]) if and only if:

e (0 + Ay + X - V+ V)u=F almost everywhere on (0, T') x Q.
e u(T) = u7 holds as an equality in HO1 ().
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Proposition 3.12. Suppose ur € H(} (Q) and F € L*((0,T) x Q). Then, the mild solution u from
Proposition 3.10 is also the unique strict solution to Problem (Ol). Furthermore, u satisfies the energy
inequality

2 - 2 - 2 2 2
||Lt ||L°°([0,T];H1(Q)) + ”y KV[)’ Kv(y K”)]”LZ((O’T)XQ) S ”uT ”Hl(Q) + ”F”LZ((O,T)XQ)’ (3'21)
again with the constant depending only on 2, o, X, V.

Proof sketch. That the mild solution is also the strict solution is immediate. For (3-21), we again need
only consider ur € D(Ay).
By the fundamental theorem of calculus, integrations by parts, and (3-2),

1YV O™ u (TN 20, = 1Y VO u@) 72,

T
t Q

T T
=2/f(—F—i—X-Vu—i—Vyu)y_"V-[yz’(V(y_"u)]it:Sds—i—2f/|y_KV-[yz’(V(y_"u)]|2|t:Sds.
t JQ t JQ

Rearranging the above and applying Hardy’s inequality then yields

1l e o, 71 112y F 1Y TV - VO W2 0195 S 1071 @) + 1 F 172007950
The desired (3-21) now follows from the above and from (3-9). O

Remark 3.13. While our well-posedness theory only applies when the lower-order coefficients X and V
are time-independent, this restriction is not essential. In fact, one can also treat time-dependent X and V
using a Galerkin method approach; see [Warnick 2013], which develops this theory for critically singular
hyperbolic equations.

3.3. The Neumann trace. From now on, we will focus mainly be on strict solutions to Problem (OI),
which are particularly relevant as this level of regularity is sufficient to define and control the Neumann
boundary trace.

Proposition 3.14. Fix uy € H(} (Q) and F € L*((0, T) x Q), and let u denote the strict solution to
Problem (O1) (with this ur and F). Then, the Neumann trace Nyu is well-defined in L%((0,T) xT) and
satisfies the bound

2 2 2
||NUM||L2((O,T)XF) 5 ”uTHHl(Q) + ||F||L2((O,T)><Q)’ (3'22)

where the constant in the above depends on 2,0, X, V.
Furthermore, the following limit holds in L?*((0,T) xIN):

: 14K _
dlrlglodF u= I—ZKNUM' (3-23)
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Proof. For any x € I' and 0 < yo < 2dp, we let n,,(x) denote the point on the level set {y = yo} that is
reached from x along the integral curve of Vy. Letting dS be the surface measure on I', then for any
0 < yy < yo < 2dp,

_ _ 2
/ [J’ZKDy(y Ku)l(t,nyo(x))_yzkl)y(y “Wen, oon]” dS(x) di
0,T)xT’ -0

Yo 5
:/ ([ Dy[y* Dy, (y ™ w)]lq. r;y(x))dy) ds(x) dt
(0,T)xT

30
<f e[ b
©,7)xT" Jy;

S +26) "yt //|y_KV[)’2KV(y_Ku(s))]|2ds,
0 JQ

_ 2
s Dy (™ W]l e, ey dy dS(x) dt

where we used that 2k > —1 and that y = dr near I'. By the inequality (3-21), the right-hand side of the
above vanishes when yo \ 0, and it hence follows that N, u exists as an element of L?((0, T) x I').
Next, let x : R — [0, 1] be a cutoff function satisfying

1 S<d(),

X = {0 s> 134y,

Then, a similar computation as before, again using that 2« > —1, yields

2dy 2
/ Nyu)? = / ( / D,y Lx ()3 Dy (=)l i.ny 00 dy) dS (x) dr
0, T)xT 0, T)xT 0

2dy
d“”/o / |y Dy [y Dy (v )]l myon | dy dS(x) it
0, T)xI"

2dy
d””f(o § Ff 3 Dy )l gy o |2 dy S Co) di

T
S / / VDYV UG ds + 1l F2 0 7y 1 g
0 JQ

where we also used (3-5). The bound (3-22) follows from (3-21) and the above.
Next, for (3-23), we first note, for any 0 < yg < 2dp, that

- 1 2
/(0 T) 1“<yK lukt’”“"o(x))_ 1—2KN“”|<LX>> dS(x)dt
5 X

o 1 z
2/ |:ng lf Dy (y ™ u)l(t.ny ) dy_ﬁ-/vaul(t,x) dS(x) dt
0,T)xT 0 —<zk

Yo 2
= f (yé“ f y‘z"[yz"Dy<y‘”u>|(,,n,.<x))—Ngum,x)]dy) ds(x)dt,
0, T)xTI’ 0
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where we used the boundary condition # =0 on I' from (3-1), and that k <0. We next employ Minkowski’s
inequality on the above to derive

- 1 2
|:\/(() T) F(yK 1M|(t,77y(x))_ 1_2KNUM|(I,X)> dS(x)dt]
) X
1

B Yo _ B 2 2
Sy / y ”[ / (Y Dy(y ™ W), ) — Nottl) dS(x) dt | dy
0 0,T)xI’

1
2

1

_ 2 2

< sup |:/ (yZKDy(y “U (., ) — Nottl¢,x))” dS(x) dl] .
O<y<yoLJ (0, T)xT

Since Nyu € L*>((0, T) x I), its definition (1-3) implies the above converges to 0 as yp N\, 0. This

immediately implies the desired limit (3-23). ]

Remark 3.15. With some modification, one can extend the preceding well-posedness theory (Proposi-

tions 3.10 and 3.12) and Proposition 3.14 to 0 < 0 < 4—1‘.

Next, we prove a technical result, roughly stating that the least regular boundary term in the Carleman
estimate (2-62) indeed vanishes in our present setting:

Proposition 3.16. Letur e HO1 (2), and let u denote the strict solution to Problem (O) (that is, Problem (OI)
without forcing term F = 0). Then, u satisfies

lim e 8, (y " w)y* Dy (yFu) =0,
(0.7)x{y=8) (3-24)
lim e (v u)yy M u =0,
INOJ(0,7)x{y=5)
for any ) > 0, where F denotes the weight
1 142k )
F(t,x):= [T 1) [y(x) ™ +Bl, B=>0. (3-25)
Proof sketch. Define the bilinear maps By, B, : H} () — R by
Bi(ur) := lim e (T Wy Dy (y T w),
(O,T)X{):‘S} (3—26)

By(ur) := lim e, (v Wy
INOJ(0.7)x{y=3)
where u is the strict solution to Problem (O) with final data u7. It then suffices to show that both 3; and
B, are everywhere vanishing.
The main step is to show that both B; and B, are well-defined and finite. The process is similar to the
proof of Proposition 3.14, except we need more care with regularity. Somewhat informally, we use the
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divergence theorem to bound 5B; by

|Bi(ur)| =

lim / V. [e—“fa,<y—Ku>y2KV<y—“u>]‘
N0 J(0,7)x (y>8)

< % lim sup
5N\0

/ Py VO WP +C [ faal]y VLYo
0, T)x{y>é} 0,T)xQ

e / ey [y Dy (¥ )|
0,T)x2

< sup /Iy"V(y‘"u(t))lz—i-/ yz'(lyz'(Dy(y_"uﬂ2
t€[0,T] JQ 0,T)x
_ _ 2
L RN T R i
(0,T)xQ
=hi1+hLhy+ 13, (3-27)

where all constants here and below can depend on €2, o, X, V, as well as g, A, and where we also noted
that A3t =3(T — 1) 3¢~ is bounded.
For I 1, we apply Corollary 3.5 and Proposition 3.12, which yield
Ly Sllurlif g (3-28)
For I 3, we recall the heat equation (1-9), Proposition 3.3, and (3-21) to obtain
Lis S lurlly g (3-29)

For I; 5, we integrate the pointwise Hardy inequality of Lemma 2.6, with parameters ¢ := 1 4+« and
vi= y* D, (y~*u), and we recall Propositions 3.12 and 3.14:

11’2 S /(O . Q(yZ-‘rZK|Dy[y2KDy(y—Ku)]|2 +y1+2K|y2KDy(y_Ku)|2)
y X

+lll’l’l y1+2/<|y2KD (yikbt)|2
INO J(0,7)x{y=5) g

Shurlipg+ [ D0 WP
0,T)x2
(Formally, the region near the critical point of y, where |Vy| =0, can be trivially treated.) Integrating

Lemma 2.6 again, now with g := % + k, yields

11,2 S ”uT”i]l(Q) (3-30)
Combining (3-27)—(3-30), we see that

Bl (MT) S ”uT“%.Il(Q)

Also, applying the above to differences of final data, we see that 3; is continuous.
Next, for B, we have

< sup lim y u@)]? + lim vy u“.
1€[0,718N0 J{y=5) INO J(0,7)x {y=5}

1 _ _
|52(MT)|=E‘/ ey (yu?)
0,T)xI’
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The last term in the above vanishes by Proposition 3.14. For the remaining term, we again integrate
Lemma 2.6, with ¢ = 0, which yields

Bl sup [ ADP 4370 Sl g
tel0,T]JQ

where in the last step, we also applied Propositions 3.3 and 3.12. Like for B, the above suffices to imply
the finiteness and continuity of ;.

(Formally, to rigorously show Bj(ur), By(ur) are well-defined, we would need, as in the proof
of Proposition 3.14, to estimate differences of the associated integrals over (0, T) x {y = &;} and
(0, T) x{y =82}, with 81, 82 \( 0. However, we skip this step here, as the details of this are analogous to
the above.)

Finally, by continuity, it suffices to show B; and B, vanish on a dense subspace of HO1 (£2). For this,
we consider the domain © (A, ) from Proposition 3.7. Observe in particular that if u7 € (A ), then the
relations (see (3-19))

u(@) =" Mrur, Bu) =T (—Asur)

imply that d,u is a mild solution to Problem (O), with final data —A,ur € L*(2). Also, Proposition 3.10
yields d,u € L*((0, T); H; (2)), and hence D, (d,u) = 0 as an element of L?((0, T) x I'). Applying the
above to (3-26), we now have both B (ur) = 0 and B,(ur) = 0 whenever ur € ®(A,), as desired. [l

3.4. Observability. Lastly, we state the key observability inequality and unique continuation property
satisfied by solutions of Problem (O):

Theorem 3.17. Let ur € HO1 (2), and let u be the corresponding strict solution to Problem (O). Then, the
observability estimate

1) 31 ) S N7 20,71 (3-31)

holds with the constant of the inequality depending on 2, o, X, V.
In particular, if Nou=00n (0, T) x ', thenu =00n [0, T] x Q.

Proof. Applying the global Carleman estimate of Theorem 2.9, with o := « (1 — «) from Problem (O) and
with p 1=« + %, so that
pe(0.3), P -2p+3i=0

we see that there exists a boundary defining pair (y1, y») (again, the values of the associated constants are
not important) such that, for sufficiently large A > 0,

2
f Me M (IVul® + y;%u?)
; 0,T)x
2
< lim sup Z / A393e=2AFi [yjz" (Dy, u)? + y;2+2xu2]
N0 0.7)x{y;=s)

j=1

j=1
2

—+ Z / e_ZAF'j (8; + Ao,yju)z- (3'32)

0,T)xQ

2
+limsupz
j=1

/ e i 8,uDyju
—11/0.T)x{y;=8} =1
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In the above, (0, F, F;) are defined from (y, y;) via (2-55), and the left-hand side of (2-62) was further
simplified by recalling that x < 0. (While (2-62) holds for classical regular solutions, this can be extended
to strict solutions via approximation.)

For the first boundary term in (3-32), we apply Proposition 3.14 to obtain

2
fim sup f 1302y (Dy ) + y; ]
N0 ST SO T) Xy =5)
2
S lim supZ/ W0%e iy Dy, (y]fku)|2 +y;2+2xu2]
SN0 o 0.1 x(y=8)
5/ (Nau)zs (3_33)
(0,7)xT

where we also noted in the last step that A393¢=2*Fi

is bounded. Moreover, from Proposition 3.16, the
remaining boundary term in (3-32) vanishes.

Next, from Definition 1.5 and the definition of y, we have

2 2
> / e i@ + Moy, )* S f e (Vul 4y 2u?). (3-34)
j=1 (0, T)x 2 j=1 0,T)x2
Thus, combining (3-32)—(3-34) and taking A sufficiently large yields
2
> f e (VU +y;7u?) S / Nou)?. (3-35)
o1/ 0.)%Q (0,T)xT

Note (3-35) implies unique continuation —if Ay u =0, then u =0 on [0, T] x L.
Finally, applying the Hardy inequality (3-4) to (3-35), we have

T
/ e~ MO Nut) | gy dt < f Nyu)?,  ¢>0.
0 0, T)xI"

Applying the inequality (3-21) on each interval (0, ¢) (with ' = 0) in the left-hand side of the above, we

can estimate the H'-norm of u(¢) from below by the H'-norm of u(0). Since e~*¢ is clearly integrable

on (0, T'), then (3-31) follows. U

4. Boundary controllability

In this section, we prove our main boundary controllability result for the forward heat equation by applying
the Neumann regularity (Proposition 3.14) and boundary observability (Theorem 3.17) for the backward
heat equation. In particular, here we are primarily concerned with the setting of Problem (C):

(=0, +As+Y - V+W)r=0 on(0,7T) x L,
v(0) =vy on 2,
Dsv=f on(0,T)xT.

As usual, we adopt the same setting as described in previous sections.
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4.1. Regular solutions. The first step is to briefly discuss how solutions of Problem (C) with nonzero
Dirichlet data are constructed for sufficiently regular data.

Proposition 4.1. Given vy € HO1 () and f € C3°((0, T) x I'), there exists
ve CO0, T1; H ()N H'((0, T) x L*(Q)) N L*((0, T); HZ.())

that solves Problem (C) in the following sense:

o (=0 +As+Y-V+W)v =0 almost everywhere on (0, T) x 2.

e v(0) = vg holds as an equality in Hléc(Q).

e D,v = f holds in the trace sense in C°([0, T1; L>(T")).
Moreover, if ur € H(; () and F € L*((0, T) x ), and if u is the corresponding strict solution of
Problem (O1), with lower-order coefficients given by

X, V) =Y, W-V.-Y)eZ, 4-1)

then the following identity holds:

/ Fv=/ urv(T)—/ u(O)vo—i-/ Nouf. (4-2)
(0,T)x Q Q (0,T)xT

Proof sketch. For convenience, we adopt the shorthand
By i=As+Y -V+W. (4-3)
First, we construct a suitable extension vy : (0, 7) x 2 — R of f:

» We extend f to a sufficiently small neighborhood (0, 7)) x Ur of (0, T) x I' by defining it to be
constant along the integral curves of Vy at each time. Calling this extension f, we then define, on
(0, T) x Ur, the function

K l K
vp =y fr = 5oy Y - Vy £y W) fr € CH(O, T) x Ur). (4-4)

o vy is then extended arbitrarily to all of (0, 7) x 2 asa C 2_function.

Furthermore, observe that since f € C3°((0, T') x I'), we can also arrange such that vy smoothly extends
to t = 0 by the condition vy |;—o = 0.

The key observation is that (—0; + B,)vy lies in L2((0, T) x ). To confirm this, we need only check
that (4-4) has this property on (0, 7) x Ur, on which we can assume y = dr. For the first term on the
right-hand side of (4-4), we have

(=8 + BV fr) =y V- ¥V fr) + Y - VO fr) + Wyy* fr + 0 ()
=2y 'Vy Vi + 3Nk Y - Vy +yWy) fr + 0(%),

since fr and its derivatives are bounded up to I by definition. As Vy -V fr vanishes (again by the
definition of fr), we hence obtain

(=3 + Bo) (O fr) =y kY - Vy +yWy) fr + 0 (). (4-5)



CONTROL OF PARABOLIC EQUATIONS WITH INVERSE SQUARE POTENTIALS 275

In addition, since Y and yW, are C ZatT (by Definition 1.5), we have

(=00 Bo) [ =50 WY - Ty b yWy) fr | = =5 [V GEIRIGY - Vy +yWy) fr+ 0G)
==y T kY - Vy +yWy) fr + 0("). (4-6)
Summing (4-5) and (4-6), and recalling that x € (—%, O), we conclude that
(=3, + Bo)vy = 0(y) € L*((0, T) x Q). (4-7)
Next, we define vy, as the strict solution to the following problem:

(=0, + Bs)vy = —(—=0; + B5)vy on (0,T) x 2,
v (T) = vy on 2, (4-8)

v, =0 on (0, T)xT.

Note that the existence of vy, follows from Proposition 3.12 (adapted to the forward heat equation — see
Remark 3.1) along with (4-7). Finally, observe that

v i=vp + vy, (4-9)

which lies in the required space, suffices as our desired solution to Problem (C).
Lastly, given ur, F, and u as in the hypotheses, we write

/ Fv:/ (atu+y_KV-[yZKV(y_KM)]—i—X-Vu—{-Vyu)U
0,T)xQ 0.T)xQ

=L+ hL+15+1, (4-10)

and we integrate each term on the right-hand side of (4-10) by parts. First,

h=/ ue@m+/mnmn—fu@mm
(0,T)xQ2 Q Q

2/ u(—atv)—l-f uTv(T)—/ u(0)vg. 4-11)
0,T)xQ Q Q

To see that the right-hand side of (4-11) is well-defined, we consider, for instance,

/uTv(T)zfuth(T)—i—fuva(T).
Q Q Q

Note that both terms on the right-hand side are finite, since ur, vy, vy € L3() by Proposition 3.12, (4-4),
and the assumption « > —%; the remaining term involving u(0)vy is treated similarly. Next, observe from
(3-3) and (4-1) that

13—1—142/ u(Y~Vv—|—Wyv)—/ (Y-Vy)[lim y"u]ng
0,T)xQ 0,T)xI’ YN0
Z/ u(Y - Vo + Wyv), (4-12)
0,T)x2

where the boundary term in (4-12) vanishes due to (3-23).
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For the remaining term I, we first obtain

L= —/ YV u) -y V(y T v) +f NouDyv
0,T)x 0,T)xI

= —/ YV u) -y V(y T v) +/ Nouf,
0,T)x2

0, T)xI"

where we note that N, u is well-defined by Proposition 3.14, and where we also note that y*V (y™*u),
YV (y™ vp), and y“V(y " vy) all lie in C([0, T']; L*()), by Corollary 3.5, Proposition 3.12, and (4-4).
Integrating by parts again then yields

I :/ uV-[yZKV(y_Kv)]—i-/ Nouf — DouNyv. (4-13)

0,T)xQ (0,T)xT (0,T)xT

We claim the last term in the right-hand side of (4-13) vanishes. However, treating this (informally written)
term properly requires additional comments:

 For the Neumann trace “N,v”, we first notice from Proposition 3.14 that N, vy, is well-defined,
with a finite value on (0, T) x I'. Also, from (4-4), we see directly that A, vy (or, more accurately,
¥ Dy (y ™ vy) in the limit y — 0) blows up like O(y*) at (0, T) x I'.

« By the second part of Proposition 3.14, the Dirichlet trace D, u exists and vanishes to order O (y!' =)
at (0, 7) xT.

Thus, the informally stated product “D,uN,v” vanishes at (0, T) x I like O(y“"), which is a positive

- 1
power of y since k > —5.

Combining (3-3) and (4-10)—(4-13) then yields

/ Fv:/ u(—atv—I—Bgv)—i—/ Nguf—{—/ uTv(T)—f u(0)vy,
(0,T)xQ (0,T)xQ (0,T)xT Q Q
and the desired identity (4-2) follows from the equation satisfied by v. O

Remark 4.2. In proving Proposition 4.1, the extension vy := df. fr may have seemed natural at first
glance. However, this vy runs into issues, since (—0; + By )vy fails to lie in L2((0,T) x Q). As a result,
one requires the extra correction term in (4-4) to ensure vy is sufficiently well-behaved near the boundary.
In fact, this correction term also motivates the boundary conditions imposed in Definition 1.5.

4.2. Weak solutions. The next task is to derive, using the identity (4-2), a well-posedness theory for
Problem (C) that is dual to that of Problem (OI).

Definition 4.3. Given vy € H~'(Q) and f € L?((0, T) x "), we call
ve C'(0, T H' () NL*((0,T) x Q)

a weak (or transposition) solution of Problem (C) if and only if for any F € L%((0,T) x Q),

/ Fv= —f u(O)vo+/ Nouf, (4-14)
0,T)xS2 Q 0,T)xT

where u is the strict solution to Problem (OI) with the above F, with ur = 0, and with lower-order
coefficients X and V given by (4-1).
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Proposition 4.4. Given vo € H~'(Q) and f € L*((0, T) x "), there exists a unique weak solution v of
Problem (C). In addition, v satisfies

2 2 2 2
”U”Loo([(),T];Hfl(Q)) + ”v”LZ((O,T)XQ) S ”UO”H—I(Q) + ||f||L2((O,T)XF)’ (4'15)

where the constant depends on 2, 0,Y, W.

Proof sketch. Define the linear functional S : L2((0, T) x Q) — R by

SF := —/ u(O)vo+/ Nouf,
Q [0,T]xT

where u is the strict solution to Problem (OI) with the above F, with uy =0, and with X and V given
by (4-1). Observe that S is bounded, since

2 2 2 2 2
|SF| 5 ”M(O)”HI(Q)”vO”H—l(Q) + ”NUMHLZ((O,T)XF)”f”Lz((O,T)XF)

5 (”vO”%{—l(Q) + ”f”iz(((),T)XF))”F”iz(((),T)XQ)’ (4'16)
where in the last step, we applied (3-21) and (3-22). By the Riesz representation theorem, there exists a
unique v € L*((0, T) x ) such that
/ Fv=SF.
(0,T)xS

In particular, v satisfies the desired identity (4-14).
In addition, the representation theorem and (4-16) also imply the estimate
2 2 2
”U”LZ(((),T)XQ) S || vOllH—l(Q) + ”f”Lz((O,T)XF)’

hence it remains only to obtain the CO([0, T1; H~1(Q))-estimate for v. For this, we fix any T € (0, T]
and u; € H(} (€2), and we let u be the strict solution of

O +Asu+X-V+V)u=0 on(0,1)x £,
u(t) =u; on <2, 4-17)
u=0 on(0,7)xT.

For sufficiently regular vg and f, uniqueness yields that v must be equal to that of Proposition 4.1. As a
result, the identity (4-2) yields

fu,v(r)z/ u(O)vo—/ Nyuf.
Q Q 0.T)xT

The estimate (3-21) then implies

/ u:v(t)
Q
S el @ [Ilvoll -1y + 1 £ 1 20,m<m) |-
and the desired C°([0, T1; H~'(2))-estimate for v follows. Finally, the general case vo € H ~1(Q) follows
via an approximation argument. (I

<) g1 lvoll 1) + INsull L2¢0, 7)< 1Lf | L2¢0.7) <)

4.3. Null controllability. We can now turn our attention to the main null control result. The first step is
to properly characterize the desired null control:
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Proposition 4.5. Fix any vo € H~'(Q). Then, f € L*((0, T) x ') is a null control for Problem (C) (that
is, the weak solution v to Problem (C), with the above vy and f, satisfies v(T) = 0) if and only if for any

ur € Hj (Q),
O:/ ./\/guf—/ 1 (0) vy,
0, T)yxI Q

where u is the strict solution of Problem (O), with (X, V) as in (4-1).

Proof. For sufficiently regular vy and f, this follows from the identity (4-2) (with F' = 0). The general
case then follows by approximation. O

Theorem 4.6. Problem (C) is boundary null controllable — more specifically, given any vg € H™' (),
there is a null control f € L%((0, T) x ') for Problem (C).

Proof. Consider the following seminorm on HO1 (),

lur llon = INoull2¢0.7yxry, Uz € Ho (S2), (4-18)
where u is the strict solution of Problem (O), with u7 as above and with (X, V') as in (4-1). Theorem 3.17
implies that (4-18) defines a norm, and we can now define 91 to be the Hilbert space completion of HO1 (RQ)

with respect to (4-18).
Consider now the functional I, : H(} (2) — R given by

1
I (ur) := 5/ |Nau|2_/ u(0)vo, (4-19)
(0,T)xT Q
with u as before. The observability inequality (3-31) then implies I, extends to a continuous functional
on 91, and this continuity also implies the estimate
Io (ur) > cllur |j = Cllvoll -1y, ur €M,
with ¢, C > 0. In particular, I, is coercive, hence I, has a minimizer u7} € 1.
Let {ur,;} be a sequence in HO1 (2) with uz j — u% in N, and let {u;} be the corresponding solutions
to Problem (O). By (3-31) and (4-18), there exist functions f € L%((0, T)xT") and ug € HO1 (€2) such that
I f = Noujll2q0,myxry = 0, lluo — ujO)ll ) @) — O

Finally, taking the first variation of I, and recalling the above limits, we therefore obtain, for any
ur € Hy(Q) (and with u as before),

0= lim l[Ia(u”} + hur) — I, (u})] :f Nouf —/ u(0)vg.
h—0 h (0,T)xT Q

As a result, by Proposition 4.5, the above f is the desired null control. U
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FOCUSING DYNAMICS OF 2D BOSE GASES IN THE INSTABILITY REGIME

LEA BOSSMANN, CHARLOTTE DIETZE AND PHAN THANH NAM

We consider the dynamics of a 2D Bose gas with an interaction potential of the form N2A=1w(N#.)
for B € (O, %) The interaction may be chosen to be negative and large, leading to the instability regime
where the corresponding focusing cubic nonlinear Schrodinger equation (NLS) may blow up in finite time.
We show that to leading order, the N -body quantum dynamics can be effectively described by the NLS
prior to the blow-up time. Moreover, we prove the validity of the Bogoliubov approximation, where the
excitations from the condensate are captured in a norm approximation of the many-body dynamics.

1. Introduction

Since the pioneering work of Bose [1924] and Einstein [1925], and especially after the experimental
realization of the Bose—Einstein condensation [Anderson et al. 1995; Davis et al. 1995], there has been a
remarkable effort to understand the macroscopic behavior of interacting Bose gases from first principles.
From the mathematical point of view, the theory of interacting Bose gases goes back to Bogoliubov [1947],
who proposed an effective method to transform a weakly interacting Bose gas to a noninteracting one,
subject to a modification of the kinetic operator due to the interaction effect. While the original work
of Bogoliubov focuses on the spectral property of bosonic systems towards a microscopic explanation
for Landau’s criteria of superfluidity, his ideas are also applicable to quantum dynamics. In the present
paper, we will justify Bogoliubov’s approximation in the dynamical setting for a class of Bose gases with
attractive interactions.

In the presence of large attractive interaction potentials, blow-up phenomena have been observed in
experiments with ultracold Bose gases [Bradley et al. 1995; Cornish et al. 2000; Donley et al. 2001].
In these experimental settings, first a repulsive interaction was used to prepare an initial state, and then
the interaction was switched to attractive by means of Feshbach resonances. When the strength of the
attractive interaction was increased beyond a critical threshold, a blow-up process happened, where a large
fraction of the condensate was lost [Roberts et al. 2001]. Heuristically, this behavior can be explained
by describing the condensate by the solution of a focusing cubic nonlinear Schrodinger equation (NLS),
which may exhibit a finite-time blow-up.

In the present work, we will focus on the instability regime for dilute Bose gases in two dimensions,
where the corresponding NLS is mass-critical. Before the blow-up time, we give a rigorous derivation
of Bose—FEinstein condensation and Bogoliubov’s theory; in particular, we prove that the many-body
dynamics are effectively described by the solution of the NLS, and that the kinetic energy of the system

MSC2020: 35Q55, 81V73.
Keywords: Bose-Einstein condensate, effective evolution equations, focusing NLS.
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diverges in finite time. To our knowledge, this is the first result of this kind for dilute Bose gases in the
instability regime.

1.1. Mathematical setting. In the framework of many-body quantum physics, the dynamics of a system
of N (spinless) bosons in R? can be described by the linear N -body Schrodinger equation

{iat‘PN(l) = HyWYn (1),
YN (0) = ¥n,o,

where the wave function Wy (¢) belongs to L2 (R2N), the space of square integrable functions of N
variables in R? satisfying the bosonic symmetry

1-1)

UN(t, X1, XN) = UN(t, Xg1)s - - - Xo(y)  forall o € Sy and x; € R?, (1-2)

where Sn denotes the set of all permutations of {1, ..., N}. We will work on a nonrelativistic system
with short-range interactions, where the underlying Hamiltonian is typically given by

N 1
Hy =) (-Aj)+ N1 Y wa(xj —xk), (1-3)
=1 1< k<N

where
wy(x) = NPBwNBx), B>o, (1-4)

with a real-valued, even and bounded potential w. We do not impose any positivity condition on w;
in particular, the attractive case w < 0 is allowed.

When w is bounded, the Hamiltonian H}y is self-adjoint on L? (R2V) with the same domain as the
noninteracting Hamiltonian. Therefore, the linear Schrédinger equation (1-1) has a unique global solution
Wy (1) = e AN Wy (0) with 7 € R, for every initial state W (0) € L?(RZN ). The major challenge in the
analysis of (1-1) is that the relevant dimension grows fast as N — oo, making it very difficult to extract
helpful information about the quantum system. Therefore, in practice, it is desirable to obtain collective
descriptions by reasonable approximations, based on suitable assumptions on the initial state. In the
present work, we will assume that the initial state exhibits the Bose—Einstein condensation (BEC), and
that the particles outside of the BEC have bounded kinetic energy. These assumptions allow a rigorous
derivation of effective nonlinear equations describing the BEC and the excitations which are computable
by numerical methods.

Roughly speaking, Bose—FEinstein condensation (BEC) is the phenomenon where many particles occupy
a common quantum state. In particular, this is the case when the N -body wave function is approximately
given by a factorized state, namely

Un(t, x1,X2,...,xN) = o(t, x1)@(t, x2) @t xN) (1-5)

in an appropriate sense. Here the normalized function ¢(z,-) € L?(R?) describes the condensate, and its
evolution is governed by the cubic nonlinear Schrédinger equation (NLS)

{iatw(t, X) = (=Ax +blp(t, x)* — p(0))p(t, x),

1-6
0(0. %) = go(x). (-0
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where

b =/sz, u() = %b /R2|<p(t,x)|4dx. (1-7)

The equation (1-6) can be formally obtained from (1-1) using the assumption (1-5) and the fact that
wy(x) = N2Pw(NPx) - bS(x) weakly.

The coupling constant 5 = [‘w plays a crucial role in (1-6). The focusing case b < 0 and the defocusing
case b > 0 correspond to rather different physical situations. In particular, we are interested in the focusing
case where the NLS (1-6) may blow up in finite time, even if the initial datum ¢(0) is smooth. The
possibility of the finite-time blow up is closely related to instability, which we will explain below.

1.2. Stability vs. instability. Since the 2D cubic NLS (1-6) is mass critical, it is well-known from
[Weinstein 1983] that the possibility of the finite-time blow up for H !-solution depends not only on the
sign of the interaction, but also on its strength. To be precise, let us denote the critical interaction strength
as the optimal constant ¢* > 0 in the Gagliardo—Nirenberg interpolation inequality

(/R2|Vf(x)|2dx)(/R2|f(x)|2dx) > 1g* /R2|f(x)|4dx forall fe HY(RY.  (1-8)
Equivalently, a* = || Q|| iz where Q is the unique positive solution of
-AQ+Q—-0°=0 inR?
(see [McLeod and Serrin 1987; Kwong 1989]). From [Weinstein 1983, Theorems 3.1 and 4.2], we have

two distinct regimes:

o NLS stability regime: b > —a*. The NLS (1-6) has a unique global solution for all initial data
@o € H'(R?) satisfying ||@o| 2 = 1.

» NLS instability regime: b < —a™. A finite-time blow up occurs, for example, if the initial data
@o € H'(R?) N L2(R?; |x|* dx) satisfy ||¢o|lz2 = 1 and

fR2|V<p0(x)|2dx +1p /Rzlcpo(x)|4dx <0. (1-9)

In the instability regime, we refer to [Merle and Raphael 2004] for the universality of the blow-up
profile, [Merle and Raphael 2005] for a precise description of the solutions near the blow-up time, and
[Merle and Raphael 2003; 2006; Raphael 2005] for works on the blow-up rate. We also refer to [Merle
1993] for a complete characterization of the minimal-mass blow-up solutions in the special case b = —a™.

Unlike the NLS (1-6), for the N-body quantum dynamics (1-1), the solution W (¢) exists globally for
every L2-initial datum. Nevertheless, we can still discuss stability and instability regimes by considering

the boundedness of the energy per particle.
e Many-body stability regime: The system is stable of the second kind if
Hy > —-CN (1-10)

for some constant C > 0 independent of N (see [Lieb and Seiringer 2010]). In principle, (1-10) is stronger
than the NLS stability. By testing (1-10) against factorized states, we see that [w > —a*. However, the
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condition [w > —a*, or even [|w_| < a* with w_ = min{w, 0} the negative part of w, does not imply
the many-body stability (1-10), except if f < % [Lewin 2015]. The range of 8 guaranteeing (1-10) can be
improved for trapped systems; see [Lewin et al. 2016; 2017; 2018; Nam and Rougerie 2020].

o Many-body instability regime: If [w < —a*, then (1-10) fails to hold. More precisely, we have
Hy > —CN'*+28, (1-11)

and the optimality of (1-11) can be seen by testing against factorized states and using || wy ||co ~ CN25.
In particular, (1-11) allows the energy per particle to diverge to —oo as N — oo, which is consistent with
blow up of the NLS (1-6).

Our goal is to make a rigorous connection from the many-body Schrodinger equation (1-1) to the
NLS (1-6) in the instability regime.

1.3. Derivation of NLS from many-body dynamics. The rigorous derivation of the NLS from the many-
body Schrodinger equation (1-1) has been studied since the 1970s, initiated by Hepp [1974], Ginibre
and Velo [1979] and Spohn [1980], and has gained renewed interest since the 2000s with important
developments including the derivation of the Gross—Pitaevskii equation in 3D by Erdés, Schlein and
Yau [Erd6s et al. 2009; 2010]. We refer to [Benedikter et al. 2016] for a pedagogical introduction to the
subject and a detailed discussion of the literature. In particular, in the defocusing case (w > 0), we refer to
[Kirkpatrick et al. 2011; Jeblick et al. 2019] for the derivation of the 2D NLS (1-6) and [Chen and Holmer
2017; BoBmann 2020] for the derivation of the effectively 2D dynamics of strongly confined 3D systems.

In the focusing case (w < 0) in 2D, most of the existing works in the literature are based on the stability
condition [|w_| < a*. In this case, the focusing NLS (1-6) is globally well-posed, and its derivation
from the many-body equation (1-1) was given by Chen and Holmer [2017] and Jeblick and Pickl [2018]
under the technical addition of a trapping potential like V' (x) = |x|*, enabling them to use the many-body
stability (1-10) for 0 < 8 < (s 4+ 1)/(s + 2) by [Lewin et al. 2017]. Since the stability (1-10) was later
extended to trapped systems for 0 < 8 < 1 [Nam and Rougerie 2020], the approaches in [Chen and
Holmer 2017; Jeblick and Pickl 2018] are conceptually applicable for that range of 8. After that, Nam
and Napiorkowski [2019] removed the trapping potential and derived (1-6) for all 0 < B < 1, still under
the crucial assumption [ |w_| < a*.

In the present paper, we will give a novel derivation of the focusing NLS (1-6) which covers arbitrarily
negative potentials w and all 8 € (0, %) Without the stability condition [|w_| <a*, one only has the very
weak bound (1-11) instead of (1-10), and to our knowledge, the derivation of the NLS (1-6) prior to the
blow-up time is only available for 8 < % following the methods in [Pickl 2010; Chen and Holmer 2017,
Nam and Napidrkowski 2017a; 2019; Jeblick and Pickl 2018; Chong 2021]. Although we do not expect
our extended range 8 € (0, %) to be optimal, it is sufficiently large and in particular covers the physical
setting of dilute Bose gases where 8 > % Actually, we will derive (1-6) from a stronger result, namely a
norm approximation of the many-body quantum dynamics also describing the fluctuations around the
condensate in the spirit of Bogoliubov’s theory. That result requires further notation and explanation,
which we defer to the next section.
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We conjecture that our results hold for all 8 € (0, 00), and also for § = Sx — 0 slowly such that
limpy_o0 log(N#)/N = 0. The latter scaling regime was considered in [Caraci 2021] for the repulsive
case w > 0. For the repulsive potential w > 0, it is also possible to consider the critical scaling regime
with wy (x) = 2N w(N B x). In this so-called Gross—Pitaevskii regime, it was proved in [Jeblick et al.
2019] that the correlations at short distance leads to a subtle correction to the leading order where the
coupling constant b in (1-6) must be replaced by the zero-scattering energy of w. It is natural to expect a
similar result for the attractive case w < 0, but this remains an open problem.

It is also interesting to consider the derivation of the focusing NLS in one and in three dimensions.
In three dimensions, the focusing cubic NLS always has finite-time blow-up for all strength of the
interaction, and the asymptotic behavior of the many-body quantum dynamics has been established
for 0 < B < % in [Nam and Napiérkowski 2017a; Chong 2021]. It remains open to understand the
case B > % In one dimension, the focusing cubic NLS is globally well-posed (it is mass subcritical), and
the norm approximation of the many-body quantum dynamics for all 8 > 0 has been derived in [Nam and
Napidrkowski 2019]. It is possible to obtain the finite-time blow-up in one dimension by considering a
quantum system with three-body interactions, and we expect that the techniques introduced in the present
paper is also helpful for the corresponding problem (see, e.g., [Nguyen and Ricaud 2024] for a related
model in the stationary setting).

Finally, we refer to [Michelangeli and Schlein 2012] for a pioneering study on the rigorous understanding
of the many-body dynamical instability for bosons. This work is based on a different setting where the
particles have a relativistic dispersion law and an attractive potential of the form |x|~!, ensuring that the
corresponding Hartree theory has finite-time blow-up for a sufficiently large interaction coupling constant.
On one hand, the general idea of proving the instability by Fock space from [Michelangeli and Schlein
2012] is very helpful for us (see, in particular, Corollary 4). On the other hand, on the technical side,
the analysis in [Michelangeli and Schlein 2012] does not extend to our case. More precisely, while the
N -independent interaction potential considered in [Michelangeli and Schlein 2012] places the system in
a mean-field regime, controlling the N -dependent potential will be the main task of our approach.

2. Main results

Recall that we consider the Schrodinger equation (1-1) with the Hamiltonian Hp given in (1-3), where
wx (x) = N2Bw(NPx) as in (1-4). We will give rigorous descriptions of the macroscopic behavior of the
many-body dynamics Wy (1) = e AN W ~N,0 when N — oo, including the NLS (1-6) as the leading-order
approximation, and a norm approximation in L2 (R2N)) as the second-order approximation.

We always impose the following condition on the interaction potential:

Assumption 1. Let w € L>®(R?) be compactly supported and w(x) = w(—x) € R.

We do not put any assumption on the sign and the size of w.

2.1. Derivation of the NLS. Let us recall the following well-known result concerning the NLS (1-6)
(see, e.g., [Cazenave 2003, Theorem 4.10.1]):
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Lemma 2. For every b € R and oo € H'(R?) with |go|| 12 = 1, there exists a unique solution
(NS C([O, Tnax)- Hl (Rz))
of (1-6) with a unique maximal time Tpax € (0, 00]. Moreover, if Ty < 00, then

lim [@(0)] g1 = oo. 2-1
i lp@ g1 = o0 2-1)

max

For nontrivial interactions w, the many-body quantum state W (¢) is not expected to be close to the
factorized state ¢(¢)® in norm (see Theorem 5 below). Therefore, the leading-order approximation (1-5)
has to be understood in an average sense, which can be formulated properly in terms of reduced density
matrices. For every normalized vector Wy € L?(RZN ), its one-body density matrix yé,lj\)] is a nonnegative

operator on L?(R?) with kernel

Y (x: ) =/ WN(x, X2, XN)EN (Y, X2, .00, X)) g - dxy. (2-2)
R2(N—1)

Equivalently, it can be obtained by taking the partial trace
y9) = Tran [Wn) (Wn. (2-3)

Clearly, if ¥ = ¢®V | then y‘g}\)’ = |¢)(¢p| (the rank-one projection onto ¢ € L?(R?)). In general, the

approximation

o) ~ le)el (2-4)

with respect to the trace norm is an appropriate interpretation of (1-5). Our first main result is a rigorous
derivation of the NLS (1-6) from (1-1).

Theorem 3 (NLS evolution of the condensate). Let f € (0,3), 0 < oy < min(B, §. 1 (3 —28)) and
let w satisfy Assumption 1. Let ¢(t) be the solution of (1-6) on the maximal time interval [0, Tiax) as
in Lemma 2 with initial datum ¢y € H*(R?), ||@oll;2 = 1. Let Wy (t) be the solution of (1-1) with a
normalized initial state Yy o € L?(RzN ) satisfying

NT((1 - Agrd) @) <C. q=1~go)(wol. 2-5)

for some constant C > 0. Then for every t € [0, Tmax), we have Bose—Einstein condensation in the
state ¢(t), i.e.,

1 _
Tr vy o — leO)e@)]] < C N~ (2-6)
for sufficiently large N, where Cy is independent of N and continuous on [0, Tiax).

The initial condition (2-5) means that at the time ¢ = 0, the total kinetic energy of all excited particles
outside the condensate ¢q is bounded. Thus, there are only few excitations, which is a key assumption
allowing us to control the fluctuations around the condensate ¢(¢) for all ¢ € [0, Tihax) by using an energy
method. The kinetic bound (2-5) has been proven for the ground state or low-lying excited states of
trapped systems with suitable repulsive interactions; see, e.g., [Seiringer 2011; Lewin et al. 2015b].
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In Theorem 3 we do not make any assumption on the sign of the potential w, but our result is mostly
interesting in the focusing case w < 0. It substantially extends the result in [Nam and Napiérkowski
2019] where the NLS (1-6) was derived under the stability condition [|w_| < a* and the smaller range
B € (0, 1) (see also [Chen and Holmer 2017; Jeblick and Pickl 2018] for earlier related results). Without
the stability condition, the derivation of the NLS (1-6) prior to the blow-up time is only available for 8 < 1,
for instance by following the methods in Pickl 2010; Chen and Holmer 2017; Nam and Napiorkowski
2017a; 2019; Jeblick and Pickl 2018; Chong 2021] and using the uniform-in-N bounds on the Hartree
equation which we prove in Lemma 10.

The speed of the divergence of C; as t — Ty depends on the solution of the NLS in Lemma 2, but it
is beyond the scope of this paper to investigate the quantitative behavior of this nonlinear problem.

The following statement is a direct consequence of Theorem 3 and the definition of 7},,x in Lemma 2.

Corollary 4 (Many-body blow up). We keep the same assumptions as in Theorem 3, and assume addition-
ally that Tiax < 00. Then there is a sequence N(t) € N such that N(t) — oo ast /" Tmax and such that

N()

. 1 _ I 6)) .
Jim o {evoo. p3 (A ¥xp ()= lim Tr-Apg) ) =oo. @-7)

The implication of Corollary 4 follows from a well-known argument (see [Michelangeli and Schlein
2012, Remark 2]): for every ¢ € [0, Tmax), the trace convergence in Theorem 3 and Fatou’s lemma imply that

lim inf Tr(1 = A)ygl) (1) = Tr((1 = A)lpONe(O) = 19013712y (2-8)

Therefore, if T.x < 00, then the one-body blow-up condition (2-1) implies the many-body blow-up
result (2-7). Note that (2-8) is only an inequality, hence the reverse direction, which would imply that
the many-body blow-up phenomenon does not occur at any fixed time ¢ € [0, Tihax), cannot be deduced
from Theorem 3. We expect that this holds true, but a proof would require some additional analysis,
which we will not pursue in the present work. Moreover, it is an open question whether the number of
the excitations blows up as t — Tax-

We will derive Theorem 3 from a stronger result, namely the norm convergence of the many-body
dynamics (see Theorem 5 below). On the technical side, it would be interesting if one could prove
Theorem 3 directly using an analysis at the level of density matrices, but we do not see how to achieve
this (without going to the norm approximation).

2.2. Norm approximation. Let us now discuss the fluctuations around the condensate. For this purpose,
we first introduce the Hartree-type equation

{iatuN(z, X) = (<A + o un ()P = v O)un(@0) = hOun (2, o o
un (0.%) = po(x),
with
un@0 =3 [[, lun0Pwy =)l (. )P dxdy. (2-10)

The Hartree dynamics (2-9) plays the same role as the NLS dynamics (1-6) in the leading-order description,
but using the former is slightly more natural for the second-order approximation (see Lewin et al. 2015a;
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Nam and Napiérkowski 2017a; 2017b; 2019; Brennecke et al. 2019] for a similar choice). In particular,
(2-9) has a unique global solution, and ||u (?)| g1 is bounded uniformly in N and locally in time when
t €0, Trmax), With Tyax given in Lemma 2. Moreover, since ux (f) — ¢(¢) in L>(R?) as N — oo, the
convergence (2-6) remains true if ¢(¢) is replaced by u x (¢) (see Lemma 10 for the details).

To describe the excitations around the condensate, it is convenient to switch to a Fock space setting
where the number of particles is not fixed. Let us introduce the one-body excited space

N1 ={un @)}t CH= LR (2-11)
and the (bosonic) Fock spaces over $ |
N k k k
FFNO=PRocrin=PRo.cr=P R (2-12)
k=0 sym k>0 sym k>0 sym

Note that F (¢) and its subspace ]—'fN (7) are time-dependent via u j (¢), and they are naturally embedded
in the full Fock space F over $).

Let us recall the standard second quantization formalism, where the creation and annihilation operators
on F,a'(f) and a(f), are defined by

k
1 _
(adr(f))()(k)(xl, ey XE) = ﬁ E f(x,-)x(k D (1, v Xj—1,Xj 41, ..., Xg) forall k> 1, (2-13a)
j=1

@( NP xq, o xp) = \/k+1[ dx ) x* D (xq, ..., xg. x) forall k>0 (2-13b)
RZ

for all / € L?(R?) and x = (X(k)),‘;‘;o € F. It is also convenient to introduce the operator-valued
distributions a;rc, ax by

() = [axral. atn) = [arTGas. @-14)
which satisfy the canonical commutation relations
lax.aj]l=8(x—y). lax.ay] =a}.al]=0. (2-15)

Using this language, we define the second quantization of one- and two-body operators as

k
dr(M)=00@P ) T = //T(x; x"alay dx dx’,

k=1 j=1 (2-16)
dl(S) = OEBOEB@ Z Sij = %////S(x,y;x/,y’)ala;ax/ay/ dx dydx’dy’,

k>21<i<j<k
for T(x, x’) and S(x, y; x, y’) the kernels of the operators 7 on $) and S on 72 (see, e.g., [Solovej 2014,

Section 7]). In this language, the Hamiltonian (1-3) can be expressed equivalently as

1
HN = dFl (—A) + m sz(wN) (2—17)



FOCUSING DYNAMICS OF 2D BOSE GASES IN THE INSTABILITY REGIME 289

on $. We also introduce the number operator on Fock space F,
N = dI(1), (2-18)
where 1 this is the identity operator on 3, and define the cut-off functions
1M =1(N <m), 1™ =1WN>m) forall m e (0,00). (2-19)

Following the approach in [Lewin et al. 2015a; 2015b], the N -body dynamics W (¢) € L? (R2V) can
be decomposed as

al N ot ®(N—k)
v =Y unO® VP e, 900 = 3 a'(un())

= = JIN k)

for ®; the symmetric tensor product and where the vector
k
Py (1) = (G (=g € FEV (1) C FL () (2-21)

describes the excitations around the condensate u n (¢) (see Section 3 for details).

¢ (1) (2-20)

Our goal is to approximate the N -body dynamics @ (¢) by the solution ®(¢) of the simpler evolution

equation
10, ®(t) = H()D(2), (222)
(I)(O) = (I)O’
where H(¢) denotes the Bogoliubov Hamiltonian
H(r) = dTy (h(r) + K1 (1)) + %( / Ka(t.x, p)akal dxdy + h.c.). (2-23)
In (2-23), h(¢) is defined in the Hartree equation (2-9), and
Ki(t) =q0K1(0q(1).  Ka2(t) = q(0) ®¢(0) K> (1), (2-24)
where
q(t) =1=p@O) =1—lun(O)){un@)] (2-25)
and the kernel of the operator K 1(¢) and the function K »(1) € $? are given by
Ki(t,x,y) =un(, x)wy(x —y)u ,
10, ) = un 0wy (= ) () 026

K(t.x, y) = un (. )wn (x = n)un (7).
The effective generator H(¢) emerges from the Bogoliubov approximation when we write Hpy in the
second quantization formalism, then implement the c-number substitution a(u ), at(un) — ~/N, and
finally keep only the terms that are quadratic in creation and annihilation operators. Note that H(z) is an
operator on the full Fock space F since /A (¢) does not leave $) (¢) invariant, but it does not contradict
the fact that ®(¢) € F, (¢) (see, e.g., [Lewin et al. 2015a] for a detailed explanation). Moreover, H(¢) is
N -dependent, although we do not make this explicit in the notation. The Bogoliubov equation (2-22) is
globally well-posed (see Lemma 7).
Now we are ready to state our second main result.
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Theorem 5 (Bogoliubov excitations from the condensate). Let f € (0,3), 0 < o, < min(, (3 —28))
and let w satisfy Assumption 1. Let upn(t) be the solution of the Hartree equation (2-9) with initial
datum @y € H*(R?), ||go|| = 1. Let ®(t) = (¢(k)(t))z° o € FL(?) be the solution of the Bogoliubov
equation (2-22) with initial datum o = (qbok ieo € FL(0) satisfying || oll = 1 and

(@, dl (1 =A)Dy) =C (2-27)

for some constant C > 0. Let WV N (t) the solution of the Schrodinger equation (1-1) with initial datum

N () ON—Fk)
k)~ @' (o) (k)
Uno= Y 9oV ¢ . (2-28)
2 Z NOED
Then, for all t € [0, Tymax), we have the norm approximation
N
H Uy =Y un@BN P @, 9@ )| <N, (2-29)

k=0
where the constant Cy is independent of N and continuous in t € [0, Tiax)-

Under the decomposition (2-28), the kinetic condition (2-5) is equivalent to condition (2-27) in
Theorem 5 (see Remark 6 below). Strictly speaking, the state ® o in (2-28) is not normalized in L2(R?V),
but the condition (2-27) ensures that

1= [ ¥nol* = 1= 1= N oll? = 1— (Do, (W/N)Dg) =1 -CN 1. (2-30)

In the mean-field regime 8 = 0, the norm approximation in the form (2-29) was first given in [Lewin
et al. 2015a], and higher-order corrections to Bogoliubov’s theory were recently derived in [BoBmann
et al. 2021]. For repulsive interaction w > 0, the validity of Bogoliubov’s theory in 3D was extended to
0 < B < 1 in [Brennecke et al. 2019] and B = 1 in [Caraci et al. 2025] (see also [Nam and Napiérkowski
2017a; 2017b] for earlier results). We expect that the ideas from these works in 3D apply to handle the
repulsive case in 2D as well, possibly allowing a larger value of 8 in 2D. Our result is mainly interesting in
the attractive case w < 0 in 2D, where the validity of Bogoliubov’s theory was known only for 0 < § < 1
in the stability regime [|w—_| > —a* [Nam and Napiérkowski 2019].

There have been many works devoted to the dynamics around the coherent states in Fock space,
initiated in [Hepp 1974; Ginibre and Velo 1979; Grillakis et al. 2010; 2011; Boccato et al. 2017]. Our
method is also applicable to this setting, but we skip the details. We refer to [Lewin et al. 2015a] for
a detailed comparison between the N-body setting and the Fock space situation, and [Benedikter et al.
2016] for further results.

The ideas of our proof are explained in the next section, and the full technical details are provided
afterwards.

Notation. We will use C > 0 for a general constant which may depend on w and ¢ and which may vary
from line to line. We also use the notation C; to highlight the time dependence. When it is unambiguous,
we abbreviate the L?-norm and the corresponding inner product by || - || and (-, - ), respectively.
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3. Proof strategy

In this section we explain the main ingredients of the proof. We will focus on Theorem 5, which implies
Theorem 3. Our approach is based on Bogoliubov’s approximation where the fluctuations around the
condensate are effectively described by an evolution equation with a quadratic generator in Fock space.
The main mathematical challenge is to justify this approximation by rigorous estimates. Let us first give
an overview of the proof strategy, and then we come to the detailed setting.

As an important input of Bogoliubov’s theory [1947], we expect that most particles are in the conden-
sate u v (f), which is governed by the Hartree equation (2-9). The first step in our analysis is to establish
several uniform-in-/N bounds for the Hartree dynamics, which is nontrivial due to the instability issue.
These one-body estimates require a careful adaptation of the analysis of the NLS (1-6) in [Cazenave 2003],
which will be discussed in Section 4. In the following, we will focus on the many-body aspects of the proof.

In order to extract the excitations, namely the particles outside the condensate, from the N -body wave
function Wy (¢), we use the unitary transformation U (¢) introduced in [Lewin et al. 2015b]. This is a
mathematical tool to implement Bogoliubov’s c-number substitution [1947], resulting in the evolution
PN (t) = Un(t)¥p(2) on the excited Fock space ]-'JS_N (t) where the generator Gy (#) was computed
explicitly in [Lewin et al. 2015a]. Thus, we can rewrite (2-29) in terms of excitations as

[N () —P@)|* < C N~ (3-1)

for all ¢ € [0, Trax), Where ®(¢) is the solution to the Bogoliubov equation (2-22).

The main difficulty in proving (3-1) is the lack of the stability of the second kind (1-10). More precisely,
with an arbitrarily negative potential w, we do not expect to have a good lower bound for the generator
Gn(t) of ®p(z), which in turn prevents us from obtaining a good kinetic bound for @ (7). A key
observation in [Nam and Napidrkowski 2019] is that a weaker version of the stability (1-10) holds if we
restrict to a space of few excitations. Rigorously, for the truncated dynamics @y pr(¢) € ffM (t) which
is associated to the generator 1M G (1)1=M with a parameter M = N17% § € (0, 1), it was proved
in [Nam and Napiorkowski 2019] that @y as satisfies an essentially uniform kinetic bound, and hence
|®n,a1(t) — P(¢)] can be controlled efficiently (see Lemma 7 below).

Thus, by the triangle inequality, the main missing ingredient for (3-1) is a good estimate for the norm
|®n(t) — Py, ar(2)]. For this term, we cannot use the analysis in [Nam and Napidrkowski 2019], which
crucially relies on the stability condition [|w_| < a*. The main novelty of the present paper is the
introduction of a new method which does not require any information about the full dynamics ® ;. This
kind of idea was previously used in [Nam and Napiérkowski 2017a], where various propagation bounds
were established by Cauchy—Schwarz inequalities of the form

(PN, APN M) = PN APN, - (3-2)

However, this approach is insufficient to handle the dilute regime where § > % because the Hilbert—Schmidt
norm of the operator with integral kernel wy (x — y)un (x)u () diverges as N B. An alternative would
be to follow the approach in [Nam and Napidrkowski 2019], which avoids the Cauchy—Schwarz argument
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described above and uses a different strategy, relying on the a priori estimate (®p, dT'{(1 — A)®y) <
Cie(N+ N 2ﬂ) ([Nam and Napiérkowski 2019, Lemma 10]. However, in the instability regime, we
do not have the a priori bound (1-10) but only (1-11). This leads to the much weaker kinetic estimate
(®y, dT'; (1—A)Px) < CN '+2B which is not sufficient to close the argument in [Nam and Napiérkowski
2019] for B > 1.

To improve the Cauchy—Schwarz argument, we write 1 = W~V with a suitable weight W > 0 —
eventually we choose W = (1 + dF2(|wN|))1/2; see (3-22) —and split (3-2) into

(PN, ADN, M) < (PN W T AW N )| + [(Pn . WV, A]® N p1) . (3-3)

The first term on the right-hand side of (3-3) looks similar to [(®x, APy, ar)| but it is easier to bound

by the Cauchy—Schwarz inequality provided that we can bound ||A*W~!®y| in terms of ||® x| in

an average sense. For the second term on the right-hand side, we gain some cancelation due to the

commutator [W, A], which eventually ensures that [|[W™![W, A]®x, s || is much smaller than || APy, |-
Now let us provide further details of the above ingredients.

3.1. Reformulation of the Schrodinger equation. Our starting point is a reformulation of the Schrodinger
equation (1-1), following the method in [Lewin et al. 2015a; 2015b].

Let ux(¢) be the Hartree evolution in (2-9). To factor out the contribution of the condensate, we use
the excitation map Uy (¢) : HN (t) — ]-"JS_N (¢) defined by

N N—k
a(un(t))
Un(t) = P a0)®* (— : (3-4)
R iy gy
where ¢(t) = 1 — lun(?)){(upn(¢)| as in (2-25). It was proven in [Lewin et al. 2015b] that Uy (¢) is a
unitary transformation and its inverse is given by (2-20), namely

N N ot ®(N—k)
- a'(un (1)) k)
UN@*® = un@0)® NP g ¢® = ¢
= e
for all ® = (¢y) ,](\; 0 € ffN (7). Heuristically, the mapping Uy provides an efficient way of focusing on the
fluctuations around the Hartree state u 5 (¢)®¥ ; in particular, Uy (t)un (£)®N = Q is the vacuum of F (¢).
It was also proven in [Lewin et al. 2015b] that, for f, g € £ (¢), we have these identities on ]-'fN (1):

UNaT(uN)a(uN)U;{} =N—-N,
Una'(f)a(un)Up, =a'(f)VN =N,
Una'(un)a(@)Uy = VN —Na(y), (3-5)
Una'(fa(@)Uy =a'(f)a(g).

If Bose-Einstein condensation holds, then, in an average sense, N' < N in J-"fN (¢). Therefore, (3-5) can
be interpreted as a rigorous implementation of Bogoliubov’s c-number substitution [1947], where a(u )
and af (uy) are formally replaced by the scalar number +/ V.
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Remark 6. From (3-5) we have Uy, dI'1 (¢Aq)Uy = dI'1(¢Aq) for any operator 4 on §). Consequently,
(2-5) is equivalent to (2-27).

Now we consider the transformed dynamics
Py (1) =Un@WN (). (3-6)
The Schrodinger equation (1-1) can be written in the equivalent form

{i8z Py () =Gn({EO)PN (),
PN (0) =Un(0)*¥n,o.
Here, the generator Gy (¢) can be computed explicitly, using the second-quantized form (2-17) and the
rules (3-5) (see [Lewin et al. 2015a, Appendix B]), as

(-7

Gn () = (0, UN()UR () + Un (O HyUN () = 3 Y 15V(G; + G)1=N (3-8)

with =
Go = dT'y () +dT'y (K)o +dCi @) (h + A)g () (3-9a)
Gy = —2a" (g(0)(wn * |uN<z)|2)uN(z))@, (3-9)
G, =/ K> (t.x, p)alal dx dy ‘/(N_A]e(ivl_N_ 1), (3-9¢)
Gs = /// (@) ® q(O)wn1®q()(x, y:x', y)un(t, x)alalay dx dy dx’dy’ @ (3-9d)
64 = —— dL2(q(0) ® g wnq () S g(0). (3-9)

N —1
Recall that A(¢) is given in (2-9), and K;(¢) and K,(¢) are given in (2-24). In the above notation,
wy denotes the function wy : R? — R in G;(¢), and the two-body multiplication operator wy (x — y) in
G3(¢) and Gy(2).

3.2. Simplified equations. Following Bogoliubov’s heuristic ideas [1947], we consider a simplification
of (3-7), where only the quadratic terms (¢ and G5 in the generator are kept. This leads to the Bogoliubov
equation (2-22), whose well-posedness is well-known; see, e.g., [Nam and Napiérkowski 2019, Lemma 5].

Lemma 7 (Bogoliubov dynamics). Let w satisfy Assumption 1, let up (t) be the Hartree evolution in
(2-9) with initial state ¢, € H*(R?), and let &y € F (0) be a normalized vector satisfying (2-27). Then
the Bogoliubov equation (2-22) with initial condition ®y has a unique global solution

® € C (0, 00), F) N LE((0, 00), QT (1 - A)))
and ®(t) € F (¢) forall t > 0. Moreover, for every t € [0, Tax) and & > 0, we have
(@), dl' (1 - A)D(1)) =< CreN°®, (3-10)

where Tax is given in Lemma 2 and the constant Cy ¢ is independent of N .
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Proof. The global well-posedness of ®(¢) is shown in [Lewin et al. 2015a, Theorem 7]. The kinetic
bound (3-10) follows from the analysis in [Nam and Napiorkowski 2019, Lemma 5] and the uniform
bounds of un(¢), which will be given later in Lemma 10. O

In order to estimate the difference || ®n () — ®(¢)||, we follow [Nam and Napioérkowski 2019] and
introduce the truncated dynamics @y, a7 (¢) € ]-'JS_M (7), which solve the equation

{iat Oy (1) =1SMGn () 1SM Dy (1),

3-11
Oy (0) = 1M @ G-10
As explained in [Nam and Napiorkowski 2019], the main advantage of (3-11) is that the truncated

generator is stable, namely
15Mgn (0)15M = LdTy (—A) — Cr e N* (3-12)

for all # € [0, Tnax) and M < N. This allows us to establish an efficient kinetic bound for ®y as(?),
which is not available for ® 5. Consequently, it is much easier to compare ® a7 (¢) with the Bogoliubov
dynamics. We collect some known properties of @y a7 (¢) in the following lemma.

Lemma 8 (Truncated dynamics). We keep the assumptions of Lemma 7. Let M = N 1-8 for some
constant § € (0,1). Then (3-11) has a unique global solution ®n pr(t) € ]:JS_M(Z) with t € [0, 00).
Moreover, for every t € [0, Tmax) and € = £(8) > 0, we have

(PnMm (1), dT1(1—A)PN pr(2)) < CreN® (3-13)
and
B 2 of M 1 )
1xp () = D)2 < CraN ( < M). (3-14)

Proof. The global well-posedness of @y as(¢) follows from the general method in [Lewin et al. 2015a,
Theorem 7] (see also [Nam and Napiérkowski 2019, Section 6]). Given the uniform bounds of u (¢) in
Lemma 10, the bounds (3-13) and (3-14) follow from the arguments in Lemmas 11 and 15 in [Nam and
Napiérkowski 2019], respectively. O

3.3. From the truncated to the full dynamics. Given Lemma 8, the missing piece for the proof of
Theorem 5 is an estimate for | @y (#) — P, ar(?)]|. The main new ingredient of the present paper is the
following bound:

Proposition 9. We keep the assumptions of Lemma 7. Let M = N 1-4 for some constant § € (0, 1). Let
@ and @y pr be solutions of (3-7) and (3-11), with initial data @ (0) = 1=N o), Sy m(0)= 1M,
respectively. Then for every t € [0, Thax) and every € > 0, we have
) ) 2 ¢, Ne(— Al 3-15
[ON () — PN (O = Cre \/_H+W . (3-15)
Eventually, we will take § > 0 small, hence the condition f < % 1s needed to ensure that the error term
NB/M?3/2 on the right-hand side of (3-15) is negligible.
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In order to prove Proposition 9, by norm conservation of || @ (?)| and || @y, ar(?)], it suffices to
show that (®n (), Py ar(?)) is close to 1. For technical reasons, it is more convenient to consider
(PN (2), fz\24 Dy ar(2)) with far a smoothened of version 1=M  To be precise, we fix a smooth function
f:R—][0,1] such that f(s) =1fors < % and f(s) =0 for s > 1, and define the operator fjs on F by

N
= f=—). 3-16
m=17r ( M) (3-16)
We will deduce Proposition 9 from a Gronwall argument and the estimate
1 N#
- cIDN(Z) fMCDNM(Z)) <CieN°® \/— 2 (3-17)

It remains to explain the proof of (3-17). Let us drop the time dependence from the notation where it
is unambiguous. From (3-7) and (3-11), we have

d
dr

— (PN (), figPn,m (1)) ‘ = |3(Dn. [N, [i7]1PN,m)] (3-18)

since Dy pr € ]-'fM and f ]\2/1 1=M — ¢ ]\24 Then it is straightforward to decompose G into the sum of
G; as in (3-8). Since fjs is a function of V, only the particle number nonpreserving terms G;, G, and
(3 contribute to the commutator.

where two annihilation

One of the most difficult terms is the quadratic one }(CD N.[Ga, f A%,]@ N.M)|s
operators hit ® . Since G, only changes the number of particles by at most 2, the commutator with f’ ]‘2/[
allows us to gain a factor M ~!. Therefore, estimating (3-18) essentially boils down to proving a bound for

i) [[exarun e o= i@y atalenan) (319

In [Nam and Napidérkowski 2019], a variant of this term was estimated using a kinetic bound for &y
based on the method in [Lewin 2015] and the stability condition [ |w—_| < a*. In the present paper, since
we are considering a general potential w including the instability regime [w_ < —a*, we only have

(®y. dT;(1—A)Dy) < CN'H2B, (3-20)

which can be deduced from a variant of the energy lower bound (1-11). However, the latter bound is too
weak, and inserting it in the analysis in [Nam and Napiorkowski 2019] produces a solution only for § < %

Another idea, which can be extracted from the approach in [Nam and Napiérkowski 2017a], is to
handle (3-19) by the Cauchy—Schwarz inequality

(D, al T<I>NM)|<||<I>N|| lata CI>NM|| (3-21)

(To be precise, a variant of this argument was used in [Nam and Napiérkowski 2017a] to compare @
directly with the Bogoliubov dynamics ®.) The advantage of (3-21) is that no information about @y is
needed. However, since we have to couple (3-21) with the singular potential wy (x — ) in (3-19), we
eventually obtain a large factor ||wy || ~ N 28, and the final bound is only good for 8 < %
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Thus, to cover the extended range 8 € (O, %) new ideas are needed to handle (3-19). In the present
paper, on the one hand, we will not rely on any information of ®pr; moreover, instead of using directly
(3-21) we will further decompose (3-19) by introducing a weight given by

R:=dlLZ(jwy])+1= %/dx dy |lwy(x —y)|ala;axay + 1. (3-22)

By inserting 1 = RV2RY/2 we can write
alal =R 2alalRY? + R7VARY2 ald]). (3-23)

Then, using the triangle inequality we can bound (3-19) by
1 _
o J[ax 0 vl x0T =l ey R 2alalRY 20 )]

1
+ag [[[ax by luy O o= (@ RRY alaflon ). (24

The key point is that although the first term in (3-24) looks similar to (3-19), it is much easier to control.
Indeed, by the Cauchy—Schwarz inequality, we have

1 _
a7 J[ax a0 v ux 0o = )l ey R alal R 20 )]

1 _

<7 J[ax 0 vy @ o 6= pllasa, R 20N IR0y
1 1/2

<3 ( fex v tontx-niasa,m-2en ?)

1/2
x( //dxdy|uN<x)|2|uN<y>|2|wN<x—y>|) IRV20p all. (3-25)

Then, by the definition of R, we can bound

// dxdy [y (x = p)llaxay R 2On |2 = (@n, R72 D (luy hR™ 2 0]
<|onl?. (3-26)

without relying on any information on ® . The other factors in (3-25) can be bounded efficiently using
|lwa |1 < C and good estimates on @ ps and uy, given that R can essentially be controlled in terms
of the kinetic energy; see (5-3). All this allows us to bound (3-25) by Ct,gNE/\/HH ® ||, which appears
as the first error term on the right-hand side of (3-17).

We still have to bound the second term in (3-24). This term looks complicated, but in principle, we
gain a huge cancelation from the commutator [Rl/ 2, a;rca;] due to the fact that R is a “local operator”.
To make it more transparent, we can use
RV2 — l OOL R
T Jo \/E R+s

ds (3-27)
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to write, for any operator B,

1/2 Lo s 1
[RY<, B] = ds — ,B|l=— ds [R, B] . (3-28)
f R+s’ 7 Jo R+ R+s
In particular, a straightforward computation shows that
[R.akal] = [dT>(jwy ), ala]] (3-29)

= |wy(x —y)|ajca; + /dz (lwn(z—x)|+|wn(z —y)|)aia;r,azaz.
Let us take |wy (x — y)|axa; from (3-29) and insert it in (3-28). The corresponding contribution from
the second term in (3-24) can be controlled by

—1/2
ostr s ||

1 o0
H/O dsﬁ[/dxdyw]v(xn|uN<y>||wN<x—y>|

Oy, M H (3-30)

The resolvents (R + s)~! are important in two respects: one the one hand, they provide sufficient
decay in s via the estimate (R 4+ 5)~! < (1 +5)~!. On the other hand, they compensate for the singular
interaction, which is similar to the argument in (3-26) although |w|? is way more singular than |wy|.

To combine these two ideas, we apply the Cauchy—Schwarz inequality on R? x R? to (3-30), where

we write
oy > = oy | Py | (3-31)
for & > 0 small. We estimate the term coming from |wy|'~¢/2 using
R—I/Z 1/2 RI—S 1
dr (jwy >~ 8) < < (3-32)
R+s (R+s)2 (14s)tte’
Here, we used that
A0y (jwy]?78) < (dF2(wy )™ < RY, (3-33)

which relies heavily on the locality of R, namely dI", (|wp|) is the second quantization of a two-body
multiplication operator (see Lemma 12). For the term coming from |w N|H‘8/ 2. by calculating the
L?-norm of |wy|'+4/2, which appears in (3-31), we eventually obtain C,,gNSNﬂ/M3/2, the second
error term on the right-hand side of (3-17). The cubic term (®y, [G3, f; AZ/I]QD ~N,Mm ) can be handled similarly.
This completes our overview of the main ingredients of the proof.

In our analysis, the restriction to 8 < % seems a purely technical limitation. We conjecture that it
could be improved. For example, one would be able to cover all 8 > 0 if the higher-moment estimate
(PN, M. N b N.Mm) = CpN® were established for all b > 1. At present, however, we are not able to

show that, and we will only use the first moment bound (b = 1) from Lemma 8.

Organization of the paper. In Section 4, we establish uniform-in-N estimates for the Hartree dynamics.
The most technical part of the paper is contained in Section 5 where we prove Proposition 9. From this,
we conclude the main results in Section 6.
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4. Uniform estimates for Hartree evolution

In this section, we consider the Hartree evolution u 5 in (2-9). By Assumption 1, it is globally well-posed
in H*  k e {1,2,...}, for any fixed N by [Cazenave 2003, Corollary 6.1.2]. However, it is a priori not
clear whether ||un (?)|| g« is bounded uniformly in N for fixed ¢ € [0, Tiax). In the following lemma, we
prove such uniform bounds for all times prior to the NLS blow-up time Tpax.

Lemma 10. Let w satisfy Assumption 1. Let oo € H*(R?) and Tyax be as in Lemma 2. Then, for every
T €10, Thax), there exists a constant C = C(T, o) > 0 such that, for all t € [0, T| and all N sufficiently
large,

lun @l = C lunOlg2@ey =C, 0run (Ol g2@zy < C. (4-1)
Moreover, for ¢(t) the solution of the NLS (1-6),
lun(®) = @)l 2 @2y < CN . (4-2)

For interactions satisfying the stability condition fRZ |lw_| < a*, (4-1) has been shown in [Nam and
Napidrkowski 2019, Lemma 4]. As explained in [Nam and Napiérkowski 2019], the key point is to get
the uniform bound [[un (?)| g1 ®2) < C, and the rest follows from a rather general argument. In the
stability regime considered in [Nam and Napioérkowski 2019], this bound follows immediately from
energy conservation and (1-8), namely

Elun (O] = [Vun ()] + 1 // dx dy Jun (1 ) Pwn (6 — 9w (@)
> Van Ol = 2wl lun @)1
> ||VuN<t)||2(1 - %) (4-3)

For a general w in Lemma 10, the estimate (4-3) is not available, hence the estimate of [|ux (?) [ g1 (r2)
is more complicated. Instead of studying u  directly as in [Nam and Napiérkowski 2019], we will focus
on the difference

On () =un() — @) (4-4)
We will bound 8 (¢) by a bootstrap argument consisting of two steps:

(D) If|On@)| <8 = +/a*/(32||w]| 1), then ||[VOxN(?)| < C. This follows from energy conservation
and the a priori bound [|¢(?)|| g1 g2y < C on [0, T].
(2) If |On(s)|| <6 for all s € [0,7], then ||On(7)]| < N~ « § for sufficiently large N. To prove this,
we use Step 1 and Gronwall’s lemma.
The conclusion thus follows from the continuity of the map ¢ — || 0 (¢) || and the initial condition 6 (0) = 0.
Now let us go to the details.

Proof of Lemma 10. For simplicity, we consider the solutions u n (¢) and ¢(¢) of (2-9) and (1-6) without the
phases pn(¢) and p (), respectively. Due to the gauge transformation u x — exp{—i fé w(s) ds}up, this
does not change the N -dependence of the estimates (4-1). Let § = /a*/(32 ||w/| ;1) with a* as in (1-8).
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Step 1. Assume that |6 (¢)|| < 6 for some ¢ € [0, T]. Using the energy conservation of (2-9) and the fact
lwallzr = lwllz1, we can bound

Elun (1)] = Elgo] = Vo> + 1 /f 190(0)Pw (x — 1)lgo ()2 dx dy
< Vg0l + L wll1 lgols < C. @-5)

On the other hand, using (1-8) and the assumption |0 (¢)] < §, we can bound

262
[N G] = a_*”V@N(l)”Z = 1 IVOn ().

16 [|wll

Combining with % IVON|? < |[Vun(@)||? + | Ve(t)||?, we find that

ENfun O] = [[Vun O = 5 llwll L1085 (0) + 0|74
> (3 IVON I = IVe@)|1?) = 4llwl L1 (183 (D 74 + le@)]17.4)
> LIVON0)|I> - C. (4-6)
where we used that | Vo(z)|| < C on [0, T]. Consequently, (4-5) and (4-6) imply that [|[VOy (?)]*> < C.
Step 2. Let s €0, t] and assume that |6 (s)|| < 8. Then, dropping the time dependence from the notation,
we find that
2s1On 11| = |3(0n. (wi * lun PN + (wa * (un|* = l¢1*))e + (wy * o> — b |@|*))|
< 10Nl ¢l (wn * (un|* = lo*) | + [wn * o> =5 lo)*])
=t [1On [ l¢llLee (A1 + A2). (4-7)
On the right-hand side of (4-7), we have ||y (s)|| < § by our assumption, and |¢(s)| L < C since

@(s) € H*(R?) [Cazenave 2003, Theorems 5.3.1 and 5.4.1] and Sobolev’s embedding H?(R?) C L (R?)
[Lieb and Loss 2001, Theorem 8.8 (iii)].

Estimate of A,. Using
llunl® = 1el*| = [(un|—leD(un|+leD| < 10n81* + 2 0] 1On], (4-8)
we can bound
A1 < |wnllp (10N 1172 + 2 l@lliee 16x]) < C 110 (4-9)
In the last estimate, we used (1-8) and the bound || V8 (¢)||> < C from Step 1.
Estimate of A,. Observing that b = w (0) and Wy (§) = wW(§/N B ), Plancherel’s theorem yields
|- ] Loo

Here, we used ||Vg| < C and the fact that w is Lipschitz.

Ay < ” Nlel?| . <CNTE. (4-10)
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In summary, inserting (4-9) and (4-10) in (4-7), we arrive at
3s10n ()I1* = C(I1on () 1> + N72F). (4-11)

Consequently, we obtain |0 (7)]| < CN—# by Gronwall’s lemma since O (0) = 0.

Conclusion. Define
e = suplr €[0.T): |0 ()] < 6. (4-12)

Assume that 77 < T'. By [Cazenave 2003, Theorem 4.10.1], the map [0, 7] > + [|6x (¢)|| is continuous,
hence [0 (s)|| < 6 for s € [0, 7**]. By Step 2, this implies that

lon ) <CNP < (4-13)
for sufficiently large N, which contradicts t]“\‘,""‘ < T. Hence, t;{‘,a" > T, and consequently
lOn ()| <8 forall t €[0,T].
By Step 1, we get |VOx(¢)||* < C. Therefore,
lun Ol gt = O8N Ol + el g1 =C forall £ €[0,T]. (4-14)

The remaining estimates in (4-1) can be deduced from the H!-bound as in [Nam and Napiérkowski 2019,
Lemma 4], using Duhamel’s formula. The bound (4-2) also follows from the above argument, where
the error term N ~# comes from (4-10). O

5. From the truncated to the full dynamics

In this section we prove Proposition 9. As explained in Section 3.3, the key step is to prove the propagation
bound (3-17). We use (3-18) and (3-8) to decompose

3
<Y |®N.[(G) +G)). f]Pnm)] (5-1)
ji=1

S lon ), S5O )

with G; given in (3-8). In the next subsections, we will handle the cases j =1, 2, 3 separately, and then
conclude (3-17) as well as Proposition 9.

As a preparation, let us collect here two auxiliary estimates which will be used repeatedly in this
section. The first one is a simple Sobolev-type estimate.

Lemma 11. Let W € L%(R?) with s € (1,2] and denote by W(x — y) the corresponding two-body
multiplication operator. Then

A2 (IW(x = »)I) < G| Wl Ls ey N dT (1= A) (5-2)
as operators on F.

In particular, Assumption 1 guarantees that w € L' T¢(R?) for every & > 0, hence Lemma 11 implies
that
Al (Jwn (x — y)|) < CeN°N AL (1= A). (5-3)
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Here we used the fact that

/ lwy (x)]|% dx = N2 /|w(x)|“ dx forall a > 0. (5-4)
R2

Proof. Using Sobolev’s embedding L* (R?) > H'(R?) with 1/s’ + 1/s = 1 [Lieb and Loss 2001,
Theorem 8.8], we have
[ ar W =11 P = G fax IWe= sy 176 My e

= Gs|W | Ls 2y (fs (1 = Ay) ) L2(R2xR2) (5-5)

for all f € H'(R? x R?). Therefore, we have the two-body inequality
IW(x =) = CGslIW | s@wzy(1 — Ay) (5-6)
for each y € R2, which implies the second-quantized form (5-2). O
The second estimate is concerned with the second quantization of a two-body multiplication operator:

Lemma 12. Let A > 0 be a multiplication operator on $° such that A(x, y) = A(y, x) and let s € [1, 00).
Then
dT'2(4°%) < [dT2(A)F. (5-7)

Proof. On every k-particle sector $%. k > 2, we have

N
dTy(4%) = Y A} < ( > Aij) = [dT2(A)]. (5-8)
1<i<j<k 1<i<j=<k
This concludes the proof since dI";(A) preserves the particle number. d

5.1. Estimate of the linear terms. We consider first the linear terms in (5-1).

Lemma 13. For everyt € [0, Thax) and € > 0, we have

&

N
(®n.[(G1 +GY). f3f]l®n.pm)| < Cree T (5-9)
Proof. From the definition of G; in (3-8), we obtain
(DN [Gr. [ Pnm)| =2 [(@n. aT () (wn * lun|P)un) w1 @y, ar)| (5-10)
with
1
I () (50)
N
where we used that g(/\/)ajc = a;rcg(N 4+ 1). For f asin (3-16), we have
C
o] < —2_g=m (5-12)

- MJN
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in the sense of operators on ]—'fN (t). We will use the simple bound
a@)a'(v) = a’@a) + v]* = W+ D], (5-13)
where v = g(¢)(wy * |un|?)un satisfies
lollzz < ||wn * lunPun| 2 < lwnlpillun 2 lunlize < Co (5-14)
by Lemma 10. Therefore, by the Cauchy—Schwarz inequality, we deduce from (5-10) and (5-13) that

(N [G1. fid®n )| <201 @n " (g wn s lun Pun )NV + DTV IV + D201 Py

W+D¥2 N°®
—F 1" oy M| =C, . (5-15)
I mMvN ’ YIN
In the last estimate, we used that
N2 0N pr|1P = (@n,r. N D pr) < CreN°. (5-16)
which follows from the kinetic estimate (3-13) in Lemma 8. Similarly, we also get
2 N*®
(PN, [GT, f3]®n,m)| = Cie NG (5-17)
since
(PN [GT. fal®n.a)| =2|(Pn.alg@)(wn * |un P un)D1 P, )|, (5-18)
where
5. = NVN —-N+1 f2 f2 —1 (5-19)
TN M
as an operator on ]-"JS_N . From (5-15) and (5-17), we obtain (5-9). O
5.2. Estimate of the quadratic terms. We turn to the quadratic terms in (5-1).
Lemma 14. For everyt € [0, Tyax) and & > 0, we have
2 < 1 Nﬂ &
}(CDN» (G, fM]q)N,M)‘ <Cte \/_ﬁ + ap N7, (5-20)
N8
(@n, (G5, farl®nm)| = Creyrs (5-21)

Proof. The bound (5-20) is one of the most difficult estimates in this section. We use the strategy explained
in Section 3.3.

Step 1. Let us abbreviate

_ J(N—A]fv)(ivl—N—l)(fz(%) fz(N+2)) (5:22)
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as an operator on ]-'fN . For N =2, we have

|C()2| < £1>M/2.

303

(5-23)

We also observe that in the relevant estimate for G, Ky = ¢ ® q[? » in (2-24) can be replaced by K 5 as

for any y, x’ € F1(t) we have

<x, [Jaxes Kz<x,y)uN<x)uN(y)aia$x> <x, [[axay Ratxompuneruniata yx> (5-24)

Hence, we can write

(On.[Ga. f2,]®N.01) = // dx dy wy (x — Yy )y ()@ alalwr®nar).

By writing
ala;ﬂ = R_l/zalalRln +R™V2[RY/2, aia;r,]
with R = dI>(Jwy|) + 1 as in (3-22) and using the triangle inequality, we find that

(DN, [Ga. fif]®NM)| < E1+E
where

£ = // dx dy Jwy (x = )| Jun ()] luy () (@, R™2alal R 2w @ )1,

52—/[dxdy|wN(x W un )] uy )] [(@n. R™VRY2, alallw, @ ar)]-

Step 2. Now let us estimate &;. By the Cauchy—Schwarz inequality,

“1= // dx dy [wy (x — )| Jun ()] |y )| llaxay R0 5 || IR 20, @ w01 |
1/2
< (//dx dy lwy(x —p)| IMN(X)|2|MN(J’)|2)

1/2
><(//dxdy|wN(x—y>|||axayvz‘”2<bN||2) IRV 20,05 a1l

From Lemma 10, we can bound

// dx dy [y (x — )| un @) Pluy 0P < lulZeo lun 22 lwn i < Cr.

Moreover, (3-26) yields

[[exarione = llasa, R 2oy < jox | <1.
From Lemma 11 and the kinetic estimate in Lemma 8, we get

(@, a1 dT2(|lwN )P, M) < CeNE (P, M AT (1= A) Py ar) < Cre MNP

(5-25)

(5-26)

(5-27)

(5-28)

(5-29)

(5-30)

(5-31)

(5-32)

(5-33)
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Combining this with (5-23) and the fact that R commutes with w,, we find that

C CieN?
RYV2w0y @y ||? < — (Ow.pr, RO < 5-34
IR ar®nm|” = - 5 {Pnm. RONM) = — 7 (5-34)
Inserting (5-31), (5-32) and (5-34) in (5-30), we conclude that
Ct 8N8
&= — P (5-35)
'S AT [Pl

for every constant ¢ > 0.

Step 3. We turn to estimate the second term &, which is more involved. Using (3-29) and (3-28), we get

VA
RY2 alal]= f d
[ ] o S R+s lwn (x — y)|ax y,R_|_
—/ ds dZR (lwn(x=2)|+ lwy(y —2)|)a Jfa;r,aiazR_i_S (5-36)
This allows us to write
£ = // dx dy [y (x — )| fun ()] lun )] [(@x. RV2R2, aladJor ®na)|

=C(&,1 + &20), (5-37)

where
—1/2 1

s = [ as 5 [[asay tonten)Plun el luy )] (@, Tl onewan)], 639

52,2=/0 dsﬁ//fdxdydzmmx—yn|wN(x—z>||uN(x>||uN(y)|

R—I/Z

x[(Pn, R—Halalala

o} . (5-39
ZR—I—Swz N,M)‘ ( )

Estimate of £, 1. By the Cauchy—Schwarz inequality, we find for any constant ¢ € (0, 1) that

foe) —1/2
&< d dxd - ®
2 = [ a5 [[axaytun e Pluy iy o) faxa —on| |

00 1/2
< dsﬁ( /I dxdy|wN(x—y>|2+€|uN<x>|2|uN<y)|2)
R—1/2 2\1/2
([/dxdylwzv(x »I* )

R+s
By Lemma 10, we obtain
// dx dy wy (x — )P lun )Pl ) < iy oo lun 2l lwn P s

< C,N2BO+e) (5-41)

0 PN, M H

R—+s
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Moreover, using that

_ _ 2— _
// dxdy [y (x — )P ~fatalaray = dTa(lwy 2~9) < (@a(wy D) <R (542)

by Lemma 12, we can bound

[ exariont -y

R 1/2
R+s

2 —1/2 R-1/2
R
= ®y,dl 2= ®
<R+ N A2 (Jlwy | ) N>

R+s

RI—S
<(dy, — by < — .
‘< N RrT)2 N> (1+5)i+e

(5-43)

In the last estimate we used that R > 1. Moreover, using again the fact that R commutes with w,, we find
with (5-23) that

1 2 C
o <— (P ,1>M/2q)
HR+sw2 N.M _M2(1+s)2( N.M N,M)
C 2N Cte
<——  |oyuy, =o L — Y 5-44
_M2(1+s)2< N.M> 7 N,M> EEE (5-44)

Here in the last estimate, we used the kinetic bound in Lemma 8. Inserting (5-41), (5-43) and (5-44) in
(5-40) we find that, for every constant ¢ € (0, 1),

£21<C ds /5 vV N2B(+e)
2 ’8/0 $ Vs \/(1+s)1+8\/M3(1+s)2

N (+e)B+e/2 / ds N (1+e)B+e/2
0

=Cre M3/2 (1+s)lte/2 = M3/2

(5-45)

Cre

Estimate of £, ». Similarly, for every constant € > 0 small, by the Cauchy—Schwarz inequality,

52,2=/0 dS\/E///dXddeWN(X—J’N|wN(X—Z)||”N(X)| un ()
R—I/Z(N+ 1)—1/2
R+s
< ||uN||ioo/0 dsﬁ/[/dxdydzm]v(x—yn o (x - 2)|
R—I/Z(N+ 1)—1/2
Dy
R+s H

RPN ADT2
R+s

WV +3)1/2
R+s

X <<1>N, aia}aiaz

CUZ‘DN,M>’

N +3)1/2
R+s

2)1/2

1/2
/dx|wN(x—z>|2 [dy|wN(x—y)|8) . (5:46)

X

V4

Axdydz

< ,/ (/f/dxdydzmv(x D

/
X([dz WA

PN, M ”

Axdyd;z N
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In the last estimate, we used the uniform bound ||un||pec < C; from Lemma 10. Using again (5-42) and
R =1 we find that

[ aay azton -y

RTVZWN+1)71/2 e RN+ 1712
S L

RTIV2W+n~l2 2
@
itz R+s N

Rl—&‘
<({dy,——Py )< ———. 5-47
“(ov ) = 47
Since w is bounded and compactly supported, we get
/dx|wN(x—Z)|2/dy|wN(x—y)|85CNZﬂS. (5-48)
Moreover, using (5-23) together with N2 < M dI'; (1 — A) on F=M and Lemma 8, we have
N +3)1/2 e NW +3)
/dz az—wzq)N,M = m N,M WqDN,M (5-49)
C Ct 6N8
<—— (Ona NP < 5-50
< M2(1+s)2< N.M N.M) M+ (5-50)
Therefore, we deduce from (5-46) that
00 1 NE N B+1/2)e
£22=C d N2Be < Cp p———. 5-51
22 % ”8fo “/E\/(1+s)1+8 \/M(1+s)2 =T G->1
Putting (5-45) and (5-51) together, we conclude from (5-37) that
NU+B+e/2  pr(B+1/2)s
& < c,,s( ot ) (5-52)
Conclusion of (5-20). Inserting (5-35) and (5-52) in (5-27), we obtain (5-20).
Step 4. 1t remains to prove (5-21). Similarly to (5-25), we can write
(ON.[G3. fif]®Pnm) = [/dx dywn(x = y)un () un (V) PN, axay@2 P ) (5-53)
with
_~ N—-N+2)(N-N+1 N=2 N
@y = \/( )( ) f2 _ f2 b (5_54)
N -1 M M

as an operator on ]—'fN . This term is much easier to estimate than (5-25) since now two annihilators
hit ® as. To be precise, we have

_ C
2] = I (5-55)
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similarly to (5-23). Therefore, by the Cauchy—Schwarz inequality,

(O (6% /2] ®na1)| < // dx dy [wy (x — )] uy )] [y )] B || laxay@2 @ |

1/2
< ||¢N||( [[axavione—n) |uN<x)|2|uN<y)|2)

1/2
X (//dx dy lwy(x — )| ||axay52CDN,M”2)

~ 1/2
< C(@n, . A2 (|wn @2 > @, ) /
< %@ NEN AT (1 = A)dy ) /2 < C N (5-56)
= q2\0Nm 1 N.M =Cregr

Here we used again (5-31), Lemma 11 and the kinetic estimate in Lemma 8. Thus, (5-21) holds true.
This completes the proof of Lemma 14. O

5.3. Estimate of the cubic terms. Concerning the cubic terms in (5-1), we have the following bounds:

Lemma 15. Let O € F 1 (¢),t € [0, Tinax) and € > 0. Then

1 NP
(@n.[Gs. f21Pw1)] < c( = W)Ns, (5-57)
* NE
(PN G}, fi]®N,m)| < Cre Nk (5-58)

Proof. Again, (5-57) is much more difficult than (5-58). We will proceed similarly to the quadratic terms.

Step 1. Analogously to (5-23), we define

B e

as an operator on ]-'fN , which satisfies

|ws| < %FM : (5-60)
Moreover, similarly to (5-25) we can write
(. [6s, f2]Pwn1) = Jl—ﬁ [[exavun - puneiey.alaa ooy G6n
By decomposing aia;r,ay as
ala;ay = R_l/za;rca;ale/z + R_l/z[a;rca;ay, R, (5-62)

we obtain
(®N.[G3. [3f]PN,m)| < &3+ Ea. (5-63)
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where

1
53=ﬁ//dxdan(x—yn|uN(x>||<<I>N, 1241l ay R w3 @y pr).

1 _
fo=— // dx dy lwy (x— )] [y ()] (@ R [alalay. RV sy ar)|-

Step 2. Let us first estimate £3. By the Cauchy—Schwarz inequality,

1 -
&= — //dx dy [wy (x = )| lun ()| laxa, R 2@ x| lay R >3 @y u |

1/2
u oo _
< lunllz- j”_L (//dxdy|wN(x M laxay, R0y ||)

(5-64)

(5-65)

1/2
x( //dXdy|wN(x—J’)|||ale/2w3<DN,M||2) . (5-66)

We can simplify the right-hand side using (3-26) and Lemma 10. Moreover, by (5-60) and Lemma 11,

CeN
|a)3|2NR< NZ dl (1= A) < CeNdT (1= A)
on F=M Combining this with the kinetic bound in Lemma 8, we find that

[ xavun =l R 2on@n 1 = oyl (@xar.losPARD )
S CgN28
for every constant ¢ > 0. Therefore, we deduce from (5-66) that
&
&3 < CreN .
v N

Step 3. Now we turn to the complicated error term £4. A direct computation shows that

[dF2(|wN|), ala;ay] =|wy(x— y)|aia;ay + /dz |wp (x —Z)|ala;a2azay,

and with (3-28) this yields
12 gt gt L

R“, = — d

[ axayay] T /0 s

|LUN(X y)lax yay

_/ ds/dz

Thus, by the triangle inequality and the bound ||un||Lo < C; from Lemma 10, we can split

R+s R+

|wN(x 2)ata ;alazay

s = = [[avay oy =l (] (@ R 2lalafay RV Yos @)

< Ci(E4,1 +E42),

R+s

(5-67)

(5-68)

(5-69)

(5-70)

(5-71)

(5-72)
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where
R—1/2 1
atat
Ein= / dsf///dxdydﬂwmx P oy (x—2)
i
RTV2 4 ot !
X <®N’R+ axayazazayR+ a)3d>N,M>‘ (5-74)
Estimate of £4,1. By the Cauchy—Schwarz inequality we have
R™1/2 1
a1 5«/_—/ dsf//dxdyle(x »I? xlly CDN‘ ayR+sw3q>N,M“
1 R—1/2 2\1/2
= [Car s ffax vt - np o on| )
2N1/2
x dxd —y)|*te . (5775
([fexariovee—nirela, ) s
The right-hand side can be simplified using (5-43) and the estimate
2
dxd _ 2+e d
J[exarionr =P+ la - osenn
Nlws|? N*®
_ 2+ (1+e)28
= ||w d ,————® < CieN ——, (5-76
[lwaw HL1< M G g2 ONm 1e ERENE (5-76)
which follows from (5-60), R > 1, and the kinetic bound in Lemma 8. Altogether, this gives
E41 < ; N(1+s)2/3L
’ (1+s)t+e M?2(1+s)?
N (1+e)B+e/2
<Cig—F——. (5-77)
te ~
Estimate of £4 5. By the Cauchy—Schwarz inequality,
1 *° NG
éao=— [ as 5 [[[avaraziune -y -2
v N Jo
RN 42)71/2 WV +3)1/2
X '<q)N, R+s aia;ﬁai ayR—-H‘a)3q>N’M>‘
1 o0 NG
<— ds s/f/dxdydzle(x—y)| lwa (x —2)|
VN Jo
72_1/2(N+2)_1/2 (N+3)1/2 03 ®
X |laxaya
xUylz R+s N,M
1 RV2(N +2 1/2 1/2
<— (///dxdydzhuN(x y)FE axayaz 5%++s ) N )
N+ 3)1/2 2N1/2
x(//[dxdydz|wN(x—y)|8|wN(x—z)|2 ayaz%w ) . (5-78)
s
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‘We can bound

[ ay azton -y

RPNV NP

Axyaz R+s N
R-1/2 2
= [[axarion =P aa Tson| < e 69
as in (5-43). Since w is bounded and compactly supported, we have the pointwise estimate
[w (x = »Flwn (x = 2)1> = [wy (x = ) lwn (x = 2) P L,z <cn-5
< CN*Pluy (x = I Ly_zi<cn-»y- (5-80)

Moreover, the operators dI' 2(1{| y—z|<C Nfg}), R, N and w3 all commute. Consequently, using R > 1
and (5-60), we can bound

N +3)1/2 2
//dy dz 1{|y—z|§CN_B} ayazR—Ha)3 q)N’M
N+3
= <<1>N,M, dF2(1{|y_z|5CN—B})m|w3 |2cDN,M>
S——(® ,dlN (14, -y P . 5-81
=Ma +S)2( N> A2 (L, <on-83) PN M) (5-81)
Using Lemma 11 with s = 28/(28 —¢), we obtain
dl2 (g —zj<cn-58Y) = C.NNT2BN AT (1 - A) (5-82)
for every ¢ > 0. Therefore, together with Lemma 8, we deduce that
(N +3)1/2 2
dxdyd — ——w3d
e
CN*P .
= m ” |wN| HLI (cDN,M, dl (1{|y_z|5CN—ﬁ})(DN,M)
C N(2ﬂ+2)8
< et (5-83)
(1+5)?

Inserting (5-79) and (5-83) in (5-78) we find that

C N (@2B+2)e C N (B+1De
0= 2= / s /5 = (5-84)
(1 +s)1+8 97 = JN

for every constant ¢ > 0. From (5-77) and (5-84) we get

E,<C ( Nﬂ + I)Ng (5-85)
=\ YN UN )

Conclusion of (5-57). Given the decomposition (5-63), the desired bound (5-57) follows immediately
from (5-69) and (5-85).
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Step 4. It remains to prove (5-58). Similarly to (5-61), we can write

1 — ~
(PN, (G5, f3/)Pn.m) = Wici //dx dy w (x — Y)un (PN, a}axay @3 Oy ar) (5-86)
with
~ N N—1 N
) e

as an operator on J-"fN , which satisfies

_ C
@3] = 715 (5-88)
By the Cauchy-Schwarz inequality,
(ON.[GS. fi]®n, )|
1 — 172 t 12~
= Ux dxdywy(x —»)un(xX)((N + 17" On, ayaxay N “o3P N )

||”N||L°° -
< [/ dx dy [wy (x— )| lay W+ 120 x| flaxay A7 25; S ad

1/2
s/N(//dxdy|w1v(x—y)|||ayw+1)—1/2<1>N||2)

1/2
x (// dx dy [w (x — )| laxay A/ 253‘I’N5M”2)

C _ ~ 1/2
= Jtﬁ<q)N’ lwn | LNV + DT ON) 2O N ar, AT (Jwn D@3 > P, ) /
_ CieN 24<M y =2 1/2 < Cre 2
= ||<I>N||(<I>NM dl' (1 = AN“L=Y M =D ar) ——N*%, (5-89)
\/_ ~
where we used Lemma 11 and the kinetic bound in Lemma 8. This concludes the proof of (5-58) and
thus of Lemma 15. ([

5.4. Conclusion of Proposition 9. First, inserting the bounds from Lemmas 13, 14 and 15 in (5-1), and
using M < N to simplify some error terms, we find that the desired propagation bound (3-17) holds true,

namely that
1 NP
&€
=CieN («/_M + M3/2)'

SN0, 1P 1)

Proof of Proposition 9. Define

B(t) := 1= 9%(@n (1), [ Pwv.p (1)) (5-90)
By (2-27) and by definition (3-16) of fjs, we obtain

B0) = (@0, (1 /3)0) = (@0, 1M/ 0) < 2 (@, N o) = < (5-91)
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Combining this with (3-17), we can therefore bound

Bt)<C ! N’ 5-92
() = t’s(«/_ﬁ_{—W) (5-92)

for all ¢ € [0, Tryax) and & > 0.
To conclude Proposition 9, we prove that

1oN (1) = Py, M (DI < 4B(0). (5-93)
Let us drop the time dependence from the notation for simplicity and write
|Pn —Pnml® = 1PN + 1PN al* —20(PN, P, )
<2-20(Pw. iy Pnm) —2R(PN. g3y P m)- (5-94)

Here we defined gjzw =1-f 1\%1 and used that | @ || <1, |®n,ar| < 1. Moreover, by the Cauchy—Schwarz
inequality,

2(®n, g3, PN < g N2+ lgm Pl
<2— |/ ®nI* = | far®nm? <2 -2 Pn, [y Pnpr)l. (5-95)

Thus, (5-93) follows immediately. O

6. Conclusion of the main theorems

6.1. Proof of Theorem 5. Let M = N'~% with § € (0, 1). Recall that ®(¢) and @, a(7) are defined
in (3-6) and (3-11), respectively. Since Uy : HV — ]-'JS_N (¢) is a unitary transformation, the desired norm
approximation (2-29) is equivalent to

IPw (1) = 2(@)|* < C N2, (6-1)
By Lemma 8 and Proposition 9, we can bound
lon (1) = )[1* =2 PN (@) — Dnm O] + 21| @, 0 (1) — D)
1 N# [M
&
=< CteN (_WJFWJF W)
— Ct SNE(N(S—I)/Z +N38/2+ﬂ—3/2 +N—5/2) (6-2)

for all ¢ € [0, Thnax) and & > 0. Here we have put back M = N 1-8 4t the end. The optimal choice for § is

5 {%(3—2;3) if > 3.

1 . 1
3 lfﬂf—,

(6-3)

which implies (6-1) with every 0 < a, < min(g. 1¢(3 —28)). O
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6.2. Proof of Theorem 3. The implication of the convergence of density matrices from the norm
convergence is well-known; see, e.g., [Lewin et al. 2015a, Corollary 2]. Here we recall a quick
derivation for the reader’s convenience. We will again drop the time dependence from the notation.
Letg=1—p=1—|uyn){un| as in (2-25). By using the rules (3-5) (see also Remark 6), Theorem 5 and
Lemma 7, it follows that

N Te(qyg) ) = VN o |2 <2 [ VNN (@ — )2 + 2 [ VNP < Cr o (N 1722 + N¥).

Then by the triangle and Cauchy—Schwarz inequalities, we conclude that

1 1 1 1
Tr|ys — o) (@l < Tr|p = @) (@l| + Tr [prsY = Dol + TrlgpdPgl +2Tr | pr{Pygl
N 1 1 1

1 1 1
=2lun—oll2+ 2Tr(qy\§,l)q) + 2\/Tr Icn/é,l)ql \/Tr Ipyé,l)pl
< Cre(NTP4 N2 NETD/2)

Here we used Tr(p) = Tr yé,lj\)z = 1 and Lemma 10. Thus (2-6) holds for &y = min(8, «»). O
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LOWER BOUNDS ON FIBERED YANG-MILLS FUNCTIONALS:
GENERIC NEFNESS AND SEMISTABILITY OF DIRECT IMAGES

STIARHEI FINSKI

The main goal of this paper is to generalize a part of the relationship between mean curvature and
Harder—Narasimhan filtrations of holomorphic vector bundles to arbitrary polarized fibrations. More
precisely, for a polarized family of complex projective manifolds, we establish lower bounds on a fibered
version of Yang—Mills functionals in terms of the Harder—Narasimhan slopes of direct image sheaves
associated with high tensor powers of the polarization. We discuss the optimality of these lower bounds
and, as an application, provide an analytic characterisation of a fibered version of generic nefness. As
another application, we refine the existent obstructions for finding metrics with constant horizontal mean
curvature. The study of the semiclassical limit of Hermitian Yang—Mills functionals lies at the heart of
our approach.

1. Introduction

Consider a holomorphic submersion & : X — B between compact complex manifolds X and B of
dimensions n + m and m, respectively, n, m € N. Let L be a holomorphic line bundle over X, which
is relatively ample with respect to 7. We fix a Gauduchon Hermitian form wp on B, i.e., a positive
(1, 1)-form, such that 85(0’};_1 = 0; see [Gauduchon 1977]. The main goal of this paper is to study
the relationship between the so-called horizontal mean curvature of the fibration, which is a certain
differential-geometric invariant of the family defined using wp, and Harder—Narasimhan wpg-slopes of
direct images Ej := R, L*, which are algebraic invariants.

More precisely, consider a Hermitian metric /% on L, which is positive along the fibers of 7. We
denote by
V-1
o

wht) = RE
the first Chern form of (L, h%), where R’ is the curvature of the Chern connection. When A1’ is clear
from the context, we omit it from the above notation.

As w is positive along the fibers, it provides a (smooth) decomposition of the tangent space 7 X of X
into the vertical component TV X, corresponding to the tangent space of the fibers, and the horizontal
component T X, corresponding to the orthogonal complement of 7V X with respect to . The form
 then decomposes as w = wy + oy, wy € €7(X, /\1’1TV*X), wn € €(X, /\I’ITH*X). Upon the
natural identification of T# X with 7*T B, we may view wpy as an element from € (X , /\l’lﬂ*T*B).
MSC2020: primary 32L05, 32Q26, 53C07, 5S8E15; secondary 14F06, 53C55.
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The triple (7, w, TH X) then defines a Kdhler fibration in the sense of [Bismut et al. 1988, Definition 1.4].
We define the horizontal mean curvature, \,,wn (ht) € €*°(X), as

wp(ht) Aol

Nopon(h') = ——F—F—. (1-1)
wp
We say that il is fibered Einstein if /\,, s OH (h') is a constant. By decomposition into horizontal and

vertical components, it is easy to see that this condition is equivalent to
whH)rt! /\n*w'gfl =c-a)(hL)"/\7'r*w’g, (1-2)

where c is a constant. By integrating (1-2), we see that the constant ¢ is independent of 4%, since wp
is Gauduchon; see Section 4 for details. Remark the similarity of (1-2) with the J-equation if m =1,
and with optimal symplectic connection equation of Dervan and Sektnan [2021, Proposition 2.7] if the
fibers are Fano. For families of manifolds given by projectivizations of vector bundles, the condition
(1-2) was introduced by Kobayashi [1996], who called such metrics Finsler—Einstein metrics; then Feng,
Liu, and Wan [Feng et al. 2019] generalized it for general Kéhler submersions, and called such metrics
geodesic Einstein metrics. If instead of a closed manifold B, one considers manifolds with boundary,
equation (1-2) was studied extensively in the past: If B is a 1-dimensional annuli and ¢ = 0, this is a
geodesic equation in Mabuchi space [1987]; see [Semmes 1992] or [Donaldson 1999]. If B is a bounded
smooth strongly pseudoconvex domain in C", ¢ =0 and wp is the standard Kéhler form, (1-2) was called
Wess—Zumino—Witten equation in [Donaldson 1999] due to its connection with [Witten 1983].

Remark that in the important case when X := P(E™) for some holomorphic vector bundle E over B,
L := (1), and h’ is induced by a Hermitian metric 1€ on E, (L, h") is fibered Einstein if and only if
(E, h%) is Hermite—Einstein; see Remark 3.4 for details.

The first main observation of this paper is that the correspondence between fibered Einstein and Hermite
Einstein equations is much tighter. Indeed, as we shall see, relying on the work of Ma and Zhang [2023],
see Theorem 2.2, the fibered Einstein equation for L is mutatis mutandis the semiclassical limit (i.e.,
k — o0) of the Hermite—Einstein equation for Ej := Rm,L¥. Let us now explain the first manifestation
of this correspondence.

Recall that a slope (or wp-slope) of a coherent sheaf & over B is defined as (&) := deg(&)/rk(&),
where the degree, deg(&), is given by deg(&) := f glei(det&)] - [w'; _1]; here and after the intersection
product is for Bott—Chern and Aeppli cohomology classes, a)'g_l represents an Aeppli cohomology class
since wp is Gauduchon, see Section 4 for details, and det & is the Knudsen—Mumford determinant of &,
see [Knudsen and Mumford 1976]. A torsion-free coherent sheaf & is called semistable or wpg-semistable
if for every coherent subsheaf F of &, verifying rk(F) > 0, we have u(F) < u(&). When dim B =1,
these notions clearly do not depend on wp.

Theorem 1.1. Assume that L admits an approximate fibered Einstein metric, i.e., there is ¢ € R such that,
for any € > 0, there is a relatively positive metric heL on L, verifying the bound

|Awyoon (hl) —c| <e. (1-3)
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Then the vector bundles Ej := R°m,L* are asymptotically semistable, i.e., for any quotient sheaves Qy
of Ex, tk(Qy) > 0, and any € > 0 for k big enough, we have u(Qy) > u(Ey) — €k.

Remark 1.2. (a) It is likely that there is an even closer relationship between fibered Einstein metrics
on L and Hermite Einstein metrics on Ej, paralleling the known correspondence between constant scalar
curvature and balanced metrics; see [Donaldson 2001].

(b) We conjecture that the converse of Theorem 1.1 also holds. In fact, this will follow as a special case
of a more general conjecture, which we discuss after Theorem 1.7.

When Theorem 1.1 is applied to 7 : P(E*) — B for some vector bundle E over B, and L := (1),
due to a precise relation between the slopes of SyrnkE = RO, L%, k eN, and E, see [Chen 2011, §3.2],
we recover the well-known fact, see [Kobayashi 2014, Theorem 6.10.13], that if £ admits approximate
Hermite—Einstein metrics, then E is semistable.

The asymptotic semistability condition from Theorem 1.1 seems rather difficult to verify at first sight.
We will now discuss some numerical obstructions for it. More precisely, for an irreducible complex
analytic subspace ¥ C X of dimension k +m, k > 0, such that the restrictionof 7 to Y, w|y : Y — B, is
a surjection, we define the wg-slope, w(Y), as

1 Syla@ - [wp™']
k+1 [yl (DA - [wy]

n(¥) = (1-4)
By the Serre vanishing theorem, for k € N* big enough, the sheaf Q; := R0n|y,*L|’§, can be realized
as a quotient of Ej through the restriction map; see the proof of Proposition 4.7 for details. By the
asymptotic version of the Riemann—Roch—Grothendieck theorem, see Theorem 4.1, which we establish
in our singular setting, we can calculate the asymptotics of the slopes of Q; and Ej, as k — oo. By
comparing the asymptotics of these slopes, we obtain in Section 4 the following result.

Theorem 1.3. If the vector bundles Ey are asymptotically semistable, then X is numerically semistable,
i.e., for any Y as above, we have u(Y) > u(X). Moreover, if dim B = 1, then asymptotic semistability of
Ey, is equivalent to numerical semistability of X.

Remark 1.4. A combination of Theorems 1.1 and 1.3 shows that existence of approximate fibered Einstein
metrics on L implies (YY) > w(X) for Y above. Feng, Liu, and Wan [Feng et al. 2019, Theorem 2.2], see
also [Wan and Wang 2020], established this by different means under an assumption, requiring among
others that the projection of the singular locus of ¥ to B has codimension at least 2.

As we explain later, Theorem 1.1 is a direct consequence of a more refined result concerning lower
bounds on fibered Yang—Mills functionals. More precisely, for a relatively Kéhler (1, 1)-form @ on X
and any c € R, p € [1, +oo[, we define the fibered Yang—Mills functional as

FYM, (7, ») :=/|AwaH(x)—c|”w"An*w'g(x),
X (1-5)
FYM_o0,¢ (7, ) := sup| Awy 0 (¥) — .

xeX
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We also let FYM,, (7, hty = FYM,, . (m, c1 (L, h')) for a relatively positive metric A% on L. We
will now show that asymptotic Harder—Narasimhan slopes of Ej, as k — oo, yield lower bounds for
these functionals. To readers familiar with Hermitian Yang—Mills theory, see [Atiyah and Bott 1983,
Proposition 8.20; Donaldson 1985, Proposition 5; Daskalopoulos and Wentworth 2004, §§2.3, 2.4], this
will sound very natural. Indeed, again from the work of Ma and Zhang [2023], one can view the horizontal
mean curvature of L as the semiclassical limit (i.e., kK — oo) of the mean curvature of E;. From this, we
establish the lower bounds on the fibered Yang—Mills functionals through the limits of the lower bounds
on the Hermitian Yang—Mills functionals of Ey.

To explain this in detail, recall first that any torsion-free coherent sheaf & on (B, [wp]) admits a unique
filtration by subsheaves &;,i =1, ..., s, also called a Harder—Narasimhan filtration,

E=EDE_1D--DE D =10}, (1-6)

such that, for any 1 <i < s — 1, the quotient sheaf &;/&;_; is the maximal semistable (torsion-free
coherent) subsheaf of &/&;_1, i.e., for any subsheaf of F of a (torsion-free coherent) sheaf &/&;_1, we
have u(F) < u(é;/&—1) and rtk(F) <r1k(&;/&;—1) if w(F) = u(8;/&;—1). For the proof of this result in
the setting of the Gauduchon form wg, see either [Bruasse 2001] or [Greb et al. 2016, Corollary 2.27].
We define the Harder—Narasimhan slopes, (i1, ..., i) of &, such that w(&;/&;—1) appears among
Ui, ..., Mike) exactly rk(&;/&;—1) times, and the sequence ui, ..., i) 1S nonincreasing. We let
Mmin ‘= KUrk(#)> Mmax = U1.

We let Ni :=rk(E}), and let [Lllc, R ,u',‘vk be the Harder—Narasimhan slopes of Ey, and pffnm, ,uﬁlax be
the minimal and the maximal slopes. Define the probability measure n,fIN on R as

HN .__ 1 oL S Mi‘ 1-7
i=1

where §[x] is the Dirac mass at x € R. Our lower bounds for the fibered Yang—Mills functionals will
build upon the following result.

Theorem 1.5. The sequence of measures n,tIN converges weakly, as k — 00, to a probability measure

"N on R, and the limits below exist and relate with n'™N as follows:

k k

= lim % <essinfptN, HN .y Smax
k—00

HN .
Mmax *
k—o00

Mmin

= ess sup nHN. (1-8)

Remark 1.6. The proof of Theorem 1.5 follows the arguments from [Chen 2010; Finski 2024b, Theo-
rem 1.1], establishing Theorem 1.5 in the projective setting for flat maps 7 : X — B, for dim B = 1 and
dim B > 1, respectively. The only difference is that due to the lack of algebraicity, the proofs from [Chen
2010; Finski 2024b] of the linear upper bound on pX . in k € N*, crucial for Theorem 1.5, do not work.
Here this bound is obtained by a differential-geometric argument; see Proposition 2.3.

We are finally ready to state our lower bounds for the fibered Yang—Mills functionals.
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Theorem 1.7. For any relatively positive metric h* on L, we have

mf /\waH x) <IN sup Ay, on (x) =N (1-9)

xeX

If, moreover, wp is Kdihler, then for any c € R, p € [1, +00[, we have
FYM,,  (, k") > / lx —c|Pdn™ (x) - / ["]- 7 *[w]. (1-10)
R X

Remark 1.8. (a) As we shall establish in Proposition 4.5, nmm if and only if Ey, k € N, are

= nmax
asymptotically semistable. Hence, (1-9) refines Theorem 1.1.

(b) The left hand-side of (1-10) depends on A%, but the right-hand side doesn’t.

(¢) When X :=[P(E*) for some holomorphic vector bundle E over B, L := 0(1), and ht is induced by a
Hermitian metric 2¥ on E, the result can be deduced from the lower bounds on the Hermitian Yang—Mills
functionals due to Atiyah and Bott [1983] and Daskalopoulos and Wentworth [2004].

Note that similar lower bounds in the context of constant scalar curvature metrics were obtained by
Donaldson [2005] for the Calabi functional. Here, as in [Donaldson 2005], we expect the bounds from
Theorem 1.7 to be tight. In other words, it seems likely that the following conjecture holds.

Conjecture. In the notation of Theorem 1.7, for any p € [1, 400, ¢ € R, we have

inf FYM, (7, hL):/ \x—c\”dnHN(x)-/[w"]-n*[w'g],
" R X (1-11)
1anYM+OO C(T[ h ) = max{”]mm - C| |nmax |}9

where the infimum is taken among all relatively positive metrics h™ on L.
Remark 1.9. In the recent paper [Finski 2024a], the author established the Conjecture for p = 1.

By Remark 1.8(a), if the Conjecture holds for p = 400, then the converse implication of Theorem 1.1

HN

also follows, upon taking ¢ := plN = N

For 7 : P(E*) - B, L = 0(1), where E is some holomorphic vector bundle over a complex compact
manifold B, one can show that the Conjecture holds by the existence of the approximate critical hermitian
structures on vector bundles, see [Daskalopoulos and Wentworth 2004, Definition 3.9], and the calculation
of the asymptotic slopes of Sym* E = RO, L¥, due to Chen [2011, Theorem 1.2]. The following result is
another partial justification of the Conjecture.

Theorem 1.10. The identity sup;,. infycx /\y sOH(X) =
all relatively positive metrics h* on L.

= nmm holds, where the supremum is taken among

Remark 1.11. By [Li et al. 2022, Theorem 1.5], when X := P(E*) for some holomorphic vector bundle
E over B, and L := ¢(1), the above theorem remains valid even if one restricts attention to metrics i’
that are induced by a Hermitian metric 4% on E.
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We assume now that B (and, hence, X) is projective. Recall that a line bundle L on X is called nef
if for any irreducible curve C in X, |, cc1(L) > 0. It is well-known that this condition is equivalent
to the existence of metrics with an arbitrarily small negative part of the curvature, as stated precisely
in [Demailly 1992, Proposition 4.2]. One of the central concerns in complex geometry is the study of
variations of this result, which provides a “dictionary” between the algebraic and analytic definitions of
positivity. Let us now explain an application of Theorem 1.10 in this context.

We fix a very ample integral multipolarization [wp 1], . . ., [@wB.m—1] on B, which is a collection of very
ample classes from HV(B,C)NH?*(B,Z). We say that a Q-line bundle L on X is ([wp 1], . - ., [@B.m—1])-
generically fibered nef with respect to  if there is [y € N* such that, for any regular curve C = C(l) C B,
I=(y, ..., 0p) e =D o> s i =1,...,m — 1, given by a complete intersection of generic
divisors from classes /i[wp. 1], ..., Im—1l®wp.m—1], the restriction of c¢{(L) to 7~ (C) is nef. When
7 is the projectivization of a vector bundle, an equivalent definition was given by Miyaoka [1987],
see also [Peternell 2012]. The general case was introduced in [Finski 2024b]. We say L is stably
([wp.1]; - - ., lwp.m—1])-generically fibered nef with respect to m if for some (or any) ample line bundle
Lo on X, for any € > 0, € € Q, the Q-line bundle L ® L{ is ([wp 1], ..., [wp m—1])-generically fibered
nef with respect to . Recall that L is called relatively nef with respect to m if its restriction to every

HN f.om

fiber is nef. As we explain in Section 3, from the previously obtained algebraic description of 7,

[Finski 2024b, Corollary 1.4], Theorem 1.10 can be used to prove the following result.

Theorem 1.12. Consider a holomorphic submersion w : X — B between projective manifolds B, X. A
relatively nef line bundle L on X is stably (lwp 1], . . ., [wp m—1])-generically fibered nef if and only if for
any (or some) Kdhler forms wp 1, ..., wpm—1 0n B in [wp 1], ..., [0 m-1], and any (or some) Kdhler
form wx on X, for any € > 0, there is a Hermitian metric hf on L, such that

a)(hEL)/\Tl’*a)BJ/\~-'/\7T*a)3,m_1 Z—e-w%, (1-12)

where by this we mean that the volume forms obtained by the restriction to every m-dimensional complex
hyperplane of each side of (1-12) compares as required in (1-12); see [Demailly 2012, (II1.1.6)].

Remark 1.13. Curiously, even though the forms wp 1, ..., wp m—1 are Kihler, if these forms are different,
then in the proof of Theorem 1.12, we need to apply Theorem 1.10 for a non-Kéhler Gauduchon form wg,
constructed from wp 1, ..., wp ,—1. This was our main motivation to write this article in the current
generality. However, Theorem 1.12 is new even if the forms are equal.

In conclusion, it seems for us that a proof of the Conjecture might rely either on the techniques of
geometric flows or continuity method as in [Donaldson 1985; Uhlenbeck and Yau 1986]. In this vein, the
recent a priori bounds for Monge—Ampere and Hessian equations established by Guo, Phong, and Tong
[2023] and Guo, Phong, Tong, and Wang [2021] will likely play an important role.

Note that for a Hermitian Yang—Mills functional, the analogous conjecture holds due to results of
Atiyah and Bott [1983], Daskalopoulos and Wentworth [2004], Sibley [2015], Jacob [2016] and Li, Zhang,
and Zhang [Li et al. 2022]; see Theorem 2.5 for a precise statement. We also mention the recent works of
Xia [2021], Hisamoto [2023] and Dervan and Székelyhidi [2020], see also [Collins et al. 2022], proving
versions of the Conjecture in the context of constant scalar curvature metrics.
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In a different direction, when B is a bounded smooth strongly pseudoconvex domain in C", ¢ = 0 and
wp 18 the standard Kihler form on B C C”, Donaldson [1992] and Coifman and Semmes [1993] established
that Dirichlet problem associated with the Hermite—Einstein equation has solutions for any vector bundle
over B (in particular for Ex, k € N). Wu [2023] showed that the Dirichlet problem associated with (1-2)
always has weak solutions, and these solutions can be obtained as the semiclassical limit of the solutions
of the Hermite—Einstein equations on E;. See also [Phong and Sturm 2006; Rubinstein and Zelditch
2010; Song and Zelditch 2010] for earlier results in this direction. In other words, a phenomenon similar
to Theorem 1.7 is present: there is a relation between the Hermite—Einstein and the Wess—Zumino—Witten
equations. The major difference between these developments and our paper is that in our boundaryless
setting, neither Hermite—Einstein equations nor fibered Einstein equations have solutions in general, and
the methods of [Donaldson 1992; Coifman and Semmes 1993; Wu 2023] do not apply.

This article will be organized as follows. In Section 2, we will establish Theorems 1.5 and 1.7. We
discuss how horizontal curvature behaves with respect to a restriction to a subfamily in Section 3, and
using this, we establish Theorems 1.10 and 1.12. Finally, in Section 4, we establish a numerical obstruction
for asymptotic semistability of direct images from Theorem 1.3.

2. Fibered Yang-Mills functionals through the semiclassical limit

The main goal of this section is to prove Theorems 1.5 and 1.7. The theory of Toeplitz operators and
Hermitian Yang—Mills theory, which we recall below, will be particularly useful for that.

We begin by recalling some facts about Toeplitz operators. Let ¥ be a complex projective manifold of
dimension n with an ample line bundle L. We fix a positive Hermitian metric #” on L. We denote by w
its first Chern form, ¢; (L, h’). For smooth sections f, fof L¥, k € N, over Y, we define the L2?-scalar
product using the pointwise scalar product (-, - ), induced by A% as

P = [ FGF )00 (). @)

Recall that the Bergman projector By is given by the orthogonal projection (with respect to the scalar
product (2-1)) from the space of L2-sections of L¥ to HO(Y, L¥). For any bounded function f on Y, we
then define the Toeplitz operator, Ti(f) : HO(Y, L* — HO(Y, L¥), as

Ti(f)(s) = Bi(f-5), s€ H(Y, LY. (22)
Proposition 2.1. For any bounded function f : Y — R, we have the inequalities
lnff . IdHO(Y,Lk) < Tk(f) < sup f . IdHO(Y,Lk)’ (2-3)

where by A < B we mean that the difference B — A is positive definite. Moreover, if f is smooth, then for
any continuous function ¢ : R — R, we have

Te[p(T()] _ fiey @ ()" (x)

im =
k—oo dim HO(Y, L¥) Jylo™] (2-4)
klggo ¢ (T (f) | = max{|supp(f)|, |inf p(f)I},

where || - || is the operator norm.
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Proof. The statement (2-3) follows from the trivial fact that if f is a positive function, then the operator
Ty (f) is positive-definite. The statement (2-4) is a restatement of the weak convergence of spectral
measures of Toeplitz operators due to Boutet de Monvel and Guillemin [1981, Theorem 13.13]. For
an alternative proof through Bergman kernel expansion, see [Ma and Marinescu 2007, Theorem 7.4.1],
[Barron et al. 2014, Theorem 3.8] or [Finski 2022, Appendix A]. See also [Ma and Marinescu 2012;
2013] for generalizations and more refined results. ]

Now, the reason why Toeplitz operators are relevant to this paper is because they appear as the principal
term in the asymptotic expansion of the curvature of L2-metrics on direct images of a polarized fibrations.
More precisely, consider a proper holomorphic submersion 7 : X — B between complex manifolds X
and B of dimensions n + m and m, respectively, n, m € N. Let L be a holomorphic line bundle over X,
which is relatively ample with respect to 7. Endow L with a relatively positive Hermitian metric h”. Let
k € N be large enough that

Ei:= R7, LF (2-5)

is locally free. The L2-product (2-1) then defines a smooth Hermitian metric 2%* on Ej. We denote by
RE € (B, NT*B® End(Ey)) the curvature of its Chern connection.

Theorem 2.2 [Ma and Zhang 2023, Theorem 0.4]. There are C > 0, ko € N, such that, for any k > ky,

V=1
H—REk —k-Ti(wn)| <C, (2-6)
2
where || - || is the operator norm, and we naturally extended the definition of Toeplitz operators from

functions to bounded sections of *N'T*B as follows: for a decomposition oy =), f;jdz;dZ, where
21, ..., Zn are local coordinates on B, we let T(wy) =) Ty (fij)dzidz;.

As we shall explain below, Theorem 2.2 is the crucial ingredient connecting fibered Yang—Mills
functionals with Hermitian Yang—Mills functionals. But before this, let us mention another application of
Theorem 2.2 to the study of Harder—Narasimhan slopes of direct images.

We fix now a Gauduchon Hermitian form wg on B. As before Theorem 1.5, we denote by X the
maximal Harder—Narasimhan wg-slope of Ey.

Proposition 2.3. There is C > 0, such that X, < Ck for any k € N*.
Proof. For p =1, ...,1k(Ey), we denote by RN"Ek the curvature of the Chern connection on N Ey,
induced by the metric 2/\"E¢ induced by h%. By Theorem 2.2 and the very definition of A, from (1-1),
we conclude that there is C > 0 such that, for any k € N*, we have

/—

1 :
S Mooy RN Bx < Cpk -1d v, . (2-7)

Let F be a line subbundle of /\” E;. We denote by A’ the Hermitian metric on F, induced by the
metric A%%. By (2-7) and the well-known principle that curvature decreases in holomorphic subbundles,
see [Demailly 2012, (V.14.6)], we deduce

Nwge1(F, k") < Cpk. (2-8)
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However, it is classical, see [Kobayashi 2014, proofs of Lemma 5.7.16 and Theorem 5.8.3], that we have

Ml:nax = max sup l/ C1 (F’ hF) N a)’l‘;l_l ) (2'9)
p=1,....tk(E}) FC A Ex PJB
where the second supremum is taken over line subbundles F. We conclude by (2-8) and (2-9). ]

Proof of Theorem 1.5. Taking into account the linear bound from Proposition 2.3, the proof of Theorem 1.5
is the same as in [Chen 2010; Finski 2024b, Theorem 1.1]. Let us briefly recall the main steps for
completeness. We introduce the (nonincreasing) filtrations F;(A), A € R, of E; by coherent (torsion-
free) subsheaves (defined over B), so that F;(A) is the maximal subsheaf of E; such that all of its
Harder—Narasimhan slopes are bigger than A. The filtration Fj is just a “renaming” of the Harder—
Narasimhan filtration of Ej. Now, for any b € B, we denote by F;, the filtration induced by F; (1) on
R(Xp, Lp) = Pyog H'(Xp, L) of the fiber X, = n~1(b), Ly = Ll|x,, b € B. It was established in
[Chen 2010] for dim B = 1 and in [Finski 2024b, Proposition 2.5] for any projective B, that for generic
b € B, the above filtration is submultiplicative, i.e., for any ¢, s € R, k,[ € N, we have

FiHY (X, LY - FsHO (X, L)) € FIFHO (X, L), (2-10)

Observe, however, that the projectivity assumption was never used in [Finski 2024b, Proposition 2.5], and
so submultiplicativity holds for general complex manifolds B. Theorem 1.5 is then a formal consequence
of the submultiplicativity and Proposition 2.3, saying that the above filtration is bounded in the terminology
of [Boucksom and Chen 2011]. For the (different) proofs of this last result, see [Chen 2010, théoreme 3.4.3;
Boucksom and Chen 2011, Theorem A; Finski 2025, Theorem 1.9]. O

Let us now recall some crucial facts from Hermitian Yang—Mills theory, following the pioneering work
of Atiyah and Bott [1983] and later developments by Donaldson [1985], Daskalopoulos and Wentworth
[2004], and others. We fix a compact complex manifold B of dimension m with a Gauduchon Hermitian
form wp on B. Let E be a holomorphic vector bundle of rank r over B. For a Hermitian metric 1%
on E, we denote by RE its curvature. For any p €[1, 4oo[, c € R, we define the Hermitian Yang—Mills
functional as

— p
HYMp,c(E» hE) = / TrH%/\wBRf —c-1dg i|a)’g(x),
B (2-11)
V-1
HYM oo (E, hE) :=sup 5 Nos RE —¢.1dg |,
xeX
where || - || means the operator norm, and |A| := ~/AA* for A € End(V) on a Hermitian vector
space (V, H).
As in (1-7), we denote the Harder—Narasimhan wpg-slopes of E by u1, ..., u,. Let pmin := WU,
Umax ‘= M1, be the minimal and the maximal slopes. We define the probability measure
1 r
= ;Ea[m. (2-12)
1=

The following result lies at the heart of this paper.
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Theorem 2.4. For any c € R and a Hermitian metric h* on E, we have
HYM.to0. ¢ (E, 1) = max{|smin — ¢l [#tmax — cl}. (2-13)
If, moreover, wp is Kdhler, then for any p € [1, 400[, we have
HYM, o(E ) =7 [ x—clPdus(x) (2-14)
R

For the proof of Theorem 2.4 for p € [1, 400[, see [Atiyah and Bott 1983, Proposition 8.20] if
dim B = 1, [Daskalopoulos and Wentworth 2004, Lemma 2.17, Corollary 2.22, Proposition 2.25] if B is
Kiéhler of any dimension (even though the article [Daskalopoulos and Wentworth 2004] is written for
surfaces, see [Sibley 2015, §3.1]). For the proof of the first part, consult [Li et al. 2022, Theorem 1.5]. It
is remarkable that the bounds from Theorem 2.4 are actually tight. Although we will not use this result in
what follows, we state it for the reader’s convenience, as it clarifies our motivation for the Conjecture.

Theorem 2.5. In the notation Theorem 2.4, assume that wp is Kdhler. Then for any c € R, p € [1, +o0],
we have

infHYM, ((E, h®) =7 / Ix — c|Pd g (x) - / []. (2-15)
hE R B
where the infimum is taken over all Hermitian metrics h® on E.

For the proof of Theorem 2.5 for p € [1, +o0[, see [Atiyah and Bott 1983, Proposition 8.20] if
dim B = 1. For higher dimensions, this is a direct consequence of the existence of L”-approximate critical
hermitian structure on E, see [Daskalopoulos and Wentworth 2004, Definition 3.9] for the definition, and
[Daskalopoulos and Wentworth 2004, Theorem 3.11; Sibley 2015, Theorem 1.3] for the proofs if B is
Kihler of dimension 2 and any dimension, respectively. See also [Jacob 2016, Theorems 2, 3].

Proof of Theorem 1.7. Preserving the notation introduced in (1-7), we define the probability measure,
n,lf’lg, keN,onR as

Ni
1
IR BRI (2-16)
i=1

We apply Theorem 2.4 for (Ej, hE¥), k€N, c € R, to get
HYM o0, ck (Ex, h™) = max{|pajyi, — ckl, |t — ckl}. (2-17)
If, moreover, wp is Kéhler, then for any p € [1, +00[, we have
HYM,) ot (E, hE) > Ny /R lx — ck|Pdnt (x) - /B[w';;]. (2-18)

Directly from Theorem 2.2 and Proposition 2.1, under the respective assumptions, for any p € [1, 4-o0],

c € R, we have
HYM,, o (Ex, h™)  FYM, (7, h")

lim
k=00 k- Ni Jx, [ (2-19)
HYM Ex, hEx
lim voo.ck(E BT _ FYM, oo o (1, hD),
k— 00 k ’

where b € B is an arbitrary point, and X}, is the fiber of 7 at b.
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We now divide both sides of the first inequality of (2-17) by k” - Ny, take the limit k — oo, and apply
Theorem 1.5 and (2-19) to deduce

FYM,, .(, k%) > / Ix —c|Pdn™(x) - / [@"] - / [w?]. (2-20)
R Xp B

This establishes Theorem 1.7 for p € [1, +o0[, as th [@"]- [3lwf]= [y [@"]-7*[w}]. To get Theorem 1.7
for p = 400, we divide both sides of the second inequality of (2-17) by k, take the limit k — oo, and
apply Theorem 1.5 and (2-19). (I

3. Horizontal curvature on subfamilies and generic fibered nefness

The main goal of this section is to establish Theorems 1.10 and 1.12. For this, we construct a sequence of
metrics on the polarizing line bundle from a sequence of Hermitian metrics on direct images. To show
that horizontal mean curvature behaves well under this procedure, we rely on a fibered analogue of the
principle that “a curvature of a vector bundle increases under taking quotients”.

More precisely, consider a holomorphic submersion 7 : X — B between compact complex manifolds
X and B. We let m := dim B. Consider an embedding ¢ : ¥ — X of a smooth complex manifold ¥, such
that restriction of w, m|y : ¥ — B, is a submersion. We fix a (1, 1)-form wyx on X, which is positive
along the fibers of 7, and let wy := (*wy. We fix a Hermitian (1, 1)-form wp on B, and denote by
/\way, HEECP), /\wg wx. g € €°°(X), the horizontal mean curvatures of wy and wy, respectively.

Lemma 3.1. Forany y € Y, we have /\,,,0y u(y) = Noyox, 1 (y)).

Remark 3.2. An equivalent result was established in [Feng et al. 2019, (2.2)] by a slightly different
method.

Proof. Let us fix y € Y, and denote by b := 7|y(y), x := t(y), and by ey, ..., e, an orthonormal
basis of Tb]’OB with respect to wg. We denote by ef, R ez € Txl'OX the horizontal lifts of ey, ..., e,
defined with respect to wy, i.e., dn(eix) =e¢;,i=1,...,mand ef(, R e,ig are orthogonal (with respect
to wy) to the tangent space of the fibers, TV X, of 7. Similarly, we denote by e{ , ..., e}, € T,"°Y the
horizontal lifts of ey, ..., e,, defined with respect to wy. Clearly, using implicitly the embedding of

T,Y in T, X through ¢, we can write eiY = el.X + v;, where v; € TXVX. But then, since eiX and v; are

orthogonal with respect to wy, and wy is positive in the vertical directions, we obtain +/ —la)y(el.y, Eiy) =
V=lox(eX, ef) +V—1ox (v, 1) > v/—lox(eX, &). By taking a sum of the above inequality over all

i=1,...,m, we establish the needed inequality. O

Another ingredient we need is the calculation of the horizontal mean curvature for projectivizations
of vector bundles. More precisely, let (F, h') be a Hermitian vector bundle over B of rank r. Let O(1)
be the hyperplane bundle over P(F*),  : P(F*) — X. We endow O(1) with the metric #°") induced
by hf'. We denote by R the curvature of the Chern connection on (F, hf'), by w the first Chern class of
(O(1), h°M), and by wp its horizontal component.
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Lemma 3.3. In the above notation, for any x € X, we have

Moo=t (S AR ) =

I£ll,Fr=1
Proof. We fix some local coordinates z := (z1, ..., z,) on B, centered at x € B, and a local normal frame
f1,..., fr of F at x, defined in a neighborhood U of x. By a normal frame we mean a holomorphic
frame satisfying (f;, fj)r = dij — ZW dypijirZy + O(|z]?) for some constants dyuij. We denote by
fi .., f¥ the dual frame of F*. The above data defines a trivialization of U x P(C") — P(F*) near
7~ '(x) as follows. For a := (ay, ..., a,), where a; € C, 1 <i < r, and not all a; are equal to zero,

the trivialization is given by the map (z, [a]) — [ZZZI a; fi*(z)] € P(F*). Now we take a; = 1 and
letb; :=a;, 2 <i <r, b:=(b;). Then (z, b) gives a chart for P(F*). The well-known formula, see
[Demailly 2012, Formula (V.15.15)], shows that at the point (x, [ f;*]) € P(F*), the curvature, R, of
the hyperplane bundle (O(1), h°D), equals

O -
R(xf[}m): Y dbjndb;+(R" fi, fiyr. (3-2)

2<j=r

In particular, we see that the vertical part of the form w = ¢;(O(1), hOM) is the Fubini—Study
form induced by 4%, and the horizontal part of @, wy, evaluated at (x, [ 1D € P(E™), coincides with
V=1/@2m)(RF fi, fi),r. The result follows directly from this. (I

Remark 3.4. From the proof of the above lemma, we see that /\,, ,@p 18 constant if and only if /\wB RF
is the identity endomorphism up to a constant, which means that w is fibered Einstein if and only if
(F, h") is Hermite Einstein.

Recall also the following result.

Proposition 3.5 [Li et al. 2022, Theorem 1.5]. For any € > 0, there is a Hermitian metric hf on E, such
that the associated curvature, Rf, forany b € B, e € Ey, verifies

)

7/\&)3R€E > (Umin —€) -Idg .

Proof of Theorem 1.10. First of all, for a given € > 0, let k € N be such that ,umm /k > nmm e. By
Proposition 3.5, there is a metric h,i on E} such that, for the associated curvature, Rfk, we have
/[

1
7/\ REk (/me — %6) . IdEk . (3-3)

We denote by wy the (1, 1)-form on P(EJ), given by the first Chern class of the curvature of the hyperplane
line bundle induced by the metric 7. We denote by wp  the horizontal part of this curvature. From
Lemma 3.3, the choice of k € N and (3-3), we deduce

inf Ay 0pi(x) = k- (o, —€). (3-4)
xeP(E})
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We will now assume that k was chosen big enough so that L¥ is relatively ample. Consider now the
Kodaira embedding ¢, : X < P(EY). It is well-known that there is a canonical isomorphism between
(0(1) and L¥. We denote by hl the metric induced on L by the pull-back; then w(hl) = {fwp .
By Lemma 3.1 and (3-4), we conclude that inf,cx /\wB WH (hEL) > nﬁﬁ — €. Since € > 0 can be taken
arbitrarily small, we deduce sup,. infyex /\,,@n () > ngﬁ In combination with the upper bound
from (1-9), this finishes the proof. Il

Now, let us establish Theorem 1.12. As in the statement of Theorem 1.12, we fix any Kéhler forms
WB.1s---, 0B m—1, wx. Then the form wp 1 A--- Awp 1 is positive in the sense of [Demailly 2012,
(IIL.1.1)]. By [Michelsohn 1982, (4.8)], there is a Hermitian form wpg on B, verifying

—1
Wy =wp 1A AOBm—1. (3-5)

Note that wp is automatically Gauduchon, but not necessarily Kéhler. Since the form wp is Gauduchon,
it makes sense to define the wp-degree and study the Harder—Narasimhan wpg-slopes, as we did before
Theorem 1.1. We remark that due to a relation (3-5), this wg-degree coincides with the degree associated
with a multipolarization ([wg 1], ..., [wp,m—1]), as defined in [Finski 2024b, before (1.1)]. Below, the
invariant nerff1 and other quantities are calculated with respect to wp. The following result, together with
Theorem 1.10, lie at the core of the proof of Theorem 1.12.

Proposition 3.6 [Finski 2024b, Proposition 5.2]. A relatively ample line bundle L over X is stably
(lwp.1], .- ., @B m—1])-generically fibered nef with respect to w if and only ianN > 0.

min
Proof of Theorem 1.12. Let us first establish Theorem 1.12 under an additional assumption that L is
relatively ample. We assume first that L is stably ([wp 1], ..., [@wp m—1])-generically fibered nef with
respect to . By Theorem 1.10 and Proposition 3.6, we establish that for any € > 0, there is a relatively
positive Hermitian metric hZ on L, such that A,y (ht) > —e. From the definition of /\,, and the
trivial fact that there is C > 0, such that 'y < Co'y, we establish

a)H(heL)/\JT*a)BJ/\---/\TL’*a)B’mfl Z—Cé'a)’;(l. (3-6)

But the form a)(hEL) is relatively positive, so (3-6) implies (1-12) for € := Ce, which finishes the proof of
one direction of Theorem 1.12 under an additional assumption that L is relatively ample.

To prove the opposite direction under the same additional assumption that L is relatively ample, assume
that we have a sequence of metrics h’, verifying (1-12). We will now show that one can cook up a
sequence of relatively positive metrics, hio, verifying similar bounds. Indeed, let us fix an arbitrary
relatively positive metric hé on L. By (1-12), it is easy to see that there is ¢ > O such that, for any
€ > 0, over the fibers, the following inequality is satisfied: c{ (L, heL) > —ec-c1(L, hé). Then an easy
calculation shows that the sequence of metrics hé 0= (hEL)l_z“ . (hé)z“ is positive along the fibers and
verifies the inequality (1-12) with Ce in place of €, for some C > 0. Then as in (3-6), there is C > 0 such
that, for any € > 0, we have /\wBa)H (hé o) > —Ce. By Theorem 1.10, we then conclude that 77;1151 >0,
which implies that L is stably ([wp. 1], ..., [wp.m—1])-generically fibered nef by Proposition 3.6.
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We now only assume that L is relatively nef. We assume first that L is stably ([wp 1], ..., [@Bm-1])-
generically fibered nef with respect to w. Now, for any § € Q, § > 0, consider the (-line bundle
Ls:=L® L8, where L is some ample line bundle on X. Clearly, Ls is relatively ample, and it is also
stably ([wp 1], ..., [wp,m—1])-generically fibered nef with respect to 7v. The already established relatively
ample case of Theorem 1.12 says that L; is ([wp 1], - .., [wp m—1])-generically fibered nef if and only
if for any € > 0, there is a Hermitian metric 2%% on Ls, such that the analogue of (1-12) holds. Let i
be now an arbitrary positive metric on Lg. It is easy to see that if § and € are sufficiently small, then
the metric hL on L, which is constructed as the only metric verifying hZs = hL . (hg)‘s, will satisfy the
analogue of (1-12) (for Ce instead of € for some C > 0). This shows one direction of Theorem 1.12.

Inversely, if for any € > 0 there is a metric hL as in (1-12), then the metrics AL, defined by the above
formula, will also satisfy a similar inequality. Hence, by the already established case of Theorem 1.12,

Ls is then stably ([wp 1], ..., [®p m—1])-generically fibered nef for any 6 € Q, § > 0. In particular,
for any § € @, § > 0, the line bundle L;s = Ls ® Lg is ([wp.1], - - ., [wp.m—1])-generically fibered nef
for any 6 € Q, § > 0, which means that L is stably ([wp 1], ..., [@p.m—1])-generically fibered nef, as
Lys=L® L(z)‘s. This finishes the proof. O

4. Asymptotic Riemann—Roch-Grothendieck and semistability

The main goal of this section is to prove a numerical obstruction for asymptotic semistability of direct
images from Theorem 1.3. This will be based on an asymptotic version of Riemann—Roch—Grothendieck
theorem, which we establish here in the singular setting.

To begin, let us recall some basic facts about Bott—Chern and Aeppli cohomologies. Let Y be a compact
complex manifold of dimension n. We denote by Q(7-9)(Y) the vector space of (p, ¢)-differential forms
onY, p,q €N, and define 3 : QP9 (Y) » QP+La(y), §: QPD(Y) - QWP4+D(Y), as usual. Recall
that Bott—Chern cohomology, H g’cq (Y), is defined as

(kerd : QP9 (¥) —» QPHLD(¥)) N (kerd : QPP (Y) — QP (Y))

HP(Y) = - . 4-1

sc () imad : QP-14-D(Y) — Q4 (Y) @
Recall that Aeppli cohomology, HY(Y), is defined as

kerdd : QP9 (Y) — QFlath(y
H(Y) = - o W W) @
(imd : Q=19 (Y) — QP9 (Y)) + (im0 : Q4=D(Y) — QP9 (Y))
It is standard that for compact Kéhler manifolds, the two cohomologies coincide. For p, g =0, ..., n,
we have the natural pairing
AHEAY) x Hy 7)) — C, (4-3)

given by the wedge product and integration. If p : ¥ — B is a holomorphic map between compact
complex manifolds, then for s := dim Y — dim B, we have a natural map p, : Hy/(Y) —> H}-"?7°(B),
defined by the pairing (4-3) and the pull-back p*.

The Bott—Chern cohomology can be generally defined for arbitrary complex analytic spaces Y in the
sense of [Demailly 2012, Definition II.5.2], where one considers differential forms on Y obtained by
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pullbacks of smooth differential forms through local embeddings of the space into complex vector spaces.
Due to a theorem of Lelong, see [Demailly 2012, Theorem II1.2.7], the intersection pairing (4-3) can still
be defined in this setting, and so the slope (1-4) is well-defined. By resolving the singularities, we can
extend the definition of the pushforward for maps between a compact complex analytic spaces Y and a
compact manifold B.

Now, let E be a holomorphic vector bundle over Y. Using Chern—Weil theory, one can construct for any
Hermitian metric AZ on E a corresponding Chern character form, ch(E, hE), which is a d-closed form
in @;ﬁ% QP-P)(Y). Bott and Chern [1965] showed that the resulting class in Bott—Chern cohomology
doesn’t depend on the choice of the metric. This gives a definition of the Chern character, ch(E) of a
vector bundle E with values in Bott—Chern cohomology.

Bismut, Shu, and Wei [Bismut et al. 2023] generalized the definition of the Chern character with
values in Bott—Chern cohomology for any coherent sheaf & on Y. If & has a finite locally free projective
resolution (which is always the case if Y is projective), this construction corresponds to the one given by the
alternating sum of Chern characters of the resolution. By [Bismut et al. 2023, §8.6], the (k, k)-component
of the Chern character, chy (&), we have

chp(&) =1k(&£), chi(&) =ci(dets), (4-4)

where det & is the Knudsen—Mumford determinant [1976]. Without entering into details of the construction,
we mention that the absence of finite locally free projective resolutions of coherent sheaves for general
complex manifolds is circumvented in [Bismut et al. 2023] by the use of so-called antiholomorphic
superconnections; see [Bismut et al. 2023, Theorem 6.7].

Now, recall that for any proper holomorphic map p : Y — B, and any coherent sheaf &, the Grauert
theorem tells that the direct image sheaves R? p,.&, g € N, are coherent. The main result of this section
goes as follows.

Theorem 4.1. Let Y be an irreducible compact complex analytic space, L an arbitrary line bundle on Y
and & a coherent sheafon Y. Let p : Y — B be a holomorphic map to a compact complex manifold B.
Then for any r € N, and s := dim Y — dim B + r, in the Bott—Chern cohomology,

. dimY . l‘k((ga)
Jim S T (D eh (R pu(6 ® L)) = = = - puler (L)), (4-5)
t=0 )

Remark 4.2. Despite a huge amount of literature, we were not able to find the proof of this result under
the stated hypotheses (even for projective Y, B). For flat maps p and relatively ample L, this result can be
alternatively established using Knudsen—Mumford expansions; see [Knudsen and Mumford 1976; Phong
et al. 2008, Theorem 3]. Note, however, that flatness doesn’t pass through subfamilies, and there is no
flatness assumption in Theorem 1.3.

The proof of this result relies on the recent result of [Bismut et al. 2023] establishing the Riemann—Roch—
Grothendieck theorem in Bott—Chern cohomology for arbitrary holomorphic maps between (smooth!)
complex manifolds. More precisely, the main result of [Bismut et al. 2023] says the following.
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Theorem 4.3. Let p : Y — B be a holomorphic map between compact complex manifolds. Then for any
coherent sheaf & on Y, the identity

dimY
Td(T B) - Z (=D'ch(R' ps(&)) = p«(TA(TY) - ch(&)) (4-6)
t=0

holds in Bott—Chern cohomology, where Td(T B), Td(TY) are the Todd classes.

Proof of Theorem 4.1. Note first that for smooth manifolds Y, the result follows directly from Theorem 4.3
by (4-4) and the fact that the 0-degree part of the Todd class is identity. If dim ¥ =0, then Y is automatically
smooth, and, hence, Theorem 4.1 holds as stated.

We will argue by induction on the dimension of Y. For this, we consider a resolution of singularities
f: Y — Y of Y. For any ¢ =1, ...,dimY, we define the sheaves 2, on Y as 2, := RY f, f*&, where
ffe=f1¢ f-1¢, Oy. We define the sheaf 2y on Y by the short exact sequence

0—>&— Rf f*¢ — 25— 0. 4-7)

By the Grauert theorem, the sheaves 2,, ¢ = 0,...,dimY, are coherent. Since the resolution of
singularities is biholomorphic away from a subset of singular points of ¥, and over the locally free locus
of &, by the projection formula, see [Hartshorne 1977, Exercise I1.5.1d)], we have RY fo € =&, the
supports of the sheaves 2., g =0, ..., dimY, are proper analytic subsets of Y, which, by irreducibility
of Y, have strictly smaller dimension than Y; see [Demailly 2012, Proposition 11.4.2.6]. By this and the
usual devissage techniques (see [EGA III; 1961, théoréme 3.1.2], cf. [Hartshorne 1977, Proposition 1.7.4]),

forany g =0, ...,dimY, there is r(¢) € N, and complex analytic subspaces ; 4 : Z; ; < Y, with some
ideal sheaves #;, on Z;, and a filtration .%; , of 2,, i =0,...,7(q), Zoq =1{0}, Fr).q = Zy»
Fi1,g CFig,i=1,...,ry,suchthat, foranyi =1,...,7r(g), we have % , /. F;_1 4 =i g.+( Fiq)- We

let pig:=potig, i=1,...,r(q), p:= po f. We argue that for any k € N, we have

dimY
D (=D'ch(R' pu (£ ® L))
1=0 dimY dimY r(@q)
= Y (=D Ch(R'pu(f*6 @ F* L) = Y (=)™ > " ch(R (piu)+( Fiu ® 1], LY).  (4-8)
t=0 t,u=0 i=1

Once (4-8) is established, Theorem 4.1 would follow by induction, as the space Y is smooth, and so for
the first summand on the right-hand side of (4-8), the smooth version of Theorem 4.1 applies, and the
second summand doesn’t contribute to the asymptotics by induction hypothesis, as all Z; , have strictly
smaller dimensions than Y.

Now, let us establish (4-8). First of all, since in the derived category, there is a canonical isomorphism
between the functors R p, and Rp, R/, see [Bismut et al. 2023, (3.13)], and the construction of Chern
character, defined using derived category of coherent sheaves, factors through the K-theory of the derived
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category of coherent sheaves [Bismut et al. 2023, Theorem 8.11 and §8.9], we have

dimY dimY
Y (=D Ch(R pu(f*6 @ f* L) = Y (=1 ch(R' pu(R" fu(f*6 ® [*LY).  (4-9)
=0 t,u=0

Now, from the exact sequence (4-7), using again the fact that the construction of the Chern character
passes through the formation of K -theory, we obtain

dimY
D (=1)'ch(R p (R fu(f*6 ® £*LY)))
1=0 dimY dimy
= > (=D'ch(R'p(ER@ L) + > (=1)'ch(R'p.(2o® L")). (4-10)
t=0 t=0
Similarly, for any ¢ =0, ..., dim Y, we obtain
dimY dimY r(q)
D (=D'h(R pu(2y @ LH)) = D " (=1)' Y ch(R pultig(Fig) ® LY)). (4-11)
t=0 t=0 i=0

Remark, however, that since ¢; ; is a closed embedding, ¢; 4 « is an exact functor, so we have R"; ; + =0
forv=1,...,dimY, and Roti,q,* = (; 4,x- Moreover, by the projection formula, see [Hartshorne 1977,
: 0 k 0 k -
Exercise I11.5.1d)], we have R"(; 4 «(_7Zi4) ® L" = R"t; 4 +( Fiq ® L;.‘"qL ). In particular, for any ¢, g =
0,...,dimY, i=1,...,r(q), we can write
dimY

Ch(R' s (tiga( Fig) ® L) = Y (= 1) ch(R' pu(R"ti g1 (Fig ® 11, L5)). (4-12)
v=0

But using the same argument as in (4-9), we have

dimY dimY
D (=D)Ch(R pu(RVti g i Fiqg ® L)) = D (—=1)'ch(R (pig) (Fig ® 11, LD)).  (4-13)
t,v=0 =0

Now, a combination of (4-9), (4-10), (4-11), (4-12) and (4-13), gives us (4-8). [l

Now, let us finally establish an application of Theorem 4.1 towards the study of Harder—Narasimhan
slopes of direct images. We fix an irreducible compact complex analytic space Y of dimension k 4 m,
k > 0, with a surjective holomorphic map 7 : Y — B. Let wp be a Gauduchon Hermitian form on B.
Let L be a relatively ample line bundle on Y. Recall that in (1-4), we defined the slope of Y, and before
Theorem 1.1, we defined the slopes of coherent sheaves.

Lemma 4.4. w(Y) - / [w’g]zknm w(Rm, LX)/ k.
B — 00

Proof. By the Serre vanishing theorem, the higher direct images R'7, L¥, v > 1, vanish. By (4-4), we

conclude that |
[y lehi (RO, LF)] - [w] ]

cho(RO7r, LK)

The result now follows directly from Theorem 4.1. U

w(Rm, L% = (4-14)
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Proposition 4.5. The vector bundles Ey are asymptotically semistable if and only if nmm Moreover,

= nmax

if Ex are asymptotically semistable, then for any subsheaves Fy of Ey, tk(Fi) > 0, and any € > 0, for k
big enough, we have w(Fi) < u(Ey) + €k.

Proof. The maximal and the minimal slopes satisfy

Mﬁqax = Sup{,u(]—"k) : F is a subsheaf of Ek},

k . . . (4-15)
Iin = inf{ £ (Qx) : O is a quotient sheaf of Ey}.
Now, by Theorem 1.5, as k — oo, we have
E
fim MED _ / xdn™N(x). (4-16)
k— 00 k R

From (4-15) and (4-16), we see that Ek are asymptotlcally semistable if and only if nmm = ess sup N
However, by Theorem 1.5, ess sup "N coincides with n!IN  which finishes the proof of the first part of
the theorem. The proof of the second statement of Proposition 4.5 follows directly by (4-15) and the first
part. U

Remark 4.6. From [Finski 2024b, Proposition 5.1], see also [Xu and Zhuang 2020], we know that if
dim B = 1, then ess inf N coincides with ’7m1 The above proof shows that for dim B = 1, the condition
on the subsheaves from Proposition 4.5 is equivalent to asymptotic semistability.

Proof of Theorem 1.1. This follows immediately from Theorem 1.7 and Proposition 4.5. (I

Proposition 4.7. For any complex analytic subspace Y of X as in Theorem 1.3, the bound

u(¥)- /[w”B’ > o
holds.

Proof. Consider the following short exact sequence of sheaves associated with Y
0— 2y — Ox - 1,0y — 0, 4-17)

where Zy is the ideal sheaf of Y, consisting of local holomorphic functions on X, vanishing along Y,
and Oy is the structure sheaf of Y associated with the reduced scheme structure of Y, i.e., defined by
(4-17). By considering a long exact sequence of direct images associated with (4-17) and the map =,
and using the Serre vanishing theorem, we conclude that the restriction map R°m,L* — RO7r|y. *L|Y 1S
surjective. Then, in the notation of (4-15), we have ,umin < (R |y,*L|Y). We deduce Proposition 4.7
from Lemma 4.4 by diving by k and passing to the limit k — oo. ]

Proof of Theorem 1.3. First of all, by Lemma 4.4, we conclude that
Jim ju(Ep)/k = p(X)- / (] > g, (4-18)

Moreover, since ess sup nHN coincides with nrlfjx by [Finski 2024b, Theorem 1.1], by (4-16), we conclude

that the equality in the above inequality holds if and only if nmm i.e., when Ej is asymptotically

= nmax’
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HN HN

semistable by Proposition 4.5. In particular, if Ej is asymptotically semistable, then by .. = n; ...

Proposition 4.7 and (4-18), we establish the first part of Theorem 1.3.
Let us now establish the second part. By a reformulation of the result of Xu and Zhuang [2020,
Lemma 2.26 and Proposition 2.28] from [Finski 2024b, (1.5)], we have

HN _ . X m _
i = int 1(©)- [ @-19)

where C runs over all irreducible curves in X, with project surjectively to B. In particular, from (4-19),
we conclude that

PN = inf p(7) /B [, (4-20)

where Y are as in Theorem 1.3. A combination of (4-18) and (4-20) shows that if infy-x w(Y) = u(X),
then both (4-18) and (4-20) are actually equalities. By the remark after (4-18), this implies that Ej is
asymptotically semistable, which finishes the proof. U

Remark 4.8. It is interesting to know if the second part of Theorem 1.3 continues to hold for dim B > 1.
There are several potential pitfalls for that. First, since B is not necessarily projective, there might be
very few analytic subspaces Y C X, projecting surjectively to B. Second, even for projective B, the main
result of [Finski 2024b, Theorem 1.4] implies that the analogue of the bound (4-19) becomes tight if one
considers among Y all subcurves in X projecting to generic curves over the base. But it seems that there
are many more curves like that than analytic subspaces projecting surjectively to the base.
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HESSIAN ESTIMATES FOR SPECIAL LAGRANGIAN EQUATION BY DOUBLING

RAVI SHANKAR

New doubling proofs are given for the interior Hessian estimates of the special Lagrangian equation.
These estimates were originally shown by Chen, Warren and Yuan in CPAM 2009 and Wang and Yuan in
AJM 2014. This yields a higher codimension analogue of Korevaar’s 1987 pointwise proof of the gradient
estimate for minimal hypersurfaces, without using the Michael-Simon mean value inequality.

1. Introduction

The pointwise estimate for minimal surfaces. Korevaar [1987] gave a new pointwise proof of the gradient
estimate for solutions of the minimal hypersurface PDE. The proof was modeled after Cheng and Yau’s
cutoff [1976] in the maximal surface context. Korevaar’s pointwise proof was robust enough to give
gradient estimates for fully nonlinear relatives, the sigma-k curvature equations.

The original proof by Bombieri, De Giorgi and Miranda [1969], and simplified by Trudinger [1972],
uses two tools from minimal surface theory: the Michael-Simon mean value inequality for graphs with
bounded mean curvature, and the Jacobi inequality Ab > |Vb|?, a strong subharmonicity originating
from Jacobi fields in the vertical direction. The Korevaar proof relies only on the Jacobi inequality. The
two-dimensional surface proof of Gregori [1994] uses isothermal coordinates.

Although the Jacobi inequality can sometimes be found in other categories using ordinary differential
calculus, the mean value inequality, and its cousin the monotonicity formula, is a delicate integral relation
which is difficult to establish outside the minimal surface context.

Higher codimensions? Despite its versatility, an analogous Korevaar argument is missing for higher
codimension minimal surfaces. Wang [2004] established a gradient estimate under the area decreasing
condition using an integral method. More recently, Dimler [2023] found a pointwise proof under the
area decreasing condition, using Savin’s theory of viscosity solutions. However, the method requires an
additional condition, that all but one component of the graph to be small.

Main result of this paper. We find a Korevaar-type proof of the gradient estimate for a class of high-
codimension minimal surfaces. These surfaces can be described by a single potential function u, such
that (x, Du) is a minimal surface. The potential solves a second-order, fully nonlinear, elliptic PDE (2-1)
called the special Lagrangian equation, as shown by Harvey and Lawson [1982]. In this context, the
gradient estimate for (x, Du) is a Hessian estimate for u.
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Keywords: special Lagrangian equation, interior estimates, partial regularity, Hessian equation.

© 2026 MSP (Mathematical Sciences Publishers). Distributed under the Creative Commons Attribution License 4.0 (CC BY).
Open Access made possible by subscribing institutions via Subscribe to Open.


http://msp.org/apde/
https://doi.org/10.2140/apde.2026.19-2
https://doi.org/10.2140/apde.2026.19.339
http://msp.org
http://www.ams.org/mathscinet/search/mscdoc.html?code=35J93, 35J99
https://creativecommons.org/licenses/by/4.0/
https://msp.org/s2o/

340 RAVI SHANKAR

Despite its relative simplicity compared to general high-codimension surfaces, a Korevaar proof of the
Hessian estimate for the special Lagrangian equation was elusive. Integral proofs under much weaker,
and sharp by [Nadirashvili and Vladut 2010; Wang and Yuan 2013; Mooney and Savin 2024] singular
solutions, conditions were only established by Chen, Warren and Yuan [Chen et al. 2009], and Wang
and Yuan [2014]. A pointwise proof was attempted in [Warren and Yuan 2008] but required a flatness
condition on the gradient.

The main technical ingredient of our proof is a Korevaar-type pointwise calculation. The other
ingredients are pure PDE techniques, described below. In particular, nowhere is the Michael-Simon mean
value inequality used.

A doubling approach. Our approach to the Hessian estimate is based on Shankar and Yuan’s resolution of
the Hessian estimate for the sigma-2 equation in dimension four [2025]. The first step is to derive partial
regularity by combining an Alexandrov (D?u-existing-a.e.) theorem with Savin’s e-regularity [2007]: the
singular set is closed and Lebesgue measure zero. The next step is to propagate this partial regularity to the
entire domain using a doubling inequality for the Hessian. Partial regularity implies local boundedness of
the Hessian inside the smooth set, so the doubling gives a global C!-! estimate and rules out the singular set.

The doubling inequality generally requires a Jacobi field type inequality Ab > |Vb|?. Trudinger [1980]
showed doubling in the uniformly elliptic Harnack inequality context. Using the Guan—Qiu test func-
tion [2019], Qiu [2024b] established doubling for the sigma-2 equation in dimension three, for which
Jacobi is available. In fact, the sigma-2 equation is a special Lagrangian equation in dimension three
only. Shankar and Yuan [2025] showed doubling for the sigma-2 equation in dimension four using an
almost-Jacobi inequality with a degenerate coefficient. Shankar and Yuan [2024] found a geometric
doubling inequality for the Monge—Ampere equation.

In the present paper, we use the Jacobi inequalities of [Chen et al. 2009; Wang and Yuan 2014] to
discover doubling inequalities for the special Lagrangian equation in convex and critical/supercritical
phase categories.

Another partial regularity propagation has been used for the minimal hypersurface equation. Caffarelli
and Wang [1993] gave another proof of the C'** regularity of Lipschitz solutions. Starting with C!¢ partial
regularity (page 155), they use a geometric Harnack inequality to propagate this flatness to the entire
domain (page 156).

New ideas to establish the doubling inequality. We modify the Korevaar-type calculation to our high-
codimension setting. This fails to give a Hessian estimate, but it yields a doubling inequality. Two
modifications are needed to Korevaar to achieve this. We first mix Guan and Qiu’s test function involving
the radial derivative x - Du — u with the Korevaar cutoff to create a minimal surface version of Guan—Qiu.
Secondly, for critical phases, the equation’s ellipticity and concavity degenerate, and we need to add
an additional increasing, concave term to the cutoff to compensate. Unfortunately, only Green’s-type
functions have strong enough concavity, and the cutoff becomes singular. Nevertheless, we only need to
establish a doubling inequality, rather than a Hessian estimate. We are free to exclude a small sphere from
our calculations. We can then place the singularity inside this inner sphere without analytic problems.
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The Qiu cutoff [2024b] used for sigma-2 in three dimensions (i.e., critical phase sLag in 3D) does
not seem to extend to the special Lagrangian equation in the convex or higher-dimensional critical phase
settings. Either a modification of this cutoff or a singular cutoff of Korevaar/Guan—Qiu type seems
important to obtain the doubling inequality.

Wang and Yuan [2014] established n — 1 convexity of solutions. This slightly weaker version of
convexity and the black box in [Chaudhuri and Trudinger 2005] allow us to establish Alexandrov
regularity without any trouble. In other situations, Alexandrov regularity can be challenging.

2. Statement of results

This paper gives pointwise proofs of the Hessian estimates for the special Lagrangian equation:

n

Z arctan Ai(Dzu) = ® = constant € (—n%, n%) 2-1)
i=1

Here, the A; are the eigenvalues of the Hessian D?u of solution u(x). The symmetric polynomial oy

version of this equation is

cos® (01 —o3+05—---)—sin®@ (1 —or+o0s—---)=0.

Harvey and Lawson [1982] showed that Lagrangian graph (x, Du(x)) € (R" x R", dx?+dy?) is a volume
minimizing submanifold. The phase is called critical or supercritical if ® > (n — 2)7 /2 [Yuan 2006].
In this case, Yuan showed that the PDE has convex level set.

The result of this paper is a new proof of the following two Hessian estimates. The first was shown in
[Chen et al. 2009], with interior regularity in [Chen et al. 2023] and further developments for prescribed
phase and mean curvature flows in [Warren 2008; Bhattacharya and Shankar 2023; 2024; Bhattacharya
and Wall 2024]. The Chen—Warren—Yuan estimate is explicit, while our proof is by compactness.

Theorem 2.1 (convex solutions). Let u be a smooth convex solution of (2-1) in B;(0). Then
|D*u(0)] < C(n, lullcop, > ©)-

Stronger forms of the next estimate were shown in [Warren and Yuan 2009b; 2010; Wang and
Yuan 2014] for n > 3 and [Warren and Yuan 2009a] in dimension two. Further developments include
inhomogeneous equations [Bhattacharya 2021; 2022; Lu 2023a; 2023b; Zhou 2025], curvature equations
[Qiu 2024a; Qiu and Zhou 2024], and mean curvature flows [Bhattacharya and Wall 2025]. We also
restrict to n > 3. The dimension-two case is either harmonic, or covered by the simple compactness
method in [Li 2019]. These two-dimensional cases were first consequences of results by Heinz [1959]
and Gregori [1994] using isothermal coordinates.

Theorem 2.2 (critical phase). Let u be a smooth solution of (2-1) on By(0) for phase © critical
® = (n—2)m /2 or supercritical ® € (n —2)w /2, nw/2) for n > 3. Then

|D*u(0)| < C(n, llullco. (s, ©)-
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A byproduct is a removal of the flatness condition in the pointwise proof of [Warren and Yuan 2008],
and a generalization of their condition required for the estimate. Given a smooth solution u of (2-1), we say
that positive, proper, smooth function a(D?u) of the Hessian has a Jacobi inequality if A gd>2 IVgal2 /a.
We also recall that a semiconvex function has a Hessian lower bound D?u > —K I for some K > 0, and
that a proper function a satisfies a~!(B) is bounded for any bounded set B.

Theorem 2.3 (semiconvex and Jacobi). Let u be a smooth solution of (2-1) on B,(0) which is semiconvex
and has a Jacobi inequality. Then

|D*u(0)| < C(n, llullcor s, 0y, a, K, ©).

Remark 2.4. One consequence is a new proof of the following. The Hessian estimate was earlier shown
in a pointwise proof of [Warren and Yuan 2008, Lemma 2.2] assuming the Hessian eigenvalue condition

3+ —e)A) +244; >0, 1<i,j<n, (2-2)

for some ¢ > 0, under an additional flatness condition |Du(x)| < §(n)|x|. A similar estimate for convex
Lagrangian mean curvature flow appears in [Bhattacharya et al. 2025]. Later, this estimate was shown in
[Ding 2023, Theorem 5.1] without flatness, for a slightly negative & above, using the Michael-Simon
mean value inequality. Theorem 2.3 shows how to remove the Warren—Yuan flatness condition on Du in
the pointwise proof. Indeed, equation (4.52) and Lemma 4.1 in [Ding 2023] show that u is semiconvex
under condition (2-2). The Jacobi inequality in [Warren and Yuan 2008, Lemma 2.1] then verifies that
the assumptions for Theorem 2.3 are verified. It is likely that doubling proofs for the subcritical estimates
in [Zhou 2022; Zhou 2023] are also possible.

Remark 2.5. In view of Mooney and Savin’s [2024] recent semiconvex singular solution of (2-1), it is
reasonable to expect that the Jacobi inequality required for Theorem 2.3 fails for such solutions. In fact,
after a Legendre—Lewy transform, their solution satisfies det D%i = 0 on a subdomain. This equation
lacks ellipticity and concavity, which seems necessary to establish Jacobi inequalities.

3. Preliminaries

3.1. Notation. For a function u(x), we define u; = du/dx" and u;; = 9*u/dx"dx/. On the other hand,
eigenvalues A; of the Hessian and subharmonic quantities b, = m ™! (ln V14 )\% +o+InV1+22 ) do
not denote partial derivatives. Moreover, C(n) denotes various dimensional constants.

3.2. Differential operators. For g = dx* + dy*|,—py, or § = I + D*uD?u, the Laplace-Beltrami
operator is

1 .
A, = 0;i(+/detg g 9;). 3-1
8 \/ml( elg g ]) ( )

In fact, the mean curvature is H = Ag(x, Du(x)). By [Harvey and Lawson 1982], it follows that H =0
on solutions of (2-1). Since this implies x’ are harmonic coordinates where A ¢Xx =0, the Laplace operator
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simplifies to the linearized operator of (2-1),

. 1
A, =g"3; £ ——0; 3-2
g AL (3-2)
at any diagonal point A; = u;; of the Hessian, such as after composition with a rotation. Here, we assume
summation over repeated indices, unless the index ranges are stated. The gradient and inner product with

respect to the metric are

Veo=(g"vi,...,g"v), (Vv Vow)g =g viw; Eg"viw;,  [Vou=(V,v, Vo) Eg07, (3-3)
where v; = 0;v for a function v.

3.3. Jacobi inequality: convex. We recall the Jacobi inequality for smooth convex solutions of (2-1).
Given a volume form dV, = ./det g dx, we define

V = /detg = Vdet(I + (D2u)>) = [ [V1+1}. (3-4)
i=1

Then the Jacobi inequality is established by directly taking derivatives and using algebra.

Proposition 3.1 [Chen et al. 2009, Proposition 2.1]. Let u be a smooth convex solution of (2-1)
on Br(0) C R". Then

1
AgnV > —|V,InV|?, (3-5)
n
or equivalently, fora = V1/",
\V/ 2
Agaz 2V (3-6)
a

3.4. Jacobi inequality: critical or supercritical phase. We order the eigenvalues of the Hessian by
)\1 Z ez )Ln-

Proposition 3.2 [Wang and Yuan 2014, Lemma 2.3]. Let u be a smooth solution of (2-1) with ® >
(n—2)m /2. Suppose u is smooth near x = p and that at x = p, Ay =+ - - = Ay, > A+1. Then the function
by =m~' Y 1" In\/1+4 A2 is smooth near x = p, and satisfies

4
Agby > M|ngm|2, M = (1 — m), (3-7)

or equivalently, for a,, = exp(Mb,,),

Ay > 2V (3-8)

am

Note that b,, is symmetric in the degenerate eigenvalues. See [Andrews 2007, Theorem 5.1] for the
second derivative calculation of symmetric eigenvalue functions. One can take a degenerate limit in this
calculation if b,, is symmetric.
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3.5. The n —1 convexity for critical or supercritical phases. We recall the following eigenvalue pinching
obtained from (2-1) for large phases using trigonometric identities.

Lemma 3.3 [Wang and Yuan 2014, Lemma 2.1]. Suppose the ordered numbers .y > - - - > A, solve (2-1)
with ® > (n —2)m/2 and n > 2. Then

AMZA> >k 1 >0 and  ryq = |y, (3-9)
MM +nr, >0, (3-10)
ox(A1, ..., ) >0 forall 1 <k<n-—1. (3-11)

Condition (3-11) is called n — 1 convexity. More generally, we say u is k-convex if oy >0 for 1 < £ <k.
It is interpreted in the viscosity sense for nonsmooth u. Condition (3-9) is related to the convexity of
the PDE level set F~!{0}, since derivative 1 /(A 4+ A?) is increasing with i; see [ Yuan 2006] for a proof
of this fact.

3.6. Closedness of viscosity subsolutions. We say that u is a viscosity subsolution of a fully nonlinear
elliptic PDE F (D*u) =0, i.e., locally uniformly continuous F satisfies F(M + N) > F(M) for any
N > 0 at each matrix M in a convex cone of symmetric matrices containing the positive definite ones,
if F(D?Q) > 0 for each quadratic Q touching u from above near a point, or Q(x) = u(xo) with Q > u
near xg € 2; see [Caffarelli and Cabré 1995, Proposition 2.4]. A smooth viscosity subsolution satisfies
F(D?u) > 0 pointwise. A supersolution satisfies the reverse inequality, and a solution is both a subsolution
and a supersolution.

Special Lagrangian equation (2-1) is elliptic, and oy is elliptic on the cone of k-convex matrices, or
the M satisfying o,(M) > 0 for 1 < £ < k; see [Trudinger and Wang 1999, equation (2.3)] for this and
similar basics of k-convexity.

We will use the standard fact that the uniform limit of a sequence of viscosity solutions of an elliptic
equation is also viscosity. This is stated in [Caffarelli and Cabré 1995], and this basic proof is written
down in, for example, [Shankar and Yuan 2025, Appendix]. Since the domain of the special Lagrangian
equation is entire, this is clear. For k-convexity, we repeat the proof verbatim to show the known fact that
a uniform limit of k-convex solutions is also k-convex.

Lemma 3.4 [Caffarelli and Cabré 1995]. Let uy € C(2) be a sequence of k-convex functions converging
uniformly to u € C(L2). Then u is k-convex.

3.7. Alexandrov theorem on bounded domains. The condition of k-convexity leads to an Alexandrov
theorem, which is standard for convex, i.e., n-convex functions. Let us verify the standard fact that the
“black box” still works on bounded domains.

Proposition 3.5 [Chaudhuri and Trudinger 2005, Theorem 1.1]. Let u € C(X2) for a domain 2 C R"
with n > 2. Suppose u is k-convex for k > n/2. Then u is twice differentiable almost everywhere in Q.

More precisely, for almost every xo € 2, there is a quadratic Q such that u(x) — Q(x) = o(|x — xo|?).

Proof. Theorem 1.1 in [Chaudhuri and Trudinger 2005] works if 2 = R", so it suffices to extend u to a
k-convex function R" outside a small neighborhood of any point xo € R". Since u is continuous, we can



HESSIAN ESTIMATES FOR SPECIAL LAGRANGIAN EQUATION BY DOUBLING 345

choose a tall enough convex polynomial P such that P(xp) < O but P(x) > u(x) on some 9B, (xg) € 2.
Since P is convex, it is k-convex, so if we define i :=max(P, u) on B, (xo) and u = P outside B, (xg), this
is a viscosity subsolution of o, > 0, hence k-convex. By Alexandrov theorem [Chaudhuri and Trudinger
2005, Theorem 1.1], we conclude u is second-order differentiable almost everywhere, hence u is also
Alexandrov on a neighborhood of x(. Varying xo € €2, we conclude the proof. ]

3.8. Savin small perturbation theorem. We restate [Savin 2007, Theorem 1.3] for equations F (M) only
depending on the Hessian, defined on Sym(n; R)

Proposition 3.6 [Savin 2007, Theorem 1.3]. Let F(D*u) satisfy the following hypotheses:
(i) FeC?
(ii) F is locally uniformly elliptic, F'(M) > 0.
(iii) F(0)=0.
Then there exists ¢| small enough depending on n, F such that if a viscosity solution u of F(D*u) =0

satisfies flatness |[u|| L=, ©0)) < c1,thenu € Cz*“(Bl/z) with lullc2acp, ) < 1.

3.9. Partial regularity. Suppose u is a viscosity solution of (2-1) with Alexandrov, or D?u exists a.e.
Then by combining with Savin, we deduce the singular set of u is closed and measure zero (partial
regularity). Indeed, if u — Q = o(]x|?), then one can apply Savin (Proposition 3.6) to

u(rx) —Q(rx) o(r?)

vr (-x) - ]"2 ]"2

This function is flat and solves G (D?v) = F (D* Q4+ D?v) =0 with G(0) =0, so Savin gives Cc2e regularity
nearby the Alexandrov point. This shows the set of second-order differentiable points is open, full measure,
and contained in the C* set. In particular, we have partial regularity for (2-1) in the cases of convex
solutions and critical or supercritical phases.

4. Doubling for convex or semiconvex solutions

This section establishes a doubling inequality for the Hessian. First we consider the convex solution case,
with Jacobi inequality (3-6). Recall that a proper function f satisfies f~!(B) bounded for bounded set B.

Proposition 4.1. Let u € C* solve (2-1) on B>(0) with u convex. Then for any y € B1,2(0), there exists

R(n, |lullco.1(p, o)) > 0 small enough such that, for any r < R,

sup a(D’u) < C(rn, |lullcoi s, 0y) Sup a(D?u). 1)
Br(y) B (y)

By the properness of a = V" we obtain

sup |D*ul < C(r,n, |lullco1(s, ) sup |D*ul). (4-2)
Br(y) B (y)

Next we consider the semiconvex solution with a Jacobi inequality case.
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Proposition 4.2. Let u € C* solve (2-1) on B,(0) withu semiconvex D*u > —K I with a Jacobi inequality
Aga >2|V, al? /a. Then forany y € B12(0) and 0 <r < 3 L there exists R(n, K, ||lullcoip,0)) > 0 small
enough such that

sup a(D*u) < C(r, K, n, |ullco1 s, 0y) sup a(D*u). (4-3)
Br(y)

By the properness of a, we obtain
sup |D*ul < C(r, K, n, |ullco1 (s, 4 sup |D?ul). (4-4)
Br(y) B, (

We prove this in two separate cases of the same calculation.

Proof. Letting h < 1 and 7 > 1 with y € B;,3(0), we define a Korevaar [1987] exponential cutoff using a
Guan—Qiu [2019] type radial derivative for the phase:

n= (""" -1, o=x-y) Du—u+u®)+itlx -yl (4-5)

We make sure t > C({|u]|co.1(p,)) is large enough for ¢ > 1 on 3By ,2(y). Then supp(n) € B;(0). Also
B, (y) € supp(n) for r < R(t, ||u||co.1(p,)) small enough. Note that we continuously extend n = 0 outside
the connected component of B;(0) containing x = y. We also note that the cutoff is rotationally invariant
about the point x = y.

We now start with a standard calculation. At the max point of na, we know

nV,a
Ven = — ag ; (4-6)

so the Jacobi implies
0>alAgn+2(Vgn, Vea) +nlga

2|Veal?
=alAgn+n| Aga—

a
>algn. 4-7)
Therefore,
Vep|* < hAgp. (4-8)
The right-hand side at a diagonal point u;; = A; with A; > A, (omitting sums) is
2M; +t
Ayp = <Ct. 4-9

The left-hand side is

i +1)?
Vool = (x; — y2 it

T (4-10)
(i) Suppose u is convex. Since A; >0, t > 1, we get
1242tk + A2
(x; — W# > |x —yl*. (4-11)
‘We obtain '
Ix —y|> < Cht <r? (4-12)

if h=r2/Ct.
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Therefore, the maximum value occurs in B, (y) or on the boundary of B;(0). Since n = 0 on 9 B (0),
it occurs in B, (y). Using n > 0 on Bg(y), we obtain the doubling inequality

sup a < C sup na <C sup na < C sup na < C sup a. (4-13)
Br(y) Br(y) B1(0) B, (y) By (y)

Here, C = C(r, n, ||ullco1 g, 0))-

(ii) Suppose u is semiconvex, A; > —K. We first ensure ¢t > 2K. Suppose |x; — y;| > |x — y|/+/n for
some 1 <i <n.

Subcase A; < 3K. Then by

i+ = +K)+(t—K)*> (1t —K)* > K?,

we get
2 (i +1)° , K2 2
(xi —yi) 1+k2 > (xi — yi) 1+9K2_C|x—y|- (4-14)
Subcase A; > 3K. Supposing also ¢ > 1, then as in the convex case,
1242t +A2 x—y)?
C_v)2 I BN . 4-15
(xi — yi) 1+A12 = » ( )
Overall, we obtain from (4-8)
e = yI> < Cn, Koht <72, (4-16)

if h < C(n, K,t)r?. As in case (i) above, we obtain the doubling inequality, noting the dependence
t=t(n, K, ullcors, o)) U

5. Doubling for critical special Lagrangian equation by singular cutoff

We establish the doubling inequality for critical phases ® > (n —2) /2. Recall (3-8).

Proposition 5.1. Let u € C* solve (2-1) on By(0) with ® > (n — 2)m/2. Then for any y € B;,>(0)
andr < 4,
sup ai(D*u) < C(r,n, ullcor (s, 0)) SUP ai(D*u). (5-1)

Bi4(y) B (y)

By the pinching (3-9), we obtain properness, and conclude

sup | D%ul < C(r.n, lullcors 0 sup |Dul). (5-2)
By/a(y) B (y)

In order to establish a doubling inequality, we are free to sacrifice all control inside a small ball.

Therefore, we can add a singularity to our cutoff inside this ball.

Proof. Step 1: cutoff. Let o, h~! > 1. We form the singular cutoff on B;(0) \ {y} of Korevaar
exponential type,

n= (59" _1),, (5-3)



348 RAVI SHANKAR

where, for y € By,2(0), we add an increasing concave term to Guan and Qiu’s radial derivative:

aflza
r =y’ (5-4)
S=—1—[(x=y)Du—u+uy)|Lop,,o) —o 2

=x—y)-Du—u-+u(y)—

Then S —¢ <0 on dB,2(y) and S — ¢ > 0 on By/4(y) for o large enough. In general,

B1/4(y) \ {y} € supp(n) € B1,2(y) C B1(0).

We extend n = 0 outside the connected component of {n > 0} in By \ {y} containing the hole at x = y.

Step 2: test function. We next consider the maximum point p of na; on By,2(y) \ B,(y). If p is in the
interior, then suppose that Ay = - - - = A, > Ay 41 at x = p. It follows that a,, in Proposition 3.2 is smooth
near x = p and attains its maximum at x = p. As in the Jacobi calculation (4-7), we obtain at p

IVeol? < hAgp. (5-5)

After a rotation about y, we suppose D%u is diagonalized at p with A; = u;; and A > --- > A,. We also
define z; = x; — y;. Then the increasing term increases the left-hand side:

()\ N 1)2
Vool _Z ; 1+A2 . Z=5lz (5-6)

The right-hand side has an extra negative term from the concave cutoff:

20+ 27! w2 z2
Agp = —(ae+ 1)z — . (5-7)
Z 1427 Zl-ﬁ-k?

We emphasize that the correct signs in these equations require the extra term to be singular. This is usually
a fatal problem, but restricting to |x — y| > r, we encounter no issues.

Case 1: |z,| > |z|/+/n. Using |A,| < A; for i < n from (3-9), inequality (5-5) becomes

Z(/\nJrZ“"‘l)2 < C(nh Al +Z747"  cm)@+ Dz
1+22 ~ 1+22 1422 '

n

(5-8)

To derive the first term on the right-hand side, we consider the function
_ 52
?, f()_mfo if [x] > 1.
If [A,| > 1, then f(A;) < f(|As]), and it works. Consider now the case |A,| < 1. In By,2(y) \ B-(y), we
have Z7%~! > 8. Moreover, 1/(1 + A%) > % So in this case, we obtain the bound

2A 1 z7o!
> <n<n--- .
—~ 1457 4 1422

So for small enough c¢(n) and large enough C(n), we obtain (5-8).

fx) =
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Hard subcase: |z, + Z~%"1| <4Z~%~1. This means |A,| <5Z7 %I Using the last negative term,
a+1=<Cn). (5-9)

This is a contradiction for fixed a = a(n, [|u||co.1 (5, o)) large enough. This case is hard because h < 1
is unavailable.

Easy subcase: |\, + Z7%"1| > 4Z~*~1, This means |A,| >3Z7*"!. If A, <O,
Ch|rn| = Z(=hy—Z7% N > cZA2 > cZ|Ay| 2707, (5-10)

The A, > 0 case gives the same result. In fact, in By,2(y) \ B,(y), we have Z < é, SO we obtain

h >

~Cn)
This is a contradiction for h = h(n, ||u||co.1(p,)) small enough.

Case 2: |zi| > |z|/+/n fori <n. Since Z=*~! > 1 on Bi,2(y) \ B-(y), and A; > |1,| = 0 by (3-9), the
left-hand side (5-6) becomes

(5-11)

A2 2n,Z—e—1 1 72+
IVe0l? > c(n)Z- ok 1 +; > c(n)Z > c(n)r’. (5-12)
i

Then (5-5) becomes
12 < Cyh(1+ 27D < Cnphr=2e D, (5-13)

This is a contradiction for h(r, &, n) = h(r, n, ||u||co.1(p,)) small enough.
Conclusion of Step 2. The max must occur on the boundary. Since n =0 on dB;,2(y),

sup  nb= sup nb < C(r,n, ||lullcoip,0) sup b. (5-14)
Bia(W\Br (y) 9B, (y) B (y)

Step 3: doubling inequality. For r < %, the above conclusion gives

sup b< sup b+supb<C sup nb+ supb<C supb. (5-15)
Bi/4(y) B4\ By (y) B (y) B1ja()\Br(y) B, (y) B, (y)
Here, CZC(",H, ||M||Co,l(31(0))). O

6. Proof of the theorems
Let u; € C* solve (2-1) on B»(0) with lukllcor (s, o)) < A but blowup |D?u;(0)] — oco. We choose a
uniformly convergent subsequence in Bj(0) to viscosity solution u € C O(B1(0)) of (2-1).
Step 1: partial regularity of the limit. There are two cases, and we claim Alexandrov is valid in both:

(i) Suppose uy are convex solutions or semiconvex with a Jacobi inequality. It follows that u is also
convex, and Alexandrov’s theorem shows that D2u exists a.e. in B;(0).

(i1) Suppose ® > (n —2)mr/2. Then uy is n — 1 convex by (3-11), so by Lemma 3.4, u is also n — 1
convex in the viscosity sense. Then Proposition 3.5 shows that Alexandrov’s theorem is true for n > 3.
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Using Alexandrov, we choose y € Bj,2(0) such that |y| < R(n, K, A)/2 is sufficiently close to x =0
as in Propositions 4.1, 4.2, and 5.1. Letting Q(x) be the Taylor polynomial of u# at x = y, we have
lu(x) — Q(x)| <o (|x — y|) for some modulus o (r) = 0o(r?)/r* as r — 0. This implies Q solves (2-1),
using quadratic comparison functions.

Step 2: flattening the error. We follow [Shankar and Yuan 2025, page 17]. We let error v, equal u; — Q,
then rescale

0e(X) =r vy +r3), X € Bi(0). (6-1)
Then

u(y+rx)— Q(y+rx)
2

2
|

vkl ooy o)) <7 “Nur(y +rx) —u(y +rx)|lLes, ) +

r L*(B,(0))

< r—2$ +o(r). (6-2)

The last inequality comes from uniform convergence and Alexandrov.

Step 3: Savin stability of partial regularity. Since Q is a solution of (2-1), observe that vj solves the
fully nonlinear elliptic PDE on B;(0)

G(D*5) =) (arctan A;(D*Q + D*¥;) —arctan 1;(D* Q)) = 0. (6-3)

i=1
We see that G(0) = 0, and Savin’s conditions are satisfied. We use Proposition 3.6 to find c;. In (6-2),
we can choose r = r(0) < 1, then all k > k(r(0)) > 1, such that ||vk|[z=(B,0) < c1. By Savin
(Proposition 3.6), we deduce that [[v[[c2a (s, ,0)) = 1. Equivalently, if we relabel /2 as r =r(0),

lukllc2eas, vy < Cln, Q,0). (6-4)

Step 4: doubling to propagate the partial regularity. By Propositions 4.1, 4.2, or 5.1, we use (6-4) to
obtain for smooth solutions uy

sup |D*ux| < C(r,n, K, A, a, sup |D*uy|)
Br(y) B (y)

SC(}’, n, K,A,a,C(l’l, Q’ 6)) (6_5)
Since Bg/2(0) C Bgr(y) and r =r(o), we obtain overall

|D*ur(0)| < sup |D’u| <C(o,n, K, A, Q,a). (6-6)
Brp2(y)

This contradicts the blowup assumption. We conclude the proof.
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REGULARITY FOR NONLOCAL EQUATIONS
WITH LOCAL NEUMANN BOUNDARY CONDITIONS

XAVIER ROS-OTON AND MARVIN WEIDNER

We establish fine results on the boundary behavior of solutions to nonlocal equations in C*¥ domains
which satisfy local Neumann conditions on the boundary. Such solutions typically blow up at the boundary
like v =< dist*~! and are sometimes called large solutions. In this setup we prove optimal regularity results
for the quotients v/dist' !, depending on the regularity of the domain and on the data of the problem. The
results of this article will be important in a forthcoming work on nonlocal free boundary problems.
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1. Introduction

The study of nonlocal operators of the form

Lv(x) :p.v./ (v(x) —v(x +h))K(h)dh, (1-1)
Rn
where K : R" — [0, oo] is a kernel satisfying for some s € (0, 1)
K(h/|h
K(h) = % 0<A<K(@) <A forallo e S"!', K(h)=K(—h) (1-2)

has been an important area of research in analysis and probability for the past 30 years. Operators L of the
type (1-1)—(1-2) arise naturally as generators of 2s-stable Lévy processes, and are used to model different
kinds of real-world phenomena involving long range interactions, e.g., in mathematical finance and in
physics. From a PDE perspective, it is of particular interest to study the effect of the nonlocality of L on
the regularity of solutions to nonlocal equations. By now, the question of interior regularity of solutions
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is fairly well-understood, and there are several important works in this context, such as [Caffarelli and
Silvestre 2009; 2011a; 2011b; Silvestre 2006; Bass and Levin 2002; Kassmann 2009; Di Castro et al.
2014; 2016; Barrios et al. 2014; Ros-Oton and Serra 2016b].

A much more delicate question is the one of boundary regularity of solutions to nonlocal problems.
Previous works have mostly focused on nonlocal Poisson problems, given as

{Lv:f in Q, (1-3)

v=0 inR"\Q.

The nonlocal Poisson problem (1-3) arises naturally as the Euler—Lagrange equation of a nonlocal energy
minimization problem and can therefore be studied via variational methods, but also via nonvariational
methods. For (1-3) it was proved (see [Ros-Oton and Serra 2014; Grubb 2015]) that weak solutions
satisfy v € C*(Q), once 3Q € C''¥ and f € L>(Q). The C* regularity of solutions is optimal, as one
can see from the explicit example (see [Getoor 1961; Landkof 1972; Dyda 2012])

(=AY (1= |x»)% =cuy >0 in By, (1-4)

which also remains valid for L satisfying (1-1)—(1-2) (see [Ros-Oton 2016]). However, it turns out that
once the domain, the kernel, and the data are regular enough, also the quotient v/d* will be regular,
yielding a fine description of the behavior of the solution v at the boundary. The best known result in the
literature, establishing optimal boundary regularity of weak solutions of (1-3) in terms of the regularity
of the domain and the data was shown in [Ros-Oton and Serra 2017; Abatangelo and Ros-Oton 2020;
Grubb 2015] (see also [Ros-Oton and Serra 2016a; 2016b; Abels and Grubb 2023]) and reads as

Qeckty fecHtrs(Q = d—vs eCk7(Q) forallk e NU{0}, y €(0,1).  (1-5)

All the previously mentioned results on the nonlocal Poisson problem (1-3) address weak solutions for
which one can prove that they must remain bounded in © (see [Servadei and Valdinoci 2014; Korvenpis
et al. 2016]). However, explicit computations reveal that there also exist pointwise solutions of (1-3),
which explode at the boundary of the domain behaving asymptotically like 4*~!. The following most
prominent example goes back to a work by Hmissi [1994] (see also [Bogdan 1999, Example 1, p.239;
Bogdan et al. 2009, Example 3.3; Dyda 2012]):

(=AY (1= [x[H%'=0 in By. (1-6)

The example (1-6) has initiated the conceptual study of boundary blow-up for solutions to nonlocal
equations (see [Grubb 2014; 2015; 2018; 2023; Abatangelo 2015; 2017; Abatangelo et al. 2023; Chan
et al. 2021]). In this theory, solutions such as (1-6) are sometimes called “large solutions”. Due to the
explosion at the boundary, the above function cannot be a weak solution, and clearly violates (1-5).

In order to have a unified framework which also allows for singular behavior at the boundary, it is
necessary to keep track of the boundary behavior of the solution, or more precisely to prescribe somehow
the behavior of the quotient v/d*~'. In this spirit, the following Neumann problem, which was introduced
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in [Grubb 2014] (see also [Grubb 2018; 2023]), can be seen as a generalization of (1-3)

Lv=f inQ,
v=0 inR"\Q, (1-7)
0(-%)=¢ onog,

where v(xg) € S"~! denotes the inner unit normal at xo € 2. The problem (1-7) is a natural nonlocal
Neumann problem with inhomogeneous Neumann data g, and one can show that the problem is well-posed
in suitable function spaces, at least if the domain is C* (see [Grubb 2014]). Moreover, the solutions blow
up at every boundary point where v/d*~! does not vanish.

Remark 1.1. The functions in (1-4) and (1-6), are both solutions to (1-7), with g =1 and f =¢, s and
with g = (s — 1)2°~2 and f =0, respectively, in case 2 = Bj.

The Neumann condition in (1-7) is purely local in nature in the sense that it is imposed only on
the topological boundary 0€2. Therefore, (1-7) is conceptually completely different from the nonlocal
Neumann problem introduced in [Du et al. 2012; Dipierro et al. 2017] (see also [Alves and Torres Ledesma
2020; Vondracek 2021; Audrito et al. 2023; Foghem and Kassmann 2024; Grube and Hensiek 2024]). It
is also of entirely different nature than [Barles et al. 2014a; 2014b; Bogdan et al. 2003; Chen and Kim
2002], where local boundary conditions are imposed, but instead the operator is changed, depending on
the domain.

Main result. The aforementioned regularity results (1-5) from [Ros-Oton and Serra 2017; Abatangelo
and Ros-Oton 2020] do not apply to (1-7) since solutions are in general not continuous and might even
explode at the boundary. However, it is natural to expect fine regularity results for the quotients v/d*~!
depending on the regularity of the domain and the data.

When @ is C*® and K|g-1 is C*, the regularity theory for (1-7) was developed by Grubb [2014]
using an approach via pseudodifferential operators.

Our goal in this work is twofold: to establish sharp boundary regularity estimates for (1-7) in C*7
domains, and at the same time to prove them for the first time as localized estimates in €2 N B;. This is
new even for C* domains, and it is crucial for our application to free boundary problems.

Our main result is the following:

Theorem 1.2. Let L, K, s, A, A be as in (1-1)—(1-2). Letk e N, y € (0, 1) withy #s,and 2 CR" be a
CH LY domain, and K € C*213(S"1). Let v e L} (R") with v/d*~" € C(Q) be a viscosity solution

to
Lv=f inQnNB,,

v=0 inB\Q,

Bv(;j> =g ond2N By,

where v : 3Q — S"~! is the normal vector of Q, and f € C(Q)NX(QN By), g € CK117(HQN By),

dVL®(QNBy) ifk+y <2,

1-8
CK=24t7(QNBy) ifk+y > 2s. (1-8)

X(smBz):{
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v
dsfl

Then, it holds that v/d“1 € CHV(S_Z N By) and
=1

loc
|75

for some ¢ > 0, which only depends onn, s, ., A, k,y, Q, and |K | c2x+2v-+3(sn-1y.

+lvlizy @ gy + 11 lx@nsy) + ||g||ckfl+y(aszr132)>,

o =< 1]
Ccky(QNBy) — L% (Q2NBy)

For the definition of LéS(IR”) and the notion of viscosity solutions, we refer to Section 2.

The regularity we obtain for v/d*~! depending on the regularity of the domain Q and the data f, g is
expected to be optimal. For f and g, this is an immediate consequence of interior Schauder theory (see
[Ros-Oton and Serra 2016b]), and the order of the equation. For the regularity of the domain, we observe
that our results align with the ones in [Abatangelo and Ros-Oton 2020] once v € C (€N B,). We obtain
results with regularity assumptions on K that are expected to be optimal in case €2 is a half-space (see
Theorem 1.7). As in [Grubb 2014], we rule out the case y = s. The result is expected to be false in this
case. It corresponds to proving Schauder-type regularity estimates of integer order.

Another key advantage of our approach is that it allows for localized results in €2 N B;. Nonetheless, if
2 C B, and v is a solution to (1-7), by application of the maximum principle (see Lemma 3.4) to the
estimate in Theorem 1.2 we can obtain the following bound which is purely in terms of f and g:

=cllfllx@ +1Igllce-1+r o)

v
ds—l

Thus, we have the following generalization of (1-5) to solutions of (1-7):

Cky(Q)

ety fectE(Q), gectOQ)
1)
ds—l

A weak maximum principle and nonlocal problems with local Dirichlet conditions. The example (1-6)

= e Ck7(@Q) forallkeN, y e(0,1). (1-9)

of a nontrivial s-harmonic function that vanishes outside B; implies that the Poisson problem (1-3) for
the fractional Laplacian is ill-posed even in the homogeneous case. Therefore, maximum principles are
usually established under an additional assumption on the boundary behavior of the solution, ruling out
“large” solutions such as (1-6) (see [Silvestre 2007; Servadei and Valdinoci 2014; Felsinger et al. 2015;
Jarohs and Weth 2019; Feulefack and Jarohs 2023; Fernandez-Real and Ros-Oton 2024a]). Note that
a similar phenomenon occurs for local equations, where any constant function is a pointwise solution
inside the solution domain.

In this paper, we prove the following nonlocal weak maximum principle, which allows for solutions
that blow up at the boundary.

Proposition 1.3. Let L, K, s, A, A be as in (1-1)=(1-2). Let y > 0 and Q C R" be a C'Y domain. Let
v E LéS(R”) with v/d*~' € C(Q) be a viscosity solution to

Lv>0 inQ,
v>0 nR"\Q,
' >0 onoQ.
dsfl

Then, v > 0.
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The condition v/d*~! > 0 in Proposition 1.3 includes solutions that blow up at the boundary, such
as (1-6). Previously, maximum principles including large solutions have been established in [Abatangelo
2015; Grube and Hensiek 2023; Liu and Zhuo 2025; Li and Liu 2023]. Proposition 1.3 extends these
results to general 2s-stable integrodifferential operators, and to C'? domains, respectively.

Recall that a natural way to make the nonlocal Poisson problem (1-3) well-posed is to impose Neumann
boundary conditions as in (1-7). Another way would be to prescribe the limit of the quotient v/d*~!
directly, which leads to the following nonlocal problem with local Dirichlet data, which was introduced
independently in [Grubb 2014; Abatangelo 2015]:

Lv=f inQ,

v=0 inR"\S, (1-10)
' —h ondQ.
dsfl

The weak maximum principle in Proposition 1.3 implies that the problems (1-10) and (1-3) are
equivalent, when 2 = 0. Thus, (1-10) can be seen as an inhomogeneous nonlocal Dirichlet problem.

Another contribution of this article is the following Schauder-type boundary regularity estimate for
solutions to nonlocal equations with local Dirichlet data:

Theorem 1.4. Let L, K, s, A, A be as in (1-1)—(1-2). Letk e N,y € (0, 1) withy # 5, and Q2 C R”" be a
CHYY domain, and K € C*F2+3(S"=1). Let v € L) (R") with v/d*~' € C(Q) be a viscosity solution
to (1-10) with f e C(Q)NX(RQ) and h € C*k7 (3Q), where X is as in (1-8).

Then, it holds that v/d*~" e ctr (Q), and

loc

<c(lfllx@ + Inllcrr o)

|71
ds—lcrr@ —

for some ¢ > 0, which only depends on n, s, A, A, k, y, 2, and || K || c2x+2r+3(sn-1y.

We refer to [Grubb 2015; 2023] for similar results in the framework of pseudodifferential operators.

Note that (1-10) can always be reduced to the homogeneous problem (1-3). In fact, if Q and 4 are
regular enough, one can extend /4 to a smooth function in € and consider w := v —d*~'h. Then, w solves
the homogeneous problem (1-3) with a new right-hand side f = f — L(d*~'h). Since L(d*~'h) has
good regularity properties (see Corollary 2.5), we can prove Theorem 1.4, by application of the results in
[Ros-Oton and Serra 2017; Abatangelo and Ros-Oton 2020].

Strategy of the proof: regularity for nonlocal problems with local Neumann data. Since the nonlocal
problem with inhomogeneous local Dirichlet data (1-10) can always be reduced to the homogeneous
problem (1-3) for which the boundary regularity theory was already established (see [Ros-Oton and Serra
2017; Abatangelo and Ros-Oton 2020]), the proof of Theorem 1.4 is rather simple.

In sharp contrast to that, for the Neumann problem (1-7) there is no cheap way to obtain the boundary
regularity results in Theorem 1.2 from the existing theory. In fact, it is already highly nontrivial to
establish Holder continuity of the quotient v/d*~! up to the boundary (see Theorem 1.6 below).

Our proof of Theorem 1.6 goes in three main steps.

First, we establish a weak maximum principle for solutions to the Neumann problem (1-7).
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Proposition 1.5. Let L, K, s, A, A be as in (1-1)—(1-2). Let y > 0, Q C R" be a C%" domain, and
K € C3*t2r(S" 1), Letv e L;S([R”) withv/d*~! e C(Q) bea viscosity solution to

Lv>0 in<Q,
v>0 inR"\Q,

8v<%> <0 onof,

where bg is defined in (3-2). Then v > 0.

This result seems to be the first maximum principle for nonlocal problems with local Neumann boundary
conditions in the literature. We believe it to be of independent interest and refer to Lemma 3.4 for a
corresponding L* bound in the case of inhomogeneous data. The function b can be thought of as a special
regularized distance function taken to the power s — 1. We stress that the result is no longer true if the
function b is replaced by d*~!, where d is another regularized distance function. In fact, Proposition 1.5
holds true for the function in (1-6) if b= (1 —| - |)‘j__l, but fails if we replace b by the regularized distance
d=(1-]-".

The proof of Proposition 1.5 follows from a nonlocal Hopf-type lemma for solutions to the inhomo-
geneous Dirichlet problem (1-10) (see Lemma 3.3), which in turn follows from the weak maximum
principle in Proposition 1.3. All of these results rely heavily on explicit barriers for (1-10) in C!'” domains
that are adapted to the geometry of the domain and blow up at the boundary like d°~!. These barriers can
be seen as perturbations of (1-6), or rather of 1D solutions such as

L(x,)5'=0 in {x, > 0}. (1-11)
Note that (1-11) follows simply by differentiating the equation
L(x,)} =0 in {x, > 0}.

The previous identity is a classical fact for nonlocal operators (1-1)—(1-2) (see [Ferndndez-Real and
Ros-Oton 2024a, Lemma 2.6.2]).

The second main step in the proof of Theorem 1.6 is to establish Holder continuity of order «, for
o € (0, 1) small enough, up to the boundary of v/d*~! for solutions to (1-7) in C'¥ domains.

Theorem 1.6. Let L, K, s, A, A be as in (1-1)-(1-2). Let y € (0,1), Q C R" be a C%Y domain, and
K € C3*t2r(S" 1), Letv e L;S([R”) with v/ds_1 € C(Q) be a viscosity solution to
Lv=f inQNB,,
v=0 inBy\Q,

3.,(%) =g ond2N By,

with f € C(R2N By) and g € C(02N By). Then, there exists oo > 0, such that when d*~* f € L*°(2N By)

for some o € (0, agl, and it holds that v/d*~! € Cﬁ‘)C(S_Z N By), and
v v _
_ <c _ )] " ds o ) 00 (¢ ),
|75 | cenm = U 5] gy + 1Pk + 1 Flliei@nn + I8 Gans,

where ¢ > 0 and ag depend only onn, s, A, A, v, and the C27 radius of 2.
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The proof of Theorem 1.6 uses the weak maximum principle in Proposition 1.5 and the interior weak
Harnack inequality, to establish a weak Harnack inequality for v/d*~! at the boundary (see Lemma 4.1).
This allows us to deduce a so called “growth lemma” for v/d*~!, stating that v/d*~' must be large
pointwise in a ball centered at the boundary, if v/d*~! was large in a measure-theoretic sense in a ball
away from the boundary. Such growth lemma allows to establish oscillation decay for v/d*~! at the
boundary, and to deduce the Holder estimate in Theorem 1.6. A similar proof for the classical Laplacian
can be found in [Lian and Zhang 2023].

Once the boundary Holder estimate is shown, we can establish the higher order boundary regularity in
Theorem 1.2 via a blow-up argument. This is the third, and last step of the proof. Theorem 1.6 is crucial
in order to deduce uniform convergence of the blow-up sequence.

The blow-up argument follows the scheme in [Abatangelo and Ros-Oton 2020] and relies on a Liouville
theorem in the half-space with local Neumann data (see Theorem 5.1). However, major modifications
have to be made in most of the steps due to the boundary blow-up of solutions. For instance, we need to
show the following new result (see Corollary 2.5):

e CHr — L@ HecH Q) ifk+y>1+s.

Moreover, the presence of a Neumann boundary condition complicates some of the arguments, such
as the proof of a stability result for viscosity solutions (see Lemma 2.13). Finally, as in [Abatangelo
and Ros-Oton 2020] we need to make use of a suitable notion of nonlocal equations up to a polynomial
(see [Dipierro et al. 2019; 2022]) in order to account for solutions that grow too fast at infinity (see
Definition 2.8).

Applications to free-boundary problems. We end the discussion of the main results of this article by
shedding some light on a, perhaps unexpected, connection between nonlocal problems with local Neumann
boundary data and free boundary problems. This connection is a main motivation for us to study (1-7).
Let us explain this phenomenon in the particular case of the fractional Laplacian.

The nonlocal one-phase free boundary problem, which was introduced in [Caffarelli et al. 2010] (see
also [Ros-Oton and Weidner 2024]), deals with the minimization of the functional

, dydx
I(w) := /f (w(x) —w(y)*———5+ M|{w > 0} N B| (1-12)
(Bf xBY)* |x — y[res

for some M > 0 and with prescribed values of w in R" \ B;. One can show (see [Caffarelli et al. 2010;
Fernandez-Real and Ros-Oton 2024b]) that local minimizers of (1-12) are C*(B;) and that they are
viscosity solutions to
(—A)’w=0 in QN By,
w=0 in B\ 2, (1-13)

v =cpsM ondQN By,

s
where ¢, ¢ > 0 is a constant and €2 := {w > 0}. An important question in the theory is to determine the
regularity of the free boundary 9€2 near so called “regular points”. These are the points xo € 9€2 N B; for
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which blow-ups of w are half-space solutions, i.e., (up to rotations and multiplicative constants)

w(xo—;i—rx) — wo(x) := (x,)} locally uniformly.
’

One can show using the extension for (—A)* (see [De Silva and Roquejoftre 2012; De Silva and Savin
2012; De Silva et al. 2014]) that once a sequence (w,) of viscosity solutions (1-13) is “e-close” to the

half-space solution wy in the sense that

(en — &) S we(x) < (x, +8)Y,
then it holds, as & N\ 0, that

w _ s

Le) = Chn)ie - ol e ),

where u solves the so called “linearized problem”

{(—A)S((xm‘lu) =0 in{x, >0}N By,

(1-14)
d,u=0 on{x, =0}NB;.

Hence, (xn)fflu is a solution to a nonlocal problem with local Neumann data (1-7) in the half-space, and
it explodes at the boundary {x, = 0} N B;.

In order to establish regularity results for the free boundary 2 = {w > 0} near regular points, it is an
important step to establish boundary regularity results for the solution to the linearized problem. For
(1-14) this was done in [De Silva and Roquejoffre 2012; De Silva and Savin 2012; De Silva et al. 2014],
using the Caffarelli-Silvestre extension.

In the light of this connection, our main result Theorem 1.2 also makes a contribution to the theory of
the nonlocal one-phase problem (1-12), and provides a completely new proof of the regularity for (1-14),
even in the case of the fractional Laplacian.

We end this discussion by stating a variant of Theorem 1.2 in the special case 2 = {x, > 0}. This
result holds true under assumptions on the regularity of K which are expected to be optimal, and it will
be helpful in the study of the nonlocal one-phase free boundary problem (1-13) with respect to general
nonlocal operators (1-1)—(1-2), which we plan to investigate in a future work (see [Ros-Oton and Weidner
2025]).

Theorem 1.7. Let L, K, s, A, A be as in (1-1)—(1-2). Letk e N, y € (0, 1) with y # 5. Let
ueC{x,>0yNBy) with (x,)% 'ue L) (R")

be a viscosity solution to
L) W)= fin{x, > 0} N By,
opu =g on d{x, =0} N B,.

with f € C({x, > 0}N By) N X ({x, > 0} N By), g € C*""H7({x, =0} N By), and K € C*=25Tv(S"~ 1) if
k+y > 2s, where X is as in (1-8). Then, it holds that
el chor (g, =030y < (el Lo (x> 0)nB2) + ||(xn)i_lu||L;J(Rn\Bz) A1 L2 >03n82) + 18 | =14 (=0} )

for some ¢ > 0, which only depends on n, s, ., A, k, y, and (if k +y > 2s) also on || K || ck-2s+y (sn-1).
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Finally, we make the following remark.

Remark 1.8. The following two problems are equivalent if v € C(2 N By), i.e., if solutions do not blow
up on d2N By:

Lv=f in QN By, Lv=f in QN By,
v=0 1in B\ L, PN v=0 1in B\,
8v<d:)_1> =g ondQN By, d% = on a2 N Bs.

Indeed, since v =0 in B, \ €2, it holds for any xo € 2N B, that

v
v\ o dsL U
o (i7) = lim i = lim (0.

Recall that the second problem is satisfied by minimizers to the nonlocal one-phase problem (1-13).

(x) = lime sy, ~=5(2)

Moreover, the above problem is the nonlocal counterpart of the over-determined Serrin’s problem whenever
Q C B, (see for instance [Fall and Jarohs 2015; Soave and Valdinoci 2019; Biswas and Jarohs 2020;
Dipierro et al. 2023]).

Organization of the paper. In Section 2 we introduce the notion of viscosity solutions to (1-7) and give
some preliminary lemmas. Among them are already several new results of independent interest, such
as the construction of explicit barriers exploding at the boundary (see Section 2.3), an analysis of the
regularity of L(d*~") in terms of the regularity of the domain (see Corollary 2.5), and a stability result
for viscosity solutions (see Lemma 2.13). In Section 3 we prove maximum principles for solutions to
nonlocal problems with local Dirichlet and Neumann data (see Propositions 1.3 and 1.5). Section 4 is
devoted to the proof of the Holder estimate up to the boundary (see Theorem 1.6). In Section 5 we prove a
Liouville theorem in the half-space (see Theorem 5.1), and in Section 6 we carry out a blow-up argument
to prove our main result, Theorem 1.2. Finally, Section 7 contains the proof of the regularity for the
inhomogeneous Dirichlet problem (see Theorem 1.4).

2. Preliminaries

In this section, we give several important definitions, such as the definitions of viscosity solutions to (1-7).
In Section 2.2 we establish the regularity of L(d*~!) depending on the regularity of the domain and in
Section 2.3 we use these results to construct barrier functions. In Section 2.4, we introduce the notion
of nonlocal equations satisfied up to a polynomial, and in Section 2.5 we establish stability of viscosity
solutions and prove that the sum of two viscosity solutions is again a viscosity solution.

From now on, we denote by C?Om(k, A) the class of operators (1-1) with kernels satisfying (1-2).
Moreover, whenever we say K € C“ (S*1) for some o > 0, we mean that | Kl ca(sn-1y < A. Sometimes,
we denote the class of operators (1-1) satisfying (1-2) and K € C*(S"!) by L‘?‘)m(k, A, ).

Moreover, given an open, bounded domain Q C R" with Q2 € C? for some > 1, d :=dgq :R" — [0, 00)
will denote the regularized distance which satisfies d € C*°(2) N C#(R) and d = 0 in R" \ Q. Crucially,
we have dist(-, Q) <d < Cdist(-, Q) in R", i.e., the topological distance and the regularized distance are
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pointwise comparable. We will often use the fact that |D*d| < cdP~* (see [Ferndndez-Real and Ros-Oton
2024a, Definition 2.7.5]). Throughout this article, we will define d*'=0inR" \ Q.
In the following, whenever xo € 92, we write v/d* ™! (xq) := limgs - x, v/a’gz_l(x).

2.1. Function spaces and solution concepts. Let us introduce the following function space:

LLR" = {M el ey 3=/ lu(WIA+[yD™"*dy < oo}, a > 0.
Rn

Typically, we will use the previous definition with o« = 2s. We are now in a position to give the notion
of viscosity solution to (1-7).

Definition 2.1 (viscosity solution). Let 2 C R” be an open, bounded domain with 3Q € C'7. By
v e §"!, we denote the inner normal vector to 9<2.

(i) We say that v € C(2) N Lés([R?”) is a viscosity subsolution to
Lv=f inQNBy, 2-1)
where f € C(2N By), if for any x € Q N B; and any neighborhood N, C Q2 of x it holds that
Lo(x) < f(x) forall g € C*(N,)NLA(R") such that v(x) =¢(x), ¢ >v. (2-2)

We say that v is a viscosity supersolution to (2-2) if (2-2) holds true for —v and — f instead of v and f.
Moreover, v is a viscosity solution to (2-2), if it is a viscosity subsolution and a viscosity supersolution.

(i) For any function b € L} (R") with b/d*~! € C'(Q) we say that v € L} (R") with v/d*~! € C(Q) is
a viscosity subsolution to

da,(v/b)y=g ondR2N By,
where g € C(02N By), if for any x € 32N By and any neighborhood N, C QN B; of x it holds that
oo (x) <g(x) forall ¢ e C?(N,)NL>®(Q) such that v/b(x)=¢(x), ¢ <v/b. (2-3)

We say that v is a viscosity supersolution to (2-3) if (2-3) holds true for —v and —g instead of v and g.
Moreover, v is a viscosity solution to (2-3), if it is a viscosity subsolution and a viscosity supersolution.

Clearly, if in (i) Lv(x), or if in (ii) 8U(v/d“_1)(x) = limggy_m(v/d“_l)(y) exists in the strong sense,
then the notions of viscosity solutions coincide with the ones for strong solutions (see [Ferndndez-Real
and Ros-Oton 2024a, Lemma 3.4.13]).

2.2. Nonlocal operators and the distance function. The goal of this subsection is to establish several
lemmas on the regularity of L(d*~!) depending on the regularity of 2. Lemma 2.3 will help us to establish
barriers in C!*¥ domains and Corollary 2.5 is crucial for domains that are more regular.

The following lemma is a slight modification of [Ferndndez-Real and Ros-Oton 2024a, Lemma B.2.4].
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Lemma 2.2. Let L € E?Om (A, A). Let Q C R" be a bounded Lipschitz domain with Lipschitz constant L
and C°%! radius po > 0. Let xg € Q with p :=dq(xg), y > —1land y < B. Then,

/ 4% (xo+ My dy < €1 +p"#)
Q\Bp/z

for some constant C > 0, depending only on n, vy, B, po, L, and, if y > 0 or B < 0 also on diam(S2).

Proof. We assume that xo = 0. By [Ferndndez-Real and Ros-Oton 2024a, Lemma B.2.4], there exists
k > 0 such that for any ¢ € (0, «),

H' ' ({d =1} N (Byi+1, \ By ) < C(27p)" . (2-4)
Note that
/ & ()IyI ™" dy < (diam(€)" 11,0y + k¥ 11, <o) I dy <c
(R2\B,2)N{d>k} (R2\B,2)N{d>«}

for some constant ¢ > 0 depending on « and, if y > 0 or 8 < 0 also on diam(€2), independent of p. The
independence of p is trivial if « < 2p since then Q\ B,/» C Q\ B4, and otherwise, it follows from
the fact that B, N{d >k} = & once r < k/2 <k — p (recall that d(0) = p), so also in this case, we can
replace the domain of integration by 2\ B, >. Moreover, using (2-4) and the coarea formula,

d” Iyl Fdy <c Z((zfm"ﬁ

jzl

d"(NIVd(y)| dy)

/«z\Bp/z)m{dsm f<32j+1p\83jp>n{d5x}

' min{2/ .k}
=c¢ Z((2’p)"’3/ 17 U dH”l(y)} dt)
= 0 (Byj+1,\Byj ,)N{d=t}
<c) (@) Py <cprF
izl
for some ¢ > 0, where we used that y — 8 < 0. (I

The following lemma will be of central importance for the proof of Lemmas 2.6 and 2.7.

Lemma 2.3. Let L € L7°" (A, A). Let Q@ C R" be an open, bounded domain with 3Q € CV for some
y > 0. Then, for any § € (0, s), there exists c1 > 0, depending only onn, s, ., A, 2, v, §, and the clv
radius of 2, such that

IL(d* Y <cd®” " inQ.

Moreover, for any ¢ € (0, s), there exist cp, c3 > 0 depending only onn, s, A, A, y, €, and the CY7 radius
of 2, such that
—L(d* ") < —d* ™3 inQ.
The first claim follows in a similar way as [Ferndndez-Real and Ros-Oton 2024a, Proposition B.2.1].

Proof. We let xg € 2 and write p = d(xg). Then, we let

[(x) = (d(x0) + Vd(xp) - (x — x0)) +
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and observe that
LI =0 in{l >0}
as a consequence of L(I*) =0 and VI* = sI*"'VI = sVd(xo)I*~!. Next, we claim that

Cp* v =3y|? in B2,

2-5
Clyl T a1 g +y) + 17 P (xo +y)| - in R\ Bpya. )

@ =P+ y) < {
From here, we can compute
L@ Do)l = 1L@ " =D (x0)]
<Cp*tr3 / ly[>" "> dy
By

+C f Iy |7 B A g =120 (g 4 9) + 15710 (g + y) | dy
(xo+)\Bp)2

SCU+p" 4 p7 7,

where we applied Lemma 2.2 tod and to [l withs —1 -6 =:y < :=2s — (1 +y)J (choosing y € (0, 5)
so small that 8 > 0), in order to estimate the third integral. Since this estimate implies the first result, it
remains to verify the claim (2-5). In case x € B,/»(x0), we estimate

d* ™ =17 @) < 1d =N+ P72 08,000 < NPl LGB, 00 [0 = X707 72 < Cp**7 72y P2,

Here, we used that |D?d| < Cd~'*" by [Fernandez-Real and Ros-Oton 2024a, Lemma B.0.1] and that
[ > cpin B, >(xp). The latter statement follows since by the C LY regularity of d, it must be

|d(x) —d(x0) — Vd(xo) - (x —x0)| < Cp't"  forall x € B, (x0),

due to Taylor’s formula, and therefore d(x) and p are comparable in B,/2(x¢), which yields for small
enough p for some ¢ > 0,

1(x) > d(xo) + Vd(xp) - (x —x0) > d(x) —Cp'TV >¢cp>0 forallx e B /2(x0).

We can always assume that p > 0 is small, since otherwise, the result follows by the regularity of d*~!
away from the boundary of €.

Next, for x € R" \ B, 2(xp), we make use of the following algebraic inequality, which follows from
the C? regularity of the function ¢ — ¢*~!=% in [min{a, b}, max{a, b}],

1 = < ela—bPla* 0+ 018 foralla, b >0,
for any 6 € (0, s) and some ¢ > 0, depending only on s, §, which allows us to estimate
|d° 7 ) = TN < eld () = L)1 T ) + 1710 ()
< clxo — x| TP TI 0 () + T )
where we used that by [Ferndndez-Real and Ros-Oton 2024a, Lemma B.2.2] it holds
|d(x) = 1(x)] < Cloo — x|

This proves the first claim.
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Now, we turn to the proof of the second result. First, we observe that by similar arguments as in the
first part of the proof, we obtain

Cpstr=3y|2 in By,

d6+s71_l€+5*1 (x + )<{
| [(xo+y) = C|y|(1+)/)5”d8+s—1—8(x()+y)+[€+S_]—5(x0+y)| in R"\ By/2,

and therefore
|L(d8+-8'—1 _18+S—1)(x0)| < C(l +p8+)/—s—] +p€+}/8—s—l).
We claim that for any e € S"~! it holds that

{L((x o) = (x-e) ! in{x-e >0,

(x-e)7 =0 in {x-e <0} 2-6)

for some c, € [c—, c4+], where ¢ > c_ > 0 depend only on n, s, A, A. Once we have shown the claim
(2-6), we can conclude the proof, since it implies

—L(d@* 7o) = =L (xo) + L@ T = 1777 (o)
< —C)O67S71 +C(1 +p€+)/*s71 +10€+)/5*571) < —Cp87S71 1C.
Hence, it remains to prove (2-6). By the 2s-homogeneity of L we can apply [Fernandez-Real and
Ros-Oton 2024a, Lemmas B.1.5 and 1.10.3(iii)] and deduce

L((x - ) =ci (A5 -5 = croax-o)57 !

for some constant ¢; > 0 and where c; is given by, see [Fall and Ros-Oton 2022, Lemma 2.4],
'(s+¢e) sin(@(—14¢))
'(—s+eé)sin(m(—1—s4+¢))
This concludes the proof. 0

> 0.

02 = (AR (1) =

The following lemma is crucial in the proofs of Lemma 2.13, and in Section 6. It follows by differenti-
ating the corresponding results in [Abatangelo and Ros-Oton 2020].

Lemma 2.4. Let L € E?Om(k, A). Let k € N, and Q C R" be an open, bounded domain with 02 € Cck+ly
for some y € (0, 1) with y # s, and 0 € 3. Assume that K € C*+2+3(S"1), Let

neCk”(QNB)NC®(QNB).
Then, there exists ¢ > 0, depending only onn, s, A, A, 2, y, k, such that the following holds true:
(1) Ifk=1andy < s, then
IL(@ ' (Vd)p| < c(|- |+ nO)|+ [Vn©))d" ™ in QN By.
(i) Ifk =2 o0ry > s, then

(L@~ (YD1 @npy < (- 1+ 10O + VR O))).
(iii) If k+y > 2s, then we have for any xo € 2N By >

(L@~ (VDD cker-25 (81 o < € 1 10O+ VRO (x0).
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Proof. By [Abatangelo and Ros-Oton 2020, Corollary 2.3] (see also [Kukuljan 2021, Corollary 3.9] for
i > k+1), we deduce that

ID'L(d*n)| < c(|-|+nO))d*Y =" inQN B, forallieN. (2-7)

By [Abatangelo and Ros-Oton 2020, Theorem 2.2] and the choice of ¥ in the proof of [Abatangelo
and Ros-Oton 2020, Corollary 2.3], it follows that the assumption n € C kY QN B)NC®(QNBy) is
sufficient for (2-7) to hold true. Let us now prove (i) and assume that k = 1 and y < s. Then, since
Din € C®(R™), another application of [Abatangelo and Ros-Oton 2020, Corollary 2.3] yields

IIL(dsDin)IICW_S@HBW <C forief{l,2).
Since V(d*n) = sd*~'(Vd)n + d*Vn, a combination of the previous two estimates with i = 1 implies
L@~ (V| < sT VL@ +s7 L@ V)] < e - [+ 1nO)] +[VO)Dd” ™ in QN By,

which yields the result in (i).
To see (ii) and (iii), we observe first that by application of (2-7), we have for any i € N

ID'L(@* (V)| < c(-1+VnO)Dd* =~ in QN By .
Next, by differentiation, we obtain
DY (d*n) = sD'(d* " (Vd)n) + D' (d* V).
Thus, altogether for every i € N

|DY(L(d*~ (Vd)n))| < s D L(@ )|+ s DL (V)|
<c(|- |+ O Dd*r =D 4| |+ VO hd Y
<c(|- 1+ O]+ VnO)Dd*t" == in QN B . (2-8)
To conclude the proof of (ii), let xo € 2N By 2, and note that if kK > 2 or y > s, then (2-8) applied with
i=k—1+4 [y —s] implies

I DAY =SHL(@ = (V) M) | 1% By o o))
|x — y|y—s—h/—ﬂ

(L@ (VYD k17 By peon < SUP

XsyEdeo/z(xo)
<c(|- 14 1O+ V) )d” === (xg)d* 77 17 =5 (xg)
<c(|- 1+ nO)+Vn0),

where we used that y < 1. From here, a covering argument (see [Ferndndez-Real and Ros-Oton 2024a,
Lemma A.1.4]) yields the desired regularity estimate in Q N B; /2.
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To prove (iii), note that if k 4+ y > 2s, then (2-8) applied with i =k + [y — s] implies

DM =L@~ (Vd)m) | LBy yaxo)
|x — yl)’—zs—’—y—ﬂ

—1
[L(ds (Vd)n)]Ck‘*'V_z"(Bd(xo)/z(xo)) = Sup
X, Y€ Ba(xy)/2(x0))

<c(|- 1+ O]+ V) )d” = =51 (xg)d> 7+ =51 (xg)
<c(|-1+ O]+ V) hd* ! (xo),

where we used that y < 1. This implies (iii), and we conclude the proof. ]

As a corollary, we obtain the following result:

Corollary 2.5. Let L € E?Om()», A). Letk e N, and Q C R" be an open, bounded domain with 0S2 € Ck+Ly
for some y € (0, 1) withy # s, and 0 € 9Q. Assume that K € C*T2r+3(S"=1) Let

neCk”(QNB)NC®(QNB).
Then, there exists ¢ > 0, depending only onn, s, A, A, 2, y, k, such that the following holds true:
(1) Ifk=1andy < s, then
s—1 y—s 0
|L(d”™ " n)l §C||n||cl(9m31/2)d n QmBI/Z-
() Ifk=2o0ry > s, then
[L(ds_ln)]ckflfsw(mel/z) = C(”’?”cl(m) + ”77||C"*1+5'+V(§20B1))-
(iii) If k +7y > 2s, then we have for any xo € N By,
L™ ] cter=2 8y pion = €Il cr@rmn + 11l v @npy)d ™ (xo).

Proof. There exist N e N and § > 0, v; € S"!, x; € 32N By, depending only on £, such that 3,,d >
in QN Bs(x;), fori € {1,..., N}, and such that

1
2

N
(x€eQNBip:dx) <8/2) | Bs(xi).

i=1
Then, by application of Lemma 2.4(i) to n := (Bvid)_l n e ChY(QN Bs(x;))NC®(2N Bs(x;)), we deduce
that for any i € {1, ..., N}
IL@ ™'l < e -1+ )]+ V) Dd” ™ in QN Bsja(x:).

Thus, we have proved (i) in N BixN{d(x) < 5/2}. The result in Qn Bi,N{d(x) > 6/2} is immediate
from the regularity of K (see [Ferndndez-Real and Ros-Oton 2024a, Lemma 2.2.6]).
The proofs of (ii) and (iii) follow from Lemma 2.4 in an analogous way. U
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2.3. Barriers with boundary blow-up. Let us construct barrier functions that are suitable for establishing
maximum principles for solutions that blow up at the boundary. We establish a subsolution and a
supersolution in the following two lemmas.

Lemma 2.6. Let L € E}Slom(k, A). Let Q C R" be an open, bounded domain with 0Q2 € C Ly for some
y > 0. Then, for any [ € R, € € (0, min{s, 1 — s}), and M > 0 there exists ¢; € C*°(2) such that

Ly <—d*'—M inQ,
¢ =0 inR"\ Q,
¢ /d =1 on dS2.
Moreover, if | > 0, then there exists § € (0, 1), depending only on n, s, A, A, diam(S2), ¢, M, such that
¢ > 0in QN{d < é6}. And ifl < 0, then for M large enough, depending on n, s, A, A, diam(S2), ¢, it
holds that ¢; < 0 in Q2.

Proof. Let € € (0, s) and N > 1 to be chosen small and large, respectively, later. We set

¢1(x) :=1d""" (x) —d* 7' (x) — N1g(x).
Then, by Lemma 2.3,
Lo < Clldéyisfl — Czdsisil +c¢3— NL1g.

Since L1g > 0, by taking any § € (0, s) and then ¢ < éy, we see that there exists n > 0, depending on
s,l,e, M,$,y, such that
Loy <—d*'—M imQn{d<n}.

Moreover, there exists ¢4 > 0, depending on diam(£2), such that L1g > ¢4 in QN {d > n}. Thus, choosing
N=M c4_1, we deduce that
Loy <—d—'—M inQ,

as desired. The remaining properties of ¢; follow immediately from its construction. O

Lemma 2.7. Let L € E?om(k, A). Let Q C R" be an open, bounded domain with 0Q2 € C Ly for some
y > 0. Then, there is c1 > 0, depending only onn, s, A, A, such that for anyl € R, ¢ € (0, min{sy, 1 —s}),
and M > 0 there exists {; € C°°(2) such that

Ly >cd™ "+ M inQ,
Yr=0 inR"\ @,
Y /d T =1 on 3.
Moreover, for any M > 0, if | > 0 is large enough, depending only on n, s, A, A, diam(S2), ¢, it holds that
Y >0in Q.
Moreover, for any ¢ € (0, s), there is J € C*(Q) such that for some cy > 0
Ly >df™ inQ,
U =0 inR"\ Q,
U/d =0 ondQ,
QW /d Y <, ondQ.
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Proof. Letl € R and ¢ € (0, min{sy, 1 — s}). The proof is similar to the one of Lemma 2.6. We set
Yi(x) =1d° "' (x) +d* ' (x) + Calg(x)

and since ¢ < sy, we can choose § € (0, s) such that ¢ < §y and take C, > O to be chosen later. By
Lemma 2.3,

LYy > —cld 4 d* S — 3+ cuCy in Q,

for some constants cy, ¢z, ¢3, ¢4 > 0, depending only on n, s, A, A, §, and the C7 radius of Q. Thus, if
we choose C; > 0 large enough, depending on M, [, ¢y, c2, c3, c4, €, diam(€2), then we deduce

Ly;>cd* "'+ M inQ.
Finally, we observe that upon choosing / > 0 large enough, depending only on ¢, diam(£2), we have
Y > 1d " +d7 >0 in Q.

For the second claim, we recall from [Fernandez-Real and Ros-Oton 2024a, Lemma B.2.6] that for
any ¢ € (0, s), there exist N > 0 and c¢; > 0 such that

L(—Nd*™®)>d* ™ —¢; inQ.
Let Jz € L™(2) be the solution to the Dirichlet problem

Ly,=c inQ,
Ur=0 inR"\,
and observe that by the boundary regularity theory from [Ferniandez-Real and Ros-Oton 2024a], it holds
that ¥, € C*(), and hence for ¥ := —Nd**¢ — y,, we obtain

dlﬁ_l =0 onadQ.

Therefore, for some ¢; > 0,

10,(W/d* N = (1 —5)|¥/d*| <cy ondL,

as desired. O

2.4. Nonlocal equations up to a polynomial. We will need the following definition of nonlocal equations
that hold true up to a polynomial. It was introduced in [Dipierro et al. 2019] for the fractional Laplacian
and the theory was extended in [Dipierro et al. 2022] to general nonlocal operators (see also [Abatangelo
and Ros-Oton 2020]).

Definition 2.8. For k € N, a bounded domain  C R”, f € C(R), and K € C¥~1*3(S"~1) for some

3 > 0, we say that a function u € C(2) N L%s 4+« (R") solves in the viscosity sense

L1

Lu% f ing,
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if there exist polynomials (pr)g>1 € Pr—1 of degree k — 1, and functions ( fz)g>1 such that

L(ulp,)= fr+pr inQ forall R > diam(f),

| fr— fllLe@ — 0 as R — oo.

Remark 2.9. « In case k =0, we set Py_; = P_; = {0}. Then, Lu 2 f is equivalent to Lu = f (see
[Dipierro et al. 2022, Corollary 2.13]).

o Instead of K € C¥(S"~!), here we only assume K € Ck=143(s"=1) for some § > 0. It is easy to see
that all the arguments in [Dipierro et al. 2022] remain valid under this weaker assumption. We decided to
make this change in order to have optimal assumptions on K in Theorem 1.7.

» As in [Abatangelo and Ros-Oton 2020], we assume uniform convergence fg — f. This is slightly
different from [Dipierro et al. 2019], where pointwise convergence was assumed.

The following lemma is a slight improvement of [Abatangelo and Ros-Oton 2020, Lemma 3.6] (see
also [Ros-Oton et al. 2025, Lemma 8.1]) in the sense that the estimate involves a weighted L! norm
instead of a weighted L°° norm.

Lemma 2.10. Let L € E?om (A, A). Let u € C(By) be a viscosity solution to

Lu=f in Bj.
Then, the following hold true:

(i) Let B € (0,2s] if s # 5 and B € (0,1) if s = 5. If f € C(By) and u € L} (R"), then it holds that
ueCh (B)and

loc

lu()|
"B, |y|n+2s

lullcs s, = C<||M||L°°(Bl) +/ dy + ||f||L°°(Bl)>
R

for some ¢ > 0, depending only onn, s, A, A, B.

(i) If f € C¥(By) for some a > O such that 2s +a ¢ N, K € C*(S"™V, and u € L} . _(R"), then

5 25+«
s+o
ue Cy.""(By) and

)l

llll casse(py ) < C(||u||L°°(Bl) +_A;{ e+ 2s+a dy + [f]C“(Bl))

B |y
for some ¢ > 0, depending only onn, s, \, A, «.
Remark 2.11. From the proof it is apparent, that Lemma 2.10(ii) remains true if Lu £ f fork < a.

Proof. Let us first show (ii) in case o < 1. Let us define v = ulp,. We claim that v solves Lv = f in
B34 for some f ekt /4) with

= lu()|
I fllce By < C(””HLOC(Bl) +/R"\B e dy + [flce(Bs) )- (2-9)
1
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To prove it, first, we observe that for any & € B3/4 and x € B34 |, using that K € C* (S* 1,
IK(x—y)—Kx+h—y)| d
Y

|L(ulgn p,)(x) — L(ulpnp)(x +h)| < |h|* lu(y)l -
R\ B, |
lu(y)l
< Clhlaf —————dy
Re\B, |y|TEte

Therefore, since we can add and subtract constants to f without affecting the left-hand side of the next
estimate, for any h € B34 it holds that

2z lu(y)l
o
If=fC+MleeBsa = C<(B?3S/S f+1hl /I;{”\Bl N dy ). (2-10)
From here, we deduce that there exist g € L°(B3/4) and a constant p such that f = g+ p. By construction
we have
- lu(I
81l LooBsyg) < C<||“||L°°(Bl) +/R"\31 W—ZSMdy-l-ng/gf .

We split v = v; + vy, where v; and v, are solutions to

Lvy =g in B3y, Lvy=p in B3y,
V1 =V in RH\B3/4, v2:O in RH\B3/4,

and note that the existence of v;, v, follows from [Fernandez-Real and Ros-Oton 2024a, Theorem 3.2.27]).
Then, by the maximum principle (see [Ferndndez-Real and Ros-Oton 2024a, Corollary 3.2.22]) we deduce
that

|lu(y)l

"B |y|n+2s+a dy+OSC f)
1

lvillLoe(Bsq) < C(”””L“(R"\Bg/m + ||g||L°°(Bg/4)> < C(”””LDO(Bl) +/ 0
R 3/4

Hence,

lu(y)l
"B |y|n+2s+a

dy-l—oscf).

lv2llzoo(Bsjs) < NullLoo(Bsya) + V11 Lo (Bs ) < C(”“”LOO(Bl) +/ 0
R 3/4

Then, by [Abatangelo and Ros-Oton 2020, Lemma 3.7], we deduce

ol
"B, |y|n+25+a

dy+oscf>.

I PllLoo(Bss) < CllvallLoe(ssy) < C(||M||L°°(B.) +/
R B34

Altogether, we have shown

lu(y)l
"B |y|n+2s+a

dy+oscf).

I f oo By < N8N LBy + 1Pl (By0) < C<||”||L°°(Bl) +/ 0
R 3/4

Finally, as a direct consequence of (2-10), we deduce

7 |u(y)]
[flceBsm) < C(||M||L°°(B.) -l-/W\B1 Wdy+ [flceBs) )

which yields the claim (2-9).
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Thus, by application of the interior regularity estimate [Ferndndez-Real and Ros-Oton 2024a, Theo-
rem 2.4.1] to v, we obtain

||M||c2~V+of(Bl/2) = ”v”CZH"’(Bl/Z) = C(||U||L°O(R") + ||JF||C'1(33/4))
lu(y)l
= C<||””L°°(Bl) + /I;"\Bl e dy +[flcessw ),
as desired. This proves (ii) in case o < 1. The case o > 1 goes in the same way by considering higher
order incremental quotients in the arguments above. Statement (i) was proved in [Ferndndez-Real and
Ros-Oton 2024a, Theorem 2.4.3]. The L* norm can be replaced by the LES(R”) norm by the same
truncation argument we employed above. O

Next, we provide a lemma stating that equations up to a polynomial can be differentiated in the same
way as classical nonlocal equations. This lemma will be used in the proof of Lemma 5.3.

Lemma 2.12. Let L € L7°"(\, A). Letk e N, f € C'(B)), and K € C**%(S"~1) for some § > 0. Let
ueCBYNLY . (R withdu € Ly, s(R"). Then, it holds that

Lu*t r inB,

and 0; fr — 0; f, if and only if
L@u) =, f inB.

k+1 .. .
Proof. Let us assume first that d;u € L%s +i—145(R"), and assume that Lu s f in Bj. Then, there exist

polynomials pg € Py and functions fr € L°°(B;) with fr — f such that

L(ulp,) = fr+pr in By.
u(x+eh)—u(x)
Ih|
L(D!'ulg,) = L(D!"(ulg,)) — L(uD!'1s,) = D! fr + D' pr — L(uD!'"13,),

Let us now consider difference quotients Dl.hu(x) = and compute

where, by following the proof of [Dipierro et al. 2022, Theorem 2.1], we can decompose
LD () = / uD! L, (K (x — y) dy = di 4 (0) + 8. (x)
R"\ B3
for functions gg » such that

grn(x) = fR D) W (. ) dy = fB (D yu ()Y (x. )+ u() DLy r. ) dy

R

for some function ¥ : By x (R" \ B3) — R such that

sup ¥ (x, y) < C sup (1 + |x — y) " F2H=ID 0 sup [V (x, y)| < C sup (14 |x — y|) "2 4D,

x€eB x€eB x€B; xeB;

and polynomials dg ; € Pr—1 with

dea) = 3 s kan=co [ DK DIdy, e R
Bgr

la|<k—1
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Clearly, it holds that gg , — gr, and dg  — dg, as R — oo, where

gR(x):f (MY (x, NIy,  dr(¥) = Y Kax”, Ka:ca/ 9i[u(y) 0y K (x — y)]dy.
Bg

lor| <k—1 Br
For the convergence gr , — gr we are using that for any x € By,

115, (D u(MY (x, y) + 1p, u(y) DL, ¥ (x, )|
< C|3u(y)] sup (1 + |x — y )~ T 4 Cly(y)| sup (1 + |x — y[)~ "=+ e LIRM)

x€B x€eB

and dominated convergence. Moreover, from integrating by parts, we see that it holds for any x € B)

o0 o0
_ 2 _ _ _
/ R 1|g;><x>|dRs/ R 1/ ()|l — y| "1 4 dR
2 2 dBR
<c f )y [~ dy < oo,
B;

which implies that gg(x) — 0, as R — oo, uniformly in x.
Altogether, we have shown

L(0julp,) = /llif% D! fr +I}iH}) D!'pr +I1if%dR,h +I1if%gR,h = 0; fr +0ipr +dr + &r,
— — h— h—

which implies that
L@ulg) = f inBi,
as desired.

Let us now show the other implication, i.e., assume that L (d;u) £ 0; f in By. Then, by [Dipierro et al.
2022] we observe that there are F : R” — R, and Pg € P} such that

L(btlBR) = FR + PR in B].
Clearly, by the same arguments as above, we have
L((D!u)1p,) = D! L(ulp,) — L(uD}'1p,) = D! Fg + D! Pr +dg.s + gr

with Df‘PR +dg.pn € Pr—1 and gr.p — gr, as h — 0 with gg — 0, as R — oo. Thus, by the stability for
viscosity solutions up to a polynomial (see [Abatangelo and Ros-Oton 2020, Lemma 3.5]), we have that

frR+pPr=L(0julp,) =0; Fgr +0; PR +dgr + gr,

where dg, pr, 0; Pr € Pr—1. Hence, after integrating the previous identity in x; and denoting F, r(x) =
5 (fr — 8r)(x', yi) dy, we can deduce

Fp=Fr+Pg in By,

where ﬁR € P is such that BiﬁR = pr —dr — 0; Pg. Then, since fr — f and gg — 0, as R — oo, we
deduce that Fg — F, where 9; F = f, and the proof is complete. U
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2.5. Two lemmas on viscosity solutions. In this section, we prove two auxiliary lemmas for viscosity
solutions to nonlocal equations with local Neumann boundary data, namely a stability result, and that
sums of viscosity subsolutions are again viscosity subsolutions. Both results are standard for nonlocal
equations in the interior of the solution domain (see [Fernidndez-Real and Ros-Oton 2024a]). However,
since we consider equations at the boundary, where solutions satisfy a Neumann condition in the viscosity
sense, both results require a proof. Both proofs heavily rely on the interaction of nonlocal operators with
the distance function and the results in Section 2.2.

First, we prove a stability result, which will be crucial in the blow-up argument of our proof of the
higher boundary regularity.

Lemma 2.13. Let k € NU {0}, y € (0, 1) with y # s, and Q; C R" be open, bounded domains with
Q2 € C>Y such that 0 € 02, vo = e, for any j € N, and such that the C>7 radii of 2 and diam(£2;)
are uniformly bounded. Given a sequence r; “\ 0, we set S~2j = rj_l Q; and Jj = dﬁ./‘ Letv; € L%H,{(R”)
with vj/cZ‘;_l € C(FSVZ.,-) be viscosity solutions to

Ljvjéfj inﬁjﬂBl,
vj=0 inR"\Q;,
av(vj/c?j_l):gj on aﬁjﬂBl,
where f; € C(ﬁj N By), gj € C(aﬁj N By), and (Lj); C E?Om(A,A,k — 1+ ) for some a > 0.

Moreover, assume that there are v € L%Hk(R") with v/(x,,)‘ﬂr_1 e C{x, =0}, feC{x, >0}NBy),

g€C({x, =0}NBy), L € L2\, A,k —1+a),and e; \|0, q; € Py such that

vi/d > v/ in Lig(B)),

vj —> v in LéHk([R{”),
|fi—pj—f1—=0 in Lig. (B1 N {x, > 0}),
lgj —q; —gl(x) <ce; >0 forallxeafzjﬂBl,
K;— K in Ck=1He (s,
Then, there exists q € Py such that v is a viscosity solution to
vy in By N {x, > 0},
v=0 in R"\ {x, > 0},

0n(v/(n)y ) =g+q on BiNfx, =0}
Ifk = 0, the same result holds with cij.‘V f; € L®(Q; N By) and (x,) " f € L®({x, > 0} N B)).

Proof. Let us define u; := vj/ci‘;._l and u = v/(x,,)‘ﬂr_l. Since u; — wu in L{%.(By) it follows that
vj = cij._luj — (xn)i_lu =vin Ly,
viscosity solutions from [Ferndndez-Real and Ros-Oton 2024a, Proposition 3.2.12] to v; and v. The
higher order version which we require here follows from [Abatangelo and Ros-Oton 2020, Lemma 3.5].

Since v; — v in L%S(IR”), we also have that v =0 in By \ {x, > 0}. Consequently, it only remains to

(B1 N {x, > 0}). This property is enough to use the stability of

prove the convergence of the Neumann boundary condition.
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To do so, let xg € BiN{x, =0}. In case k > 1, we first truncate v and v; in B>(xo) and apply [Abatangelo
and Ros-Oton 2020, Lemma 3.6] to obtain the equations satisfied by v1p,(x0) and v;13,(xp). In order not
to over-complicate the notation, let us denote the truncations still by v and v; and the corresponding source
terms by f and f;. Then, let ¢ € C?(B,(xp)) for some r € (0, 1) with ¢ < u in B, (xq), ¢ (xo) = u(xp),
and ¢ =u in R"\ B, (xo) be a test function. Given 8 € (0, 1), n € (0, y), we define now

YO ) = =81, O Gn)5 — )L ¥ (0) = =815, (O1d; (x) —d; ().
There exist C > 0 and ¢ € (0, r/2), independent of §, j, such that
Gs=l O eSS
Lj(dj wj ) < C<de in Q; N B (xp). (2-11)

This is due to [Ferndndez-Real and Ros-Oton 2024a, Proposition B.2.1, Lemma B.2.6, Corollary B.2.8],
and since j N Bgr(xo) and the respective C 2.7 _radii of ; are uniformly bounded. Indeed, the aforemen-
tioned results yield the existence of gy > 0 such that

—8L;(d}'[d;—d;"") < —c18d]™°  in ;N By, (xo).

Moreover, one computes by scaling from Q j o §2;, denoting d; = dg,, and applying Lemma 2.2,

() +d; NIy dy

—8L (5 1d; —d; "1 1ge g, x0) < C<3f
2\ B, (x0)
< / (3ds() +737dS ) y] T dy
S\ Br; (x0)
<8147~ 4r"7*) in ;N B, 2 (x0), (2-12)

where ¢; > 0 might depend on diam(£2;), which we assumed to be bounded, but not on j. Thus, by
combination of the previous two computations, we deduce (2-11) upon choosing ¢ < g if necessary.
Moreover, it is immediate by construction that

v® <0 inR" (2-13)

Next, we set 9@ := ¢ + @ . For any 8 > 0, it still holds ¢® < u by (2-13), and ¢ (x¢) = u(xo),
however u — qb(‘s) has a strict minimum at xq in B, (xg).

It suffices to prove for any § > 0 small enough,

3.0 (x0) < g(x0) + g (x0), (2-14)

since then it follows that 3,¢ (xo) = 8,0 (x0) + 8 < g(xo) + q(xp) + &, and we obtain the desired result
upon taking the limit 6 N\ 0.
Let us now construct test functions ¢§a) forany j e N as

wj=u;+y” inR"\ B, (xo),

o = !
T |etei+y  in Bo(x).
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where

cj :min{c eR: d)—l—c—l—t/f]@ <u; in Br(xo)}-

Since 1//1(.5) — @ (lower half-relaxed limits) in B, (xo), we obtain that c; — 0 and there exist x; € B, (xo)
with x; — x¢ such that ¢§.‘S)(x ) = uj(x;) and ¢§8) < u; by [Fernandez-Real and Ros-Oton 2024a,
Lemma 3.2.10 and proof of Proposition 3.2.12].

Next, we argue that x; € 19 ; N By. Without loss of generality, we can assume that x; € B, (xo) upon
taking j € N large enough. In fact, if x; € Q ;i N Bg(x0), then we can compute using Corollary 2.5(i),
and (2-11),

Li(d ') () = Lid} ™ ¢Lp,x0) () + ¢, Lj(d} ™ L, (5)) (X))
+ L (jdan s, (0) () + L ) (x))
<L) () 4 ¢ L))+ Li(ds uLlan b, ) (%))
—¢j L5 L B, ) () F cllvjll g oy — €87 (x))
<Crd] " (x)) - C(Sc?;?_s(x ) (2-15)

for some constant C, > 0, depending also on |[|v; || L} &) and |[v|l, L ®)- To estimate the fourth term in
the last estimate, we used an argument similar to (2-12), namely

& Iyl dy

—Lj(CZflan\B,(xo))(Xj) < C/
Qj\B,-(X())

sef oy e =
§2j\Brr; (x0)

for some ¢, > 0, where we applied Lemma 2.2. Let us now recall that n < y.
Hence, upon making & > 0 even smaller, we can have in €; N B, (xo),

Csd]™" > (Cr + Lu=)lld] " fill io@,nm) + Loz 1 Fill e @ 0y -
Then it holds that

Lid " o) (xj) < =Lu—oyd! " G} £ill Lo, nm — Lo 1 fill i@ 0y < £i (). (2-16)

However, by construction, c?j*1¢§.8) is a valid test function for the equation that is satisfied for c?;*lu J=Vj
at x;. Since we assumed that x; € Qj N By, it must hold that Lj(cij_lgb;‘s))(xj) > fj(x;), which
contradicts (2-16).

Therefore, it must be x; € EIe) ;N By, as we claimed before. Thus, by the boundary condition

0, 87 (x)) < g (x)).

Passing this inequality to the limit, and using the uniform convergence |g; —¢q; —g| — 0, vy; = vo = e,
and Q; — {x, > 0}, we obtain

3 (9 (x0) — g (x0)) < g(x0),



REGULARITY FOR NONLOCAL EQUATIONS WITH LOCAL NEUMANN BOUNDARY CONDITIONS 377

where g € Py is the limit of the sequence of polynomials (g;) ;. Thus, we have 3,0 (x0) < g(x0) +¢q(x0),
i.e., (2-14), as desired. This concludes the proof. O

Second, we prove that the difference of two viscosity solutions is again a viscosity subsolution.

Lemma 2.14. Let k e NU {0}, Q C R" be an open, bounded domain with 32 € C*Y for some y > 0. Let
Le LM, A, k—1+a) for some a > 0. Let v, w € L} (R") with v/d*~', w/d*~" € C(Q) be viscosity
solutions to

k .
Lv=fi inQ, Lwéfz in 2,
v=0 inR"\Q, w=0 inR"\Q,
v/ds—lzgl on 89, w/ds_lzgz on 89,

for some f1, f» € C(R) and g1, g» € C(02). Then, v — w is a viscosity solution to

Lo-wE fi—fp ingQ,
v—w=0 in R"\ @,
w—w)/d*'=g1—g ondQ.

Proof. We will only demonstrate the proof in case k = 0. The general case follows immediately by
combining the arguments with Definition 2.8. For the nonlocal equation, the result follows for instance
from [Ferndndez-Real and Ros-Oton 2024a, Lemma 3.4.14]. For the boundary condition, one can proceed
as follows. First, we define the sup- and inf-convolutions (see [Fernandez-Real and Ros-Oton 2024a,
Lemma 3.2.16]),

v

2
0/d* ), (x) :=inf< U+ 8Z|> forallx € D, (v/d*),(x) = ——(x) forallx € R"\ D,

) ds—l ds—l
s—1\e w |)C—Z|2 n s—1\e w n
(w/d) = sup o (2) — - forallx e D, (w/d’~ )" (x)= P (x) forallx e R"\ D,
D

with D C Q open, bounded such that D N3 # &. In analogy to [Ferndndez-Real and Ros-Oton 2024a,
Proposition 3.2.17], we claim that for any x € 3Q N D it holds in the viscosity sense that

/A" Ne(x) <g1(x) +8,  d(w/d* ™ > ga(x) + 68, (2-17)

where 8, 8° — 0, as ¢ — 0. Once (2-17) is proven, since (v/d*~ 1), and —(w/d*~')? are both semiconcave,
we have that at any point x € QN D, where (v/d*~"), — (w/d*~")® can be touched by a paraboloid
from below, the functions (v/d*~!), and —(w/d*~")¢ must be in C!-!. Hence, by the linearity of 9,, and
due to (2-17) it must hold that

W ((/d N — (w/d* ™) (x) < g1(x) — g2(x) + 8 — 8 — g1(x) — ga(x) ase — 0.

Thus, by the stability for viscosity solutions (which was provided in a significantly more general framework
in Lemma 2.13), we deduce that 9, ((v — w)/d"'_l) < (g1 — &») in the viscosity sense. In a similar way,
one can prove 9, ((v — w)/d*~") > (g1 — g»), and thus, we obtain the desired result.
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Thus, it remains to give a proof of (2-17). To see it, for any test function ¢ € C 2(B,(x0)) touching
(v/ds_l)a from below at xy € 9Q2 N D, we define

PO (x) = —81p, () () (x) —d' T (x)]

for some 7 € (0, ) and observe that $® = ¢ + @ is still a valid test function, touching (v/d*~'),
(strictly) from below, at xg. Then, there exists x, € D with x, € B¢ (xo) for some ¢ > 0, depending only
on the oscillation of v/d*~!, such that $® (- 4+ x¢ —x;) —e~!|xg — x,|* touches v/d*~! from below at x,.
Indeed, from the definition of (v/ d*~1), we deduce that there exist x, € D with x, — x( such that

v

|2
ds—! :

lxo — xe

(x0) = (v/d* ™, (x0) = (xe) +

v
ds—!
Hence, the rate of convergence x, — xo only depends on the oscillation of v/d*~!. Then, since ¢ is a
valid test function, we deduce that for any x € D,

|xo _xs|2

@ (x +x0 — x0) < (0/d* Ve (x +x0 — x0) < dsv_l () +

if & > 0 is so small that x + x9 — x. € D. Since the aforementioned inequality becomes an equality in
case x = x,, we deduce that indeed, $® (- +x9 — x;) — e~ |xg — x,|? touches v/d*~! from below at x,,
as claimed.

We observe that x. ¢ Q since otherwise one would get a contradiction with the nonlocal equation
satisfied by v, in the exact same way as in the proof of (2-16), if & > 0 is small enough. Thus, x, € QN D,
and from the boundary condition satisfied by v, it follows 9,¢® (xo) < g1(x,). Thus, by the definition
of @, we have 3,¢ (x¢) = 3,0 (xg) + 68 < g1(x¢) + 6 for any § > 0. Thus, sending § — 0 and recalling
that x. — x¢, as € — 0, this proves the first statement in (2-17) with §; = g;(x:) — g1(x0). Analogously,
one proves the second claim in (2-17). O

3. Nonlocal maximum principles with local Dirichlet and Neumann conditions

In this section, we establish weak maximum principles for nonlocal equations with local Dirichlet and
Neumann data (see Propositions 1.3 and 1.5).

First, we establish a weak maximum principle for solutions to the inhomogeneous Dirichlet problem
in (1-10) (see Proposition 1.3). Its proof goes by sliding the barrier subsolution ¢ from Lemma 2.6
underneath v from below.

Proof of Proposition 1.3. By assumption on v, we have that v/d*~! € C(Q) with v/d*~! > 0 on 9Q. Let
z € 0L2 be such that minygq v/ds_l = v/ds_l(z) =:1>0. Lete € (0,s) and M > 1 to be chosen later,
and recall the subsolution ¢; € C(2) from Lemma 2.6. We define

co:=inflc eR: ¢;/d* ' —c <v/d* lin Q).
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Since also ¢;/d*~! € C(R), the above set is nonempty and cg < co. In fact, recalling the definition of ¢y,
it must be

co < v/d* N pwgmy + 1@ +/d oy < 0/d° | oo gy +1 + cldiam (), 3-1)
which is independent of M. Moreover, since ¢;/d*~'(z) =1 = v/d*~'(z), we have that cq > 0. Then, in
particular, we have

& /d* TV —co<v/d*! inR", and  ¢y/d°* "' (xp) —co=v/d*'(xg) forsome xo € Q.
In case xg € 2, we have

d—cod* ' —v<0 inR" and (¢ —cod* ' —v)(x9) =0,

so it must be
0 < L(¢y — cod® " —v)(x0) < Lgy(x0) — coL(d* ") (x0) < —d* ' (x0) — M + (I + co)cd® ! (xo),

where we used Lemma 2.6 and that |L(d*~")| < cd®~*~! for any 6 € (0, s) by Lemma 2.3. Next, we fix
any 6 € (0, s), and take ¢ < §y and M so large, depending only on ¢y, /, diam(£2) (but not on x¢), such
that

—d* ™ Y xo) = M + (I + co)ed® — 1 (xp) < 0.

Since ¢y is independent of M (see (3-1)), we obtain a contradiction. Thus, it must be xg € €2, which by
construction yields that ¢y = 0, and therefore ¢; < v in Q. Since [ > 0, by Lemma 2.6, there exists § > 0
such that ¢; > 0 in QN {d < §}. Therefore, v is a viscosity solution to

Lv>0 inQnN{d >},
v>0 InR"\(Q2N{d > 3}).

Since ve C(2N {d > §}), we can apply the maximum principle for viscosity solutions to v (see [Ferndndez-
Real and Ros-Oton 2024a, Lemma 3.2.19]) and deduce that v > 0 in R”, as desired. O

In particular, we have the following comparison principle:

Lemma 3.1. Let L € E?Om(k, A). Let Q C R" be an open, bounded domain with Q2 € CYV for some
y >0. Letv,b € LéS(R”) with v/d*~', b/d*~! € C(Q) be viscosity solutions to

Lb<f in<Q,
b<v inR"'\Q,

{ Lv>f inQ,
b/d*~' <0 ond<,

v/d*'>0 ondQ,

for some f € C(R2). Then, v > b in R".

Proof. Since by [Fernandez-Real and Ros-Oton 2024a, Lemma 3.4.13] w = v — b is a viscosity solution
to Lw > 0 in € such that w/ds_1 > 0on 092, and w > 0 in R" \ €2, it satisfies the assumptions of

Proposition 1.3. An application of this result concludes the proof. U
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As an application, we have the following version of a nonlocal Hopf lemma for viscosity solutions.
The proof follows in the same way as [Ferndndez-Real and Ros-Oton 2024a, Proposition 2.6.6], where
the Hopf lemma was proved for bounded solutions.

Lemma 3.2. Let L € L1°(A, A). Let Q@ C R" be an open, bounded domain with dQ € C for some
y >0. Letv € L%S(R”) with v/d*~" € C(Q) satisfy, in the viscosity sense,

Lv=f>0 inQ,
v>0 nR"\Q,
v/d*"'>0 ondQ,

for some [ € C(2). Then, either v=_0in 2, or

v(x) > C( v)ds(x) in Q

inf
{(reQudist(x,d2)>8}
for some C, § > 0, which depend only on n, s, A, A, y, diam(2), and the CYY radius of Q2.

Proof. First, by the weak maximum principle for viscosity solutions with boundary blow-up (see
Proposition 1.3), we have v > 0 in R". In order to deduce v > 0 in case v # 0, one uses the nonlocal
weak Harnack inequality (see [Ferndndez-Real and Ros-Oton 2024a, Theorem 3.3.1]). Then, we use the
subsolution ¢ from [Ferndndez-Real and Ros-Oton 2024a, Corollary B.2.8] which satisfies

L¢§—1 in Ns,
max{d®, 8!} > ¢ > 8d4* inR",

for some § > 0 and where Ny = {0 < d < 6}. Let us define

cy =minfv(x) :x € Q\ Ns} > 0.
Then, we have
cxdL¢ < Lv in N; and s8¢ <v inR"\ Ns.

Hence, by the comparison principle in Lemma 3.1, we deduce that c,6¢ < u in R", which implies the
desired result. O

Given a C!” domain  C R”, let us now consider functions b : R" — R, which arise as the solution to
the Dirichlet problem
Lb=fp in Q,
bo =¢p in R"\ Q, (3-2)
bg/ds_l =gp onais2,

for some f > 0 with f;, #0, ¢, > 0, and g, > 0. With the maximum principle (see Proposition 1.3)
at hand, the existence of b can be established using standard techniques. For well-posedness results in
case L = (—A)*, we refer to [Abatangelo 2015]. Moreover, by Proposition 1.3, we have b > 0 in €2, and
by the same argument as in the proof of (7-1), we have b/d*~' € L>(2). Moreover, if 3Q € C>¥ and
fb, eb, g» are smooth, then by Theorem 1.4, we have bQ/dS_l e C7(Q), and 9, (b/d‘_l) exists in the
classical sense.
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In the following, we will denote by bg, the solution to (3-2) with f, = g, =1 and ¢, = 0.
As a corollary of the previous results, we obtain the following pointwise formulation of a nonlocal
Hopf lemma for solutions with boundary blow-up.

Lemma 3.3. Let L € E?Om(k, A). Let Q@ C R" be an open, bounded domain with 3 € C'7 for some
y>0. Letv e L%S(R”) with v/d*~" € C(Q) satisfy, in the viscosity sense,

Lv>0 in 2,
v>0 inR"\ @,
v/d*"'=g ondQ,

for some g € C(3L2). Let xo € dS2 be such that mingg g = g(xo) < 0. Then, either v = 0, or we have that
in the viscosity sense

dv(v/b)(x0) > 0
forany b as in (3-2) withb/d*~' =1 0n 32N ({g < 0} U {xo}).
In particular, Lemma 3.3 implies that for the regularized distance d,
8y (v/d*™") (x0) = 8, (v/b) (x0) + g (x0) 3y (b/d* ") (x0) > g(x0)dy (b/d* ™) (x0)-
We stress that the sign of the right-hand side depends on the choice of the regularized distance d.
Proof. Since g(xg) < 0 we have by the construction of b in (3-2)
L(v—g(xo)b) > —g(x0) >0 in €,
v—gxo)b>0 inR"\Q,
(v —g(x0)b)/d* " =g —g(x0) =0 on IQN{g <0},
(v—g(x)b)/d* ' =g =0 ondN{g=0}.
Thus, an application of Lemma 3.2 to v — g(xo)b yields that either v — g(x9)b =0 in €2, or
v—g(x0)b >cd® near xo. (3-3)
We cannot have v — g(x9)b = 0, unless g(xg) = 0 (in which case v = v — g(x9)b = 0), since then
Lv=g(xo)Lb <g(xp) <0 in ,

a contradiction. Thus, unless v =0, we have (3-3), and we compute, using that » > 0 and (b /ds_l)(xo) =1,

LGOI g(xo) 1
b(x) . v(x) — g(x0)b(x) . dT(x)
== = lim > ¢ lim =c>0.

d(x) xX—x0 b(x)d(x) x—=xo  b(x)
If the limit in the previous estimate does not exist, we need to interpret the boundary condition in the
viscosity sense, i.e., take any smooth ¥ with ¥ (xo) = (v/d*~")(x9) = g(x0) and ¥ > v/d*~!. Then, the
limit 0,1 (xg) exists, and an analogous computation as above yields 9,1 (xg) > ¢ > 0, i.e., 9,(v/b)(xp) > 0
in the viscosity sense. U

9y (v/b)(x0) = lim
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Finally, we are in a position to prove the main result of this section, a maximum principle for nonlocal
equations with local Neumann conditions.

Lemma 34. Let L € Els“’m()», A). Let Q@ C R" be an open, bounded domain with 3 € C>? for some
y >0and K € C*(S"™1). Let T C 9Q, v € L} (R") with v/d*~" € C(Q) satisfy, in the viscosity
sense,
Lv>f inQ,
v>0 nR*"\Q,
d(v/b)=g ondQ\T,
v/b>0 ondQNT

for some f € C(Q) with d*T'=¢ f € L>®(Q) for some ¢ € (0, 5], and g € C(3S). Here, b is as in (3-2)
with b/d“1 =10ndQ\ T’ for some I'" € I'. Then, there exists ¢ > 0, depending only onn, s, A, A, y, ¢,
and the C*? radius of Q and diam(S), such that

v/d* ! > —cl|d*TF f o) — cliglliiepar  in 2.

Proof. The case f > 0 and g < O follows from the Hopf lemma (see Lemma 3.3). In fact, since
v/b € C(0R2), there exists xg € €2 with mingg(v/b) = (v/b)(xp). If (v/b)(xg) > 0, then we have that
v/d*~! > 0 on 9. Otherwise, (v/b)(xg) < 0, and then by assumption it must be xg € 2 \ I'. However,
in this case Lemma 3.3 implies that either v = 0, (in which case we are done), or d, (v/b)(xg) > 0, which
contradicts g(xo) < 0. Thus, we must have v/d*~! > 0 on 9Q2. However, by the weak maximum principle
(see Proposition 1.3), this implies v > 0, as desired.

Now, we explain how to get the result with general f, g. To do so, let % be the solution to

Ly =0 ing,
U1=0 inR"\Q,
Uh/d*'=h onodgQ,

for some smooth function 2 which satisfies 0 </ <1, and is suchthat A =10n 92\ I, and 4 =0 in
NI,

From Lemma 3.3, we deduce that E)U(zzl/b) <0on dQ\T. Since 3Q € C>?, by Theorem 1.4 we have
that 9, (1’;1 /b) € CY(0R2), and therefore, there is ¢y > 0 such that

3(W1/b) < —co<0 ondQ\T.

Moreover, let us denote by 1}2 the function J from the second claim of Lemma 2.7, which satisfies for
some ¢y > 0,
Ly, >d™ inQ,
Ur =0 inR"\ Q,
Ur/d*'=0 ondQ,
9, (Ya/b) <cy on dS2.
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Hence, if we take M = co_l(cz + 1) > 0 and define fﬂ’ = Mlzl + 1/;2, we obtain

LYy >d™  inQ,

U =0 in R"\ Q,
V/d*'=Mh ondS,
3 (W/b)<—1 ondQ\T.

We apply the previous argument with v replaced by
w=v+ (187 fllrem + lIgl=aan) V-
Then, we have that in the viscosity sense,

Lw> f4+d*S(1d* ¢ fllre@ + Igllze@a\r) =0 in L,

w>v>0 in R"\ €,
Ww/b) <g—(1d°7¢ fllre + IgllLe@ar) <0 ondQ\T,
w/b>Mh=>0 ondQNT.

Altogether, by the same argument as at the beginning of the proof, we have w > 0 in 2. Let us now
observe that by construction and the same argument as in the proof of (7-1) we have

U <Cd* ' inQ

for some C > 0. Therefore, we obtain

V> —J(Hds_sfﬂm@) +lIgllze@am) = —Cad*  (Ild* ™ fllze@) + IgllLepar)) inQ,
as desired.

Proof of Proposition 1.5. This is a special case of Lemma 3.4.

4. Holder estimates up to the boundary

The previous maximum principle for nonlocal equations with local Neumann conditions (see Lemma 3.4)
puts us in a position to establish a Harnack inequality for solutions to (1-7) at the boundary, which will
eventually lead to the Holder regularity estimate in Theorem 1.6.

To prove it, we adapt some of the ideas in [Lian and Zhang 2023] to the framework of solutions to
nonlocal problems which blow up at the boundary.

For § > 0, let us define Q25 = {x € Q2 : dist(x, 92) > 6}.

Lemma4.1. Let L € £?°m(k, A). Let Q C R" be an open, bounded domain with 0 € 9 and Q2 € C>Y
for some y > 0and K € COT2(S"™ ). Letv e L%S(R") with v/d*~' € C(Q) be a viscosity solution to

Lv> f inQN By,
v>0 inR",
o(v/bg) <g onad2N B
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for some f € C(2N By) withd*™® f € L*®(Q2N By) for some a € (0, 5], and g € C(02N By). Assume
that 0 € 092. Then,

][ (v/bo)dx <c _inf (v/bg)+c(ld*™® f-|lL=@na) + 18+ L~@enB))
Q]/zﬂBl QmBrfl

where n > 1 and ¢ > 0 depend only onn, s, ., A, y, o, and the C27 radius of Q. Here, bg, is defined as
in (3-2).

Proof. The interior weak Harnack inequality for viscosity supersolutions (see [Ferndndez-Real and
Ros-Oton 2024a, Theorem 3.3.1]) applied with v implies
| wmarse it v el Sl nn,
Q]/zﬂBl Q

x€R1,2NBy

where ¢ > 0 depends on n, s, A, A, n, . Moreover, since b < ¢ > 0 in 21,2 N By, it follows for u :=v/b
by Lemma 3.2 that
][ u(x)dx <c inf  u(x)+clld* ™ fllLo@ ,nB)-
Qi2NB XGQ|/2HB]

Thus, it remains to show

inf < inf a’— 0 o0 . 4-1
erllr/lzﬁB] u(x) < Cxeg;an_] u(x) +c(ll fllie=@nsy + IgllL=@ans)) 4-1)

Since v > 0, by the weak Harnack inequality, either v =0 in Q;/, N By, or infg, »nB V> 0. Therefore,
without loss of generality, we can assume that infg, LNB V= 1.
To prove (4-1), let us take a set D C R" with 9D € C 27 such that

9031/2CDCQﬂBl,
Let w be a function such that
Lw=0 in D,
w=<1l1 in (212N B\ D,
w=0 in Rn\(DU(Ql/zﬂB])),
dy(w/bg) >0 on 8DOBQ,771,
w/bg <0 on 8D\an71,
w/bg > ¢ in Qﬂanl.

We construct w as follows. Let 4 : dD — R and e : R" \ D — R be smooth functions such that for

somen<%
h:{O on 3D\ By,-1, e:{l inT,
ci ondDNB, -1, 0 inR*"\(DU(L1,2NBy)),
where T € (212N B1)\D,0<h <cy,and 0 <e < 1. We let w be the solution to
Lw=0 1inD,
w=e in R"\ D,
w/bp=h onadD.
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Then, we can show that 9, (w/bg) > C > 0in 9D N By,-1 (for any given C > 0) by making ¢; > 0 small
enough. Indeed, if w; solves the Dirichlet problem with boundary data zero and exterior data e, then by
the Hopf lemma (see Lemma 3.2), we have since w;/dj}, € Cc'v(D) by the boundary regularity results in
[Abatangelo and Ros-Oton 2020], and since D N By,-1 € 92,

3y (w1 /b@) = dy(w1/dy; Ny ! /be) + (wi/d)y)dy(d}y ! /be)
= 8,,(w1/df:,)dD + (wl/dsD)8U(dD) = wl/di) >co>0 ondDN an—l.
Moreover, if w, solves the Dirichlet problem with boundary data /# and exterior data zero, we get from
Theorem 1.4 that [d,(w2/bg)| < ¢3¢y in By, -1 for some c3 > 0. Hence, choosing ¢y > 0 small enough,
we deduce the claim for w = (C/co)w; + wy.
Thus, we have by construction, and using that iﬂfQ]/zm& v=1,and w < dj, near 9D \ 9€2,

Lv—w)>f in D,
v—w=>0 in R*\ D,
dy((v—w)/bg) <g ondDN By, 1,
(v—w)/bg >0 on dD\ By,-1.
Note that bg, satisfies
Lbg>0 inD,
Lbg #0 in D,
ba >0 in R"\ D,
bo/dy ' =1 ondDN By,
bo/d ' >0 ondD.

Since (0D N By,-1) (0D N By,-1), we can apply the maximum principle for the Neumann problem
Lemma 3.4 with I' = 9D \ B,,-1 and b = bq, and deduce

(v—w)/bg > —clld’™® f_|lL~wnBy) — cllg+lL=@pnB)) in DN Bj.
Since, by construction, we also have

w/bg>cr=c _inf v>cy inf u inQNB,-,
Q]/zﬁB] Ql/szl

for some ¢, > 0, since bg < ¢ > 01in 1, N By, we deduce

v/bg=(w+v—w)/bg

>co inf u—c|d*™ f_llLonp)) —cllg+llL~@DpnB)
Q12NB;

>cy inf u—clld”* f_|lLe@nB) —cllg+llL=@ans) n QNB, -1,
Q1 2NBy

where we used D N By C 2N B;. Hence, we obtain (4-1), as desired. U
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As a corollary of the previous weak Harnack inequality at the boundary, we obtain a growth lemma.

Lemma 4.2. Let L € C?"m()», A). Let Q@ C R" be an open, bounded domain with Q2 € C>? for some
y >0and K € C3*2 (S"1). Let n > 1 be as in Lemma 4.1. Assume that xo € Q2 and let0 < R < 1. Let
vE LES(R”) with v/ds_1 € C(Q) be a viscosity solution to

Lv>f in QN Br(xg),
d(v/bo) < g on 92N Br(xo),
v>0 in Bgr(xo),
‘ v > bo(l —nif) in By g(x0) N forall j > 1,
v > (1—niP) in Byig(x0)\ Q forall j > 1,
|Qp/4 N Brp2(x0) N{v/bg > 1} = 3|Qgs4 N Brja(xo)|

for some f € C(QNBr(xg)) withd*~* f € L®(QN B (x0)) for some a € (0, s], and g € C(02 N Br(x0)).
Then, there exist 6 > 0, and B € (0, 1), depending only onn, s, A, A, y, «, and the C27 radius of 2, such
that

inf  (v/bg) + R™(|d* ™ f_ || Lo @nBr(o)) + RIIg+ | L% 020 BR () = 8-
QNB, 1 p(x0)

Proof. Let us assume without loss of generality that xo = 0. The proof follows from an application of the
weak Harnack inequality (see Lemma 4.1) to v,.. It is slightly involved due to the appearance of the tail
term.

Indeed, we have

Loz f = [ oK@ -y dy = f,
R"\Bg
where we used that by assumption, v > 0 in Bg. Then, we obtain from Lemma 4.1 (after scaling), using
the last assumption and setting u := v/bg,
izglf,l u+ R d T foll Lo@nry + RIG+ L2 @nBg) = €0 ][ udx > %, 4-2)
IR Qr/4NBg)2

where co > 0 is the constant from the weak Harnack inequality.

Next, we estimate [|d*~¢ f lz@nBg)- To do so, we apply a similar reasoning as in the proof of
Lemma 2.2. First, we recall that for any x € B2, there exists « > 0 such that for any 7 € (0, «),

H''({d =t} Byig \ Byi-1g) <C/ )",

where C > 0 depends only on n and the C?? radius of Q (we refer to [Fernandez-Real and Ros-Oton
2024a, Lemma B.2.4] for a reference of this fact). Next, we observe that by the coarea formula, and since
0<bg<Cd!,

R‘“/ v—(y)K (x —y)dy
Q\Bpg

<cy (I—n/P)R'™ f T (lyl ™" dy

j>1 QN(B,jg\B,j-1g)

<c Z(l _ nj,B)RH-s ((an)—n—Zs

WV dy + &y’ R>—ZS>
j=1

‘/(B,]jR\B,]le)m{dSK}
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8 | i 5 min{n/ Rk} |
<c) (I1—-n")R H((UJR)_"_ S/ - (
2 i

j=1

<Y A= YR (R + R)TF) <Y (1 —nfPyn
j=1 j=1

/ d’H’l—l(y)) dr + (an)—Zs)
(B, j g\B,j—1 p)N{d=t}

for some ¢ > 0, depending only on n, s, A, A, x, C, n, where we also used that R < 1. Similarly,

R‘“/ v_<y>1<(x—y>dyScZ(l—nfﬂ)R‘“f |y~ dy
(R"\)\Br = R'N(B,j ¢ \B, j—1 )
<cYy (=R GIR)™ <)y (1—nF)n~27,
jzl1 jz=1
where we used that R'~* < 1, and ¢ > 0 depends only on 7, s, A. Therefore, we obtain
R”sf ' oMK —ydy<e) A—nP)y 2.
Rn\BR jZl

Since this quantity vanishes as 8 > 0 goes to zero, we can make the whole expression smaller than c(/16,
which implies, by recalling the definition of £,

1 o F 1 s— I+s
R™Nd™ follLo@nBe < R TN ™ f_llL~@nBgy + R

f v-(MK(- —y)dy
Q\Bg

co L>®(Bg/2)
< R~ f_ || Lo@npg) + I
and therefore by the estimate (4-2)
) _ co Cco Co
inf w4 R™dSTf || 1o +R %z > —— =_,
A I f-llL=@nBg) lg+lz>ponB) = TR
as desired. |

We are now in a position to prove the boundary Holder regularity.

Lemma4.3. Let L € L2°M(), A). Let @ C R" be an open, bounded domain with 3 € C*? for some y >0
and K € C>727(S"™Y). Assume that xo € 9Q and let 0 < R < 1. Let v € L} (R") with v/d*~' € C(Q) be
a viscosity solution to
Lv=f in QN Br(xp),
v=0 in Bgr(xp)\ 2,
d(v/bg) =g ondQN Br(xo)

for some f € C(2NBr(xg)) and g € C(02N Br(xp)). Then, there exist c >0, and o € (0, 1), depending
onlyonn,s, A, A, y,and the C27 radius of Q, such that if d*~% f € L°°(QN Bg(xo)) for some a € (0, o],
then it holds that

[U/ds_l ]C“(QﬂBR/z(XO))

_ s—1 1 -
<cR™*(v/d* =@ + IvllLemne) + R TN fllL@nBrioy + RIGH L~ @2nBr(x0)))-
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Proof. Let us assume without loss of generality that xo = 0. We will prove the desired result in two steps.
Let us denote by n > 1 the constant from Lemma 4.2.

Step 1. We claim that for any k € N,

osc (v/bg) < e *(Ilv/d* @)+ IVl Le@ngy+ R TN ™ fllzx@npe + R+ RIgIL~00nE)

nkR

for some constant ¢ > 0, depending only on n, s, A, A, y, and the C 2.7 radius of Q. To prove it, we
set op := min{p, ys, 1 —s[—log, (1 — 8'/2)1}, and 8 := 1 — %, where &', B, n are the constants from
Lemma 4.2. This yields

(1-8)=n"", ap<min{B,ys, 1-s}, §<6/2. (4-3)
Let us set u = v/bg, take @ € (0, ap], and

M =457 i (llv/d* Mo + vl Le@ng) + RN fll L @nBreoy + R + RIgI L0208 (x0))-

where ¢; > 0 denotes the constant ¢; from Lemma 2.3.
The claim of Step 1 will follow immediately, once we construct an increasing sequence (my); and a
decreasing sequence (My); such that for any k € N,
my <u<M; in B,rkR, (4-4)
M, —my = Mr]_ak. 4-5)
We prove (4-4) and (4-5) by induction. Setting mg = —(8/2c1)M, My = (6/2c1)M, we obtain the desired
results for k = 0. Let us now assume that (4-4) and (4-5) hold true for any j <k — 1.
We will now prove it for k. Clearly, one of the following two options always holds true:
|9, -6-vga N Bymsw—vpyn N {u = 3 (My_1 +my_1)}| = 5|Q-6-vgsa N By-a-ng)al.
|Qn—(k—l)R/4 N B,-t-ngp N {u > %(Mk_1 + mk_1)}| < %|Qn—(k—l)R/4 N Bn—(k—l)R/2|.
In the first case, and in the second case, we define

_ v—=(ba+ 1pnolim <0pmi—1 " — (ba +1rmolip,_,>0)Mi—1—v

9

w

, respectively.

M1 —myp_y M1 —myp_

Let us assume that we are in the first case. The proof of the second case goes via the same arguments, and
we will skip it. Let us verify that w satisfies the assumptions of Lemma 4.2. First, if u(x) > %(Mk_1 +mi_1)
for some x € €2, it follows that

M1 +my—
w u(x) —my_q u(x)—mg_y _ ——5— —Mp-1 |
—() = > Sp— =1
ba My_y —myg—y = My—1 —my— My 1 —my—y 2

Thus, as an immediate consequence of being in the first case, we get

w

1 1
Qn—("—'>R/4 N Bn—(k—l)R/z N {E > E H > 5 ‘Qn—("—”RM N Bn—(k—l)R/z .
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Moreover, by (4-4) (for k — 1), we have

w=————>0 1In Bn—(k—l)R NQ.
M1 —my_4

Nonnegativity of w in B,-«-1g \ €2 follows by assumption and construction. We obtain
|IL(bq + 1lrn@)l <c1 inQ,
and therefore d°*~“L(bg + 1gnq) € L°°(22N Bg). Then, by (4-5) (for k — 1) we have

_ [ —=Lbg+1gnolim,  <0p)mi—1 - f—cmp_y

Lw > in QN Bg. (4-6)
M1 —my—y My —my—,
Moreover, clearly
— 0y(bg/b -
8y (w/be) = g — dv(ba/bo)my— _ g on 92N Bp.
My —1 —my—y My —myp—y

It remains to verify the fourth and fifth assumption of Lemma 4.2. Let us first consider j <k — 1. In
that case, for any x € B, -«-n+jg N2 it holds by (4-4) and (4-5) that

i(x) _ u(x) —mi_ o Mk—j—1 — Mk

be My —myg—y = My —my—
- M1 — My—j—1 +my—j—1 —my_ - My—j—1 —mp—j— 1
- M1 —my— M1 —my—y

Clearly, for any x € B, -«-n+jg \ €2 and in case my_; < 0, by the same arguments as above, using (4-4),
we have
v(x) —mp_y o Mk—j—1 = Mk—1

w(x) = >1—nY.

My—y—my—y = Mp—1—my—
If however my_; > 0, then we can use that v =0 in Bg \ 2. Moreover, if j > k — 1 we compute for
X € Bn—(k—l)+jR N,

w u(x) —mi_q mo — My
—(x) = >

bo " Mi_i—mg_1 — Mig_j —my_
o My —my—1) — (Mo —mo) _

1— 77oz(k—l) > 1— naj.
My —mp—y

Finally, for x € B,-«-n+jg \ €2, again by the same arguments as above, and using that v > mg by
construction, we have

v(x) —mp—11pn,_ <0 _ Mo —my—
My —mi_ T M1 —my

w(x) = af

>1-n
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Consequently, all assumptions of Lemma 4.2 are satisfied for w with radius ~*~DR. Thus, we deduce
from Lemma 4.2 and the choice of §,

w
u—my_ =My, _mk—l)b_
Q

> 28 (M1 —mi—1) — (" VR (114 fllecans, g1y p) + C1lmi—1])
— (n_(k_l)R)||g||L°°(BQﬂB,F<k71>R) in QﬂBn—kR.
Moreover, by (4-3), the choice of M, (4-5), and the estimate |my_;| < Mo = (6/2c1)M, we estimate

(n*(kfl)R)lJra(

1"~ Fllei@ns, o + etlmil) + 7V RYIglL~ 008, w1
< * DS = (M —mi_1).

Therefore, we deduce
my :=08(Myg—1 —mg—1) +mp—1 Su < My_y =My in QN B, g,

which proves (4-4) for k. Equation (4-5) for k follows from (4-3). The proof of Step 1 is complete.

Step 2. Now that we have established the claim of Step 1, let us show how to conclude the proof. Let us
take x, y € Br/2. We define k € N as

inflk e N : |x — y| > n7%(R/2)).
Then, |x — y| < n~**1(R/2) and by Step 1, it holds that
lu(x) —u(y)| -

ko —a
n“*(R/2) osC u
lx — y[® B, —kt1(r))

< cR™(Jull oo + vl Lo@ng) + RN ™ fllLo@nsg + R + Rligl L @onsg)-
We can omit the additional summand +R'** by an additional scaling and normalization argument, i.e., by
assuming that R =1 and [[u|| Lo (@) + V]| Le®n\@) + 1d° ™ fllLe@nB,) + IIgllL>@enB,) = 1, applying the

previous estimate, and rescaling to general R. This concludes the proof after using that by Theorem 1.4 it
holds that bo/d*~! € C*(Q N Bgj2(x0)). 0

We are now in a position to deduce the boundary Holder regularity estimate in C'*¥ domains.

Proof of Theorem 1.6. Note that
3, (v/bg) = 8, (v/d* ") — 8, (ba/d* H(v/d* ™Y,

and recall that |9, (bo/d*~')| < C. Hence, we can apply Lemma 4.3 (with R= % and varying xp € 89).
Combining it with the interior regularity results from [Ferndndez-Real and Ros-Oton 2024a, Theorem
2.4.3], and a covering argument, we deduce the desired result. In order to produce the tail-term in the
estimate, we employ a truncation argument in the same way as in the proof of Corollary 4.4. (I

We end this section with a boundary Holder regularity estimate for solutions that are defined up to a
polynomial and might grow fast at infinity.
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Corollary 4.4. Let L € ﬁ?om (A, A). Let k e NU{0}. Let Q2 C R" be an open, bounded domain with
AQ € C> for some y > 0and K € COT2(S"™1). Let f € C(QN By), g € C(3QN By), and v with
v/d*~! € C(Q) be a viscosity solution to

LvE f inQnNB,
v=0 in B4\,
3,(v/d* Y=g ondQN By.

Then, there exists ag > 0 such that if for some a € (0, ag] we have d*t'=% f € L>®°(Q N By), then the
following holds true: Ifk =0, and v € L} (R"), then v/d*~" € C% (N By), and

v s+1—a
(P F 0l g + 12 ~@ngs + 18l ).
co@ngy = S\ 7T || ocanny vl @z, + 1l Sllze@nsy) + 1€llL=@ans,)

v
ds—!
IfkeN, KeC*""(S" Y andve L} | R") for some § >0, then v/d*~' € C (2N By), and

=1
A5Vl LBy

v 1—
HdY_—l‘ Co@nBy) < C<‘ +lvllzy . @nsy T [14° 717 £l Lo npy) + ||g||L<><>(amB4)>,

where ¢ > 0 and o, depend only onn, s, ., A, y, k, 5, and the C?7 radius of Q.

Proof. In case k = 0, the proof follows by a truncation argument. Indeed, let us define w = v1p, and
observe that

Lw=f—L(lgng)=:f inQNB,.

Moreover, we can estimate

41— ~ s —1
1T fllLo@nBy < clld* ™" fll L= @nB,) +C||U||L;S(R"\B4)'

Thus, the desired result follows immediately by application of Theorem 1.6 to w, using that v = 0 in
B4\ 2, by assumption.

Let now k € N. Again, we define w = vlp,, but this time, since the equation only holds up to a
polynomial, we obtain for any R > 4,

Lw = fr— L(lp,3,)+ pr=: f in 2N Bz,

where fr — f in d*T1=*L®°(Q N B3), as R — oo, and PR € Pr—1. As in the proof of Lemma 2.10
(see also [Abatangelo and Ros-Oton 2020, Lemma 3.6; Kukuljan 2021, Lemma 4.8]), taking difference
quotients of order k — 1 48 of the equation for w, and using crucially that K € C¥~1+3(S"~1), we can
find a polynomial p € Px_14s; and h with d*T1=*h e L®°(Q N B3) such that

Lw=h+p in QN B3,

{ w=0 in R"\ (2N By),

and moreover, & satisfies the estimate

1— 1—- —n—2s—(k—
IdST Rl Lnpy < C(I1AST ™ FllLeo@nay + vl 17727 D L gy).- 4-7)
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Next, let us take a bounded domain D C R" with 3D € C!7 such that QN B, € D C N Bs. Moreover,
we find w;, wy such that wl/dsD_l, wl/d;)_1 € C(D) and w = w; 4 w» satisfying

Lwi=h in D, Lw,=p in D,
w;=w in R"\ D, and wy, =0 in R*\ D,
wi/dyy !t =v/dit ondD, wa/d5; ' =0 ondD.

The existence of wy € L*°(R") follows from [Fernandez-Real and Ros-Oton 2024a, Theorem 3.2.27], and
we obtain wy/dj, € C (D) from [Fernandez-Real and Ros-Oton 2024a, Theorem 2.7.1], which yields
wz/df)_1 =dp(wy/d}) € C” (D) since 3D € C'7. Then, we can define w; := w — w,. We claim that

lwi /d35 N e(py < C(||U/dgs2_1 L @nBs) + ||d§2+1_ah||LOC(QmB3))- (4-8)

To see this, let us recall the function | (with respect to D) from Lemma 2.7, and observe that by
Lemma 2.3, we can take it in such a way that

Ly +dy ") >cdd™ " inD (4-9)
for some cop > 0. Moreover, recall v /di)_1 =1 on daD. Then, let us define

V@) =y )(lv/dy i@y + ldy™ ~ hllem) + lw/dg ' l2=@np,)
+e1ds ) lw/ds @By,

where ¢ := max{c, 1, 1}, and observe that by (4-9) we have
Lw, < LW in D,
w; < WY in R*\ D,

wy/dy !t <Ww/d Tt onaD,

which, recalling that ¥ < cld‘l")_1 in D, and dp < dgq, as well as the definition of D, imply that

s—1
—1 - —1 Q -1
< cacr(lv/dy ey + ldy "Rl Loy + llw/dy ' || L~@nBy) + c21 el lw/dg " | Lo @nBy)

dy 't b
< c(lv/ds e @ansy + 15T "Rl L@y + 1v/ds I Le@npy )
which yields our claim in (4-8). As a direct consequence of (4-8), we deduce
lwa/d3 I Leopy < lw/dsy I peepy + lwi/d3y L)
< c(llv/dy Mrnpy + 15T "kl Lo @ns,))- (4-10)
Finally, we claim that
Il < cllwa/dsy L) (4-11)

Once we show (4-11), then the proof is complete after combination of (4-11), (4-10), (4-7), and application
of the boundary Hélder regularity estimate (see Theorem 1.6) to w in €2, as in the case k = 0. We prove
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(4-11) by contradiction. Suppose there are sequences (L;);, (w;);, (p;); with

wi=0 inR"\ D
. 00 :1, and 4/' ,
IPjllL=(D) w;/ds =0 on dD,

lim oo lw; /dyy " ||y = 0.

Then, up to subsequences, it holds that L; — L, w;, /d‘L")_1 — ug in L*°(D) for some ug € L*°(D),
Pj, — Poin L°°(D). While the first convergence statement follows from [Abatangelo and Ros-Oton
2020, Lemma 3.7], the second convergence statement follows from Theorem 1.6 and the Arzela—Ascoli
theorem, and the third one is immediate from the boundedness of (p;,,) in a finite dimensional space.

We can now make use of the stability result in [Ferndndez-Real and Ros-Oton 2024a, Proposition 2.2.36],
and deduce that for wy = dg_luo, it holds that

Lwo = po in D,
wozo in Rn\D’
00 = 1, and
lPoll (D) wo/dy ' =0 ondD,

lwo/d3y || Loy = 0

Clearly, wo = 0 is not a solution to Lwg = pg in D, so we have obtained a contradiction, and conclude
the proof of (4-11). O

5. Liouville theorem in the half-space

The proof of our main result (see Theorem 1.2) is based on a blow-up argument. A crucial ingredient in
such proof is a suitable Liouville theorem in the half-space. In this section, we will establish such a result
for nonlocal problems with local Neumann boundary conditions:

Theorem 5.1. Let L € LM%, A). Letk €N, y € (0, 1) withy # s, and K € Ck=1H7=s+3(§n=1) for
some § > 0. Let u € C(R") be a viscosity solution to

L)) 0 in x> 0),

opu=p in {x, =0},
lu(x)| < CA+|xD”  forall x € {x, > 0},

for some C > 0, p € Pr_1. Then, there exist ag € R for any B € (NU{0})" with |B| < k such that

u()= Y agx{' - xPr forallx € (x, > 0).
|Bl<k

In order to prove Theorem 5.1, we first establish the following one-dimensional version, which can be
proved by combination of the arguments in [Ros-Oton and Serra 2016a, Lemma 6.2; Abatangelo and
Ros-Oton 2020, Lemma 3.3].
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Lemma 5.2. Letk e N, y € (0, 1) with y # s, and u € C(R) satisfying

(—A)* ((x34) " u) 0 in (0, 00),
lu(x)| < C(1 + |x])ktY forall x > 0,

k=1+4Ty—s]

for some C > 0. Then, there exist ag, ay, ..., a; € R such that

k
u(x) = Zajxj forall x > 0.
j=0
Proof. In case k =1 and y < s, the proof is an application of [Ros-Oton and Serra 2016a, Lemma 6.2]
with u(x) := (x+)s_1u(x), and§=s5>0,8=s5s4+y €(0,2s).
Incase k > 1 or y > s, we have k — 1 4+ [y —s] > 1. Let us define v(x) = (x4)* 'u(x), let
V : R x [0, 00) — R be the harmonic extension of v in the sense of [Abatangelo and Ros-Oton 2020,
Lemma 3.3], and finally define V(x, y) = ffoo V (z, y) dz. Note that V satisfies (see [Abatangelo and
Ros-Oton 2020, Lemma 3.3])
div(y'""2VV(x,y)) =0 in R x (0, 00),
V(x, y) =v(x) on R x {0},
V(x, y)| < C(l + |x PRIy =sDH 14y s |y|(k71+[yff1)+1+y+s) in R x (0, 00).
Next, by [Ros-Oton and Serra 2016a, Lemma 6.2] (see also [Ferndndez-Real and Ros-Oton 2024a,
Theorem 1.10.16]), we have the representation formula

(e8]
V(x,y)=V(rcost,rsinf) =Y a;0;(0)r’**, forallx eR, ye[0,00),
j=0
where a; € R, and (©;); is a complete orthogonal system in the subspace of even functions in
L?((0, ), (sin®)' =2 d@). By the Parseval identity, the bounds on |V| imply

o0
ZanR2+2j — / V(X, y)2y172s do < CR4(k71+f)/*ﬂ)+2+2y+2 — CR4(k+D/*S])+2y‘
i—0 dBrN{y>0}

Therefore, it must be a; = 0 for any j > jo, where jo = min{j eN:24+2j>4k+ [y —s])+ 2)/},
which implies
Jo
V(x,y)=) a;j®;@)r’* forallx eR, y €0, 00).
j=0
Upon recalling the definition of V and V, this implies
Jo—1 '
v(x) = (xy)° Z bjx’
j=0
for some b; € R, and since |[v(x)| < C(1+ |x[)¥+7 =145 and y € (0, 1) by assumption, it must be b; =0
for any j > k. Recalling that by definition u(x) = v(x)(x,)'~*, we deduce that u must be a polynomial
of degree at most k in {x > 0}, as desired. [l
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Moreover, we will need the following lemma (see also [Kukuljan 2021, Proposition 4.3]):

Lemma 5.3. Let L € LM%, A). Letk € N, K € Ck=2+3(S"=1) for some § > 0. Let f € Py. Then,

L)' )'E10 i > 0).

Proof. Let us first give a simple proof in case k = 1. Then, it suffices to prove that for any i € {1, ..., n}
L)' x) =0 in {x, > O},
First, by integrating x > (x,,)ﬁr_1 in x;, and using that L((xn)ﬁr_1 =0, we deduce

L((xn)+ xl) =c in{x, > 0}

for some constant ¢ € R. Then, since x +— (xn)f[ x; is homogeneous of degree s, we deduce that for any
A>0and x € {x, > 0},

¢ = L((x) %) (Ax) = A B L0 Axi) () = A L) ) (x) =

This implies that ¢ = 0, as desired.
For k > 2, we prove the result by induction. Assume that we know already

L)' p) 'S0 in {x, > 0) (5-1)
for every p € Pr_1. Now, let ¢ € Py. Then, by integrating (5-1) with p := 9;q fori € {1,...,n}, by
Lemma 2.12 we find that there exists a constant ¢ € R such that

L)) "= e in x> 0},

Since ¢ *=' 0 for any k > 2, we conclude the proof. (I
Finally, we state a Holder regularity estimate in the half-space, which follows from Corollary 4.4.
Corollary 5.4. Let L € LM (1, A). Let k e NU{0}, y > 0, and K € C*K='5(S"~1) for some § > 0. Let

feC{x,>0INBy), g€ C({x, =0}N By), and u € C({x, = 0}) be a viscosity solution to
{L((xn)i‘lu) £/ in{x,>0)NBy,
duu=g on {x, =0} N Bs.
Then, there exists og > 0 such that if(xn)SH*“f € L*®({x, > 0} N By) for some o € (0, ap], then the
following holds true: if k = 0 and (x,)% e Lés (R") it holds that u € Cy .({x, > 0} N By), and
llullco (gx,>0nB))
= C(||”||L°°({x,,>0 1By + 1) u||L1 (®n\By T ||()Cn)SJrl * fllLo(x,>01nBy) + ||g||L00({xn:o}m32)),
and if k e N and (x,,)Jr ue L2s+(k 1+3)(R”) it holds that u € Cy ({x, > 0} N By), and

—n—2s—(k—1+6)
ull - HL' {%.>01\ By)

+ 1) Fll e =0in8) + 18| 2% (xy=0inB2) )
where ¢ > 0 and ag depend only onn, s, A, A, y, k, é.

lullco e, =0pne1) < (el oo, =opnse + | ()"
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Proof. The result follows directly from Corollary 4.4 applied to some domain  C R" with dQ € C!7,
which satisfies {x, > 0} N B, C 2 C {x, > 0} N By. O

With the help of the one-dimensional Liouville theorem in the half-space and the Holder regularity
estimate up to the boundary (see Corollary 5.4), the proof of Theorem 5.1 follows by a standard procedure,
which is explained in detail for instance in [Abatangelo and Ros-Oton 2020, proof of Theorem 3.10].

Proof of Theorem 5.1. First, we observe that by scaling Corollary 5.4, we obtain that for any R > 1,

[ulce(sry < R [l Lo Byry + RS ] - 172 M L1 o By Lik=tand y<s)
k— - — —n—2s—(k—2+[y—
4+ RSTh=1+y s]Jrn”[(xn)s+ lu]| T2 (k=2+[y—s1+n) ||L1({x,1>0}\B4R)1{k32°rV>S}
+ R pll L ((x,=0}nBap) |
< cRM7—e, (5-2)

where we take n =14y —s — [y —s]+ 4 and used in the last estimate the growth condition on u, the fact
that || pll 2 (x,=0)nBg) < cR*=!, and the following computation using polar coordinates with y, = r cos @
for some 0 € [0, 27r) (similar to the proof of Lemma 4.2), which is slightly different in case (k =1 and
y<s)and(k>2ory >s). Incase k =1 and y < s, we obtain

R @)yl 72 o pygy < CR' / ) Y72 dy
R"™\ Bsg

2w 00
< CRHS/ cos(0)}! (/ Pl ey dr) do
0 4R

2
<cR'™WSRY™S (/ cos(6)%! d@) <cR'™7. (5-3)
0

In case (k > 2 or y > s), we obtain, using that n > 14+y —s — [y — 57,

s+k—1+[y—s]+n s—1 —n—2s—(k—=2+[y—s1+n)
R ” [(xn)+ ull-| ||L1({x,,>0}\B4)

< CRs-i-k—l-‘er—S'l—H}/ (Y :_—1 |y|—n—2s—(k—2+|'y—s'|+17)+k+)/ dy
R\ Bsr

2 00
< CRAY+k—1+|'V—s-|+T7/ COS(@)‘:__I </ rs—1r—1—2s+2— [y=sl+y—n dr> de
B 0 4R
2
< cRMSRYS (/ cos(6)5! d9) < cRMY.
0

Next, let us take any 7 € S"~! such that 7, =0 and 0 < & < R/2. We consider the difference quotients

u(x +ht)—ux) px+ht)— px)
ho s pl,r(x) = L

and deduce from (5-2) (after applying the estimate to smaller balls of radius comparable to R inside Bg)
that

wl,r(x) =

lwic |l < RV~ forall R > 1.
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Clearly, since 7, =0, w; . satisfies in the viscosity sense

LG wio) "0 in {x, > 0},

(5-4)
anwl,t:pl,r on {x, = 0}.

Here, we are using that sums of viscosity solutions are again viscosity solutions by Lemma 2.14. Using
(5-4) and also that | py . (x)| < c|x|[¥~17% since p € Pr_1, we can apply the previous arguments to wj .
Eventually, this implies that wy ; (x) = (w1, (x +ht) —w; (x))/h® satisfies [|wa ¢ || L (Bg) < ¢ Rk+y—2«
This way, we obtain higher order difference quotients w; , j € N, and they satisfy

§s— k—1+[y—s] .
L) 'wie) =770 in{x, > 0},

8nwj,r =Djt on {x, =0},
lwj llzoopgy < cR¥FY=7%  forall R > 1,
IpjcllLosgy < cR¥"177%  forall R > 1.

Then, taking jo € N as the smallest number such that joo > k + 3, and upon taking the limit R — oo, we
deduce that

lim [wjy ¢ llzesg <c lim RFFY=0* =0,
R—00 R—00

ie., wj  =0in R". Thus, w; 1 . is a function that is constant in the t-direction. Clearly, we can also
take difference quotients of w,_1  in other directions 7/ € S"~! with 7, = 0, and the same arguments as
before apply. Therefore, wj,—1 :(x) = wj,—1,: (x,) is one-dimensional for any 7 € S with 7, = 0.

Unraveling the higher order difference quotients, we get that wj,—» - (x) = (Vi(x,), x") 4+ Va(x,) for
some one-dimensional functions V; : R — R"~! and V5 : R — R, and continuing this argument jo — 1
times, we deduce that # must be a polynomial in x” with coefficients that are one-dimensional functions
from R — R in x,,.

Then, by the growth condition on u, for any multi-index g € (NU {0H"! with || < k, we obtain
functions Ag in x, such that

u(x) =y () Ap(xn).

|Bl<k

In particular, this implies that Df,u(x) =c(B)Ap(x,) for any |B| =k and some constant c(8) > 0, where
Df, denotes an incremental quotient approximating the partial derivative af, in the x’-variables. Therefore,
discretely differentiating the equation for u, we deduce

k=1+Ty—s]

c(BYL((x)5 " Ap)(x) = L((x)S" ' DPuy (x) = L(DP 1,5 ul) (x) 0 in {x, > 0}.

By the growth condition on u, it must be |Ag (x,)| < c(1+|x, ) ~1PH¥ =c(1+|x])”, and since Ag was also
one-dimensional, i.e., LAg = (—A)pAg, we can apply Lemma 5.2 to Ag, which yields Ag(x,) = pg(x,)
for some polynomial pg € Py_ g = Po. Next, we recall from Lemma 5.3,

LG T 6 ppea) 210 in (x, > 0}
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Thus, repeating the arguments from above, we deduce that, for every g with |8| < k it holds that

{ L) A9 "0 in (, > 0},

|Ag(x)] < C(1+ |x*=BHY  for all x € {x, > 0},

and hence Ag(x,) = pg(x,) for some polynomial pg € Px_g. This implies u(x) = p(x) for some
polynomial p, and by the growth condition on u, it must be p € Pk, as desired. U

6. Higher order boundary regularity

The goal of this section is to prove the desired higher order boundary regularity for nonlocal equations
with local Neumann conditions (see Theorem 1.2). The proof goes by a blow-up argument and heavily
uses the Liouville theorem in the half-space (see Theorem 5.1), as well as the boundary Holder estimate
(see Theorem 1.6).

Lemma 6.1. Ler L € [ﬁ?om()», A). Letk € N and Q C R" be an open, bounded domain with Q2 € Ck+1Y
for some y € (0, 1) withy # s, and K € C*T2r+3(S"=1). Let v € L} (R") with v/d*~" € C(Q) be a
viscosity solution to
Lv=f in 2N By,
v=>0 in By \ ©,
d,(v/dHY=g ondQNB.

) Ifk=1landy <s, f € C(QNBy) withd*7Vf € L*®(QN By), g € CY(02 N By), then for any
X0 € 02N By 3 and x € QN By it holds that

v _
< C(HFHLW(Q) +llvllzo@ne) + 1477 fllLc@ns) + ||g||cy(asszl)>|x — xo|'Y

for some ¢ > 0, which only depends onn, s, A, A, y, and the C%7 radius of Q. If in addition, g =0, then
A(xp) - vy, =0.

(i) Ifk>2o0ry >s, f e C* V=T (QNBy), g € CK-1T7(dQ N By), then for any xo € 32N By 2,
there is Q(-; xo) € Py such that for any x € N By it holds that

v

(0 = 0¥ x0)

v k
= C(H P Hw(g) + vl o@na) + I1f | cw-v-s+v @npy) + ||8||Ck-‘+y<asmBn)>|x — X"

for some ¢ > 0, which only depends onn, s, A, A, y, k, and the CH LY radius of 2.

Proof. Let us assume without loss of generality that xo = 0 € 92 with 9,, = e,. We set u := v/d* .
We will prove the desired result by a blow-up argument. To do so, we assume by contradiction that for
any j € N there exist C*™1'¥ domains Q; C R", f; € C¥-1(Q; N By), g; € CK-1"7@Q; N By), r; >0,
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operators L ; with ellipticity constants A, A, and v; € C(2;) N L%S(R”) viscosity solutions to
Ljvj=fj ianﬂBl,
V; = 0 in B] \Qj,
8,,(vj/djfl) =g; ondQ;NBy,
such that
|diam ;] + [l | L)) + 10 | Lo@ne) + Lik=tand y <s)1d; 7 fille@,nB)
+ Lik=20ry > sy fillcw—v-s4v (0B + 18l ci-14v(@;nmy) + I1djllcrriv @0y = C

for some C > 0, denoted de =d,, and used that d; € C k+Ly by [Ferndndez-Real and Ros-Oton 2024a,
Definition 2.7.5]. Finally, we assume by contradiction

sup sup r*k*VHuj — OllL=(@;np,) =00 forall Q € Py.
jeN r>0

Observe that up to a rotation, r,, 'Q jn N B,-1 = {x,, > 0}. Moreover, we will write
czjm 1’5191',,1 = ij = rm_ldjm (rm : )
for the (regularized) distance with respect to r,,1Q; .
We consider the L2(Q j N B,)-projections of u; over Py, and denote them by Q; , € Pi. They satisfy
the following properties:

luj— Qjrllrzns,) < luj — Qlir2@;np,) forall Q € Py,

/ (uj(x)—Q; (x)Qx)dx =0 for all O € P.
Q,;NB,
Next, we introduce
0(r) :=supsup p 7 |lu; — QjpllL>@;n8,)- (6-1)
JjeN pzr

Observe that 6(r) oo, as r \( 0. This follows from [Abatangelo and Ros-Oton 2020, Lemma 4.3]
applied with s = 0 (the proof remains exactly the same in this case).
As a consequence, there exist sequences (r,;),;, and (j,;), such that
N, = Qjrm lL (), 0B,

oY 0 (Fm)

> % for all m € N. (6-2)

Let us define for any m € N,

Ujn (rmx) — Qjm,rm (rmx)

Wi (x) = (6-3)
o 0(rm)
and observe that by construction, we have
”meLOO(r,;'Qj nBy) = % f 1 Wy (x)Q(rmx)dx =0 forallmeN, Q € Px. (6-4)
" ' 2, MBI

Next, we claim that
1wl i, npg < R forall R=1, meN. (6-5)
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To see this, we estimate for any R > 1, using the definitions of 8 (Rr,,) and w,, (see (6-1) and (6-3)),

”u]m Q]m Rry ”L (2, NBRry,) + ”Q]'m,er Qjm m ”L (Q,mﬁBer)

Jm

W Il 700 <
L ©inNBR) rm ye(rm) rm Ve(rm)
k+y . —0: 0O .
- (Rr,,;()w O(R7m) N 19 R l%;,r,,1 172 (QnNBarn) 6-6)
rm ' 0(rm) rm " 0(rm)
Moreover, it follows that for any j € N, r > 0, and R > 1,
1Q;.kr — Qjurll @By, < cOG)(RF)TY. (6-7)
Indeed, if we write
er()C)— Z a(ﬂ) ,31 “'xr/?n’ ,BENn (ﬂ) R,
|B1<k
then by [Abatangelo and Ros-Oton 2020, Lemma A.10] we have for any || < k
rlﬂllaﬁ) ;ﬁz)r| <cllQjr— QjarllLe@;ns,)
<clluj— QjrliLe@;ns,) +clluj — QjoarliLe;ns,,)
< )Y +c0@2r)@2r) T < c(r)@2r)F T
By iteration of this inequality, we obtain for any / € N
-1
) ) = S, | < e T o@C
i=0 i=0
0(2'r)
< ()18 ST ZE ity 18D < gy (2L Ykt 1AL
(r) Z 50 (" Q2'r)
This yields for any R > 1
@) —alfp| < o) (Rr) 1A,
which implies (6-7).
Thus, combining (6-6) and (6-7),
(Rr) Y0 (Rry) (R 70 (rm)
lwm |l (@;, nBr) < nzﬂ/ = +e ,Znﬂ, M < cRY,
Im " 0(rm) Im " 0(rm)
where we used in the last step that  +— 6(r) is monotone decreasing, proving (6-5).
Next, using (6-5), we will estimate the L2Y 4 (k+[y—s]—1) hOrm of w,,. We have the estimate
—n—2s—[y—s]+1+
/ a5~ ()ly| TR gy
Q]m \BRVm )m{djm 7’(}
< Ks—lf |y|—n—s+y—[y—s'| |y|1—s dy
QIm\BR’rr
CKS—l dlam(Q]m)l—Yf |y|—n—s+y—[y—s] < C(er)y—s—f)/—ﬂ’
IR’IL\BRVm

where we used that always y < s+ [y —s] < 0. Moreover, by a similar computation as in Lemma 2.2
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(withy :=s—1<2s+[y —s]—1—y =:8), we have

/ ;m—l (y)|y|—n—2s—[y—s]+l+y dy < C(er)y—s—[y—s]‘
Qjm \BRVm )m{djm <K}
Thus, altogether using (6-5) and y € (0, 1) we obtain
s=1y 1. [~n=2s—(k+Ty=s1-D)
”d |- HL'([R"\BR)

= C/ J;-m_l(y)|y|—l’l—25_|'y_s-|+l+y dy
7IQjm\BR

IA

eyt f o )y TR dy
rm Qj, \Br
=cr;1—V+FV—S1/ Jm (y)|y|—n 2s—[y—s1+1+y dy
le;1\Ber
_ _ 1 s —Ty—
Scr;fn y+Iy ST/ d.JS‘m (y)|y| n—=2s—[y—s]+1+y dy
Q;, \Br)N{d,,, >k}

_i_cr;:;er[yfs] / d;rn—l(y)|y|fn7257[yfs]+1+y dy
le\BR)m{d/m <K}
< cr,‘;_VHV_S] (Rrp)? S5 < Ry=5=1r=s1 . 0 a5 R — o0. (6-8)

Now, we investigate the equation that is satisfied by w,,. We claim that

aj), |
—JmIm_ 50, asm— oo forall |B| <k. (6-9)
0(rm)
Indeed, from the considerations above, we deduce that for any m, [ € N,
® _ B [
it~ 2 ch—e(z ) (it by I8
0(rm) L0 ()
Hence, choosing / € N such that 2y, €11, 2), we deduce
(B) (B) (B)
| ﬁi)rml < | Jms 2rm | ]m rm_ajmvzlrm
Orm) — 0(rm) 0(rm)

I
< cO(ry)" <|a§f‘>21 |+ Ze(z—i)(z—f)"ﬂ—'ﬂ') —0 asm— oo,
which implies (6-9). =

Let us now distinguish between the cases (k =1 and y <s) and (k> 2 or y > s). In case k = 1 and
y < s, we find that it holds in the viscosity sense
&V Ly, (@5 w) =r" 7 )y Ly, (S (- Y wim)

Ly, @5 g, Orm ) = Ly (5 Qo )
r250(ri)
FinCm ) =L, (3 Q) )
0(rm)

=d} 7 (rm )

=d; " (rn-) nr,'Q;, NB._i. (6-10)
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Moreover, by Corollary 2.5(),
15,7 Ly @ Q) 0 Mgy oy = 15,7 Lin @3 Q)@
<c Z la jfj)rm (6-11)
1BI=<1
Therefore, recalling ||d‘;l;yf,-m |l L, nB)) < C, and combining (6-10), (6-11), and (6-9), we obtain

35—y Fs—1
”djm LJm(d;m wm)”Loc(”r;]QJmmB -1)
s=y B
. ”djm fjm“L"O(QjmﬂB]) + Z|/5|<1 | s rm|
- O(rm)
In case k > 2 or y > s, we first deduce by an argument analogous to (6-10),

Finm ) =L, (3 Q) )
w00

—0 asm— 00. (6-12)

L), (d} " wy) = ' NB . (6-13)

Next, using again Corollary 2.5(ii), we obtain

—(k—1 - —1 —1
r (k—=D+s V[L]m(djm Qjm’rm)(rm')]Ckfl"‘JrV(r,;lemﬂqu):[ij(djm Qjm’rm)]ck—l—.v-f—y(gjmmBl)

<c Y 1dP |, (6-14)
|Bl=<k
in analogy to (6-11). Finally, recalling

—(k—=1)+s—
r ( )+ 7/[fj (Vm ')]C(k—l)fxﬂ/(r’;'QijB ) = [fj]c(k—l>—s+y(gjmmgl) <C,

and combining (6-13), (6-14), and (6-9), we obtain
[fj]c<k*1H+V(QjmmBl) + Z|,3|<1 la ;m)rml
0(rm)

—0 asm — o0.

1
[L]m (d;;71 wm)]ck7]75+y(rr;19jm mBrfl) =c
Thus, there exists a polynomial p,, € Pr_24r,—s1 such that

L), (5 wn) = pul = 0, asm — oo in L, ({x, > 0)). (6-15)

Next, considering again all values for y, k at the same time, we treat the Neumann boundary condition:
avujm(rm 2) = 8U(Qjm,rm)(’”m -) i gjm(rm 2) = av(Qjm,r,,,)(rm -)

0y Wy = ndr 'Q: NB._i.
k—1)+ k—1)+ m Jm I'm
o O o G
‘We obtain
— _] _
rm(k ) y[anjm,rm(’”m')]C<k—1>+y(ar,;'g mB [anjm,rm]C“*lHV(aQ mBl) = Z| ;f?rm

|Bl<k
and using also that g;, € C =14v(Q jn N B1) by the boundary condition, we deduce
[gjm]c<k*1>+V(asz_,mmBl) + Z|5|5k |a§f)

,rm|

—1
[8vwm]c(k—l)+y(3rr;19 nB, 1) =c 0 () <ch(rm)~ —0,

Jm
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as m — o0o. Consequently, for any m € N there exists a polynomial g, € Px_; such that

| () |< |;K|)/
0y Wy, (x —q C
vWm m| = 9( )

Finally, we are in a position to apply the stability theorem (see Lemma 2.13) to w,,. The convergence

— 0 forallx €dr,'Q;, NB,1. (6-16)

results in (6-12), (6-15) and (6-16) establish the required convergence of the source terms and the Neumann
boundary data.

Moreover, the operators L, converge to an operator L with the same ellipticity constants. By the
boundary Holder regularity estimate for solutions to the nonlocal Neumann problem (see Corollary 4.4
applied with k :=k+[y —s1, 8:=0, Q:=r,'Q;,, vi=d} 'wn, f:=L;, @} 'wy), and g :=d,wp),
together with the Arzela—Ascoli theorem, the sequence (wm)m converges in L} ({x, > 0}) to some
w € C({x, = 0}). All the quantities on the right-hand side of the estimate in Corollary 4.4 will be bounded
uniformly in &, due to (6-8), (6-12), (6-15), and (6-16). Thus, in particular cijm—‘ (P YW = ()T w
locally uniformly in {x, > 0}. Finally, in order to apply the stability result in Lemma 2.13, it remains to
establish ds 1(rm Yw,, — (x,,)Jr w in L2s+(k+ry - 1)(R ). To see this, we also observe that by (6-5),

lw(x)| < C(1+|x)*"  forall x € {x, > 0}. (6-17)
Therefore, using also (6-8) and a computation based on polar coordinates (along the lines of (5-3)) we

obtain, since y < 1,

/R : |5 D wn(3) = )y w )|y 21 gy
n BR

< C/ (yn)ifl|y|fn72S7ﬁ/*S]+l+)/ dy + C/ d~;‘m—1(y)|y|7n725‘7[)/*ﬂ+1+)/ dy
R\ Bg (rm 2, )\Br
<CR"™ =150 asR— oo

This implies ds Ywp, — ()cn)Jr w in L2s+(k+[y _s1-1)(R"), by combining it with the locally uniform
convergence in LIOC({x,, > 0}).

Thus, by stability of viscosity solutions (see Lemma 2.13), we deduce that in the viscosity sense
L) w) T 0 in (x> 0),
W =p on {x, =0},

where p € Px_; is a polynomial, and moreover, by (6-4), it must be that

lwll L8100 = 3- (6-18)

An application of the Liouville theorem (see Theorem 5.1, using (6-17)) yields now that w € Py. Thus,
we can choose Q(x) = w(r,, Ix) in (6-4). This implies that

0= lim Wy ()0 (rpx)dx = lim W, (Xw(x)dx = wz(x) dx,

m=00 JBinr,'Q; Mm=00 JBiNry' BiN{x,>0}

m

where we used in the last step w,, — w and r,;IQ jm —> {xp > 0}. This yields w = 0, which however
contradicts (6-18), and thus, we conclude the proof of (ii).
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Finally, if k =1 and y < s, then by the Liouville theorem (see Theorem 5.1), there exist a € R" and
b € R such that

wx) = (a, x)+b.
Moreover, if g; =0, then also g = 0. Thus, it must be that d,w = 0 in {x,, = 0}, which implies a, =0. [
We are now in a position to prove our main result.

Proof of Theorem 1.2. We define u := v/d*~'. Let us assume that

lull Loy + 1d° 77 fll Lo @nBy Ly <25y + 1L f |l ck2s4v @By Litay>2s) + 1€l ck-1+v aanpy < 1

First, we claim that for any xo € 2N By, with z € 92N By, such that |[xg — z| = d(xo) =:r < 1, there
exists a polynomial Q € Py of degree k such that

[ — Qlcrr (B, 200 = € (6-19)

for some constant ¢ > 0, depending only on n, s, X, A, y, Q, k, where we assume without loss of generality
that v, = e,. This estimate already yields the desired result since it implies

[M]ck+V(B,./2(x0)) <[u— Q]Ck+V(Br/2(xo)) + [Q]Ck+V(Br/2(x0)) =c.

From here, a covering argument (see [Ferndndez-Real and Ros-Oton 2024a, Lemma A.1.4]) together

with Holder interpolation (recall that |lu|| .~ < 1) yields the desired regularity estimate in QN B.

1
k+y

estimate goes by the exact same arguments as in the proofs of Lemma 2.10 and Corollary 4.4.

Improving the global L° norm to the L%S([R") norm, or the L, (R"\ B;) norm, respectively, in the

To see (6-19), let us take z € 32N By, such that [xg — z| = d(x9) = r, and apply Lemma 6.1 to see
that there exists a polynomial Q € P; such that the function

u(xo+rx)— Q(xo+rx)
rk+y

THEIRE satisfies ||, ||, < CRETY  forall R e [1,77'].
Moreover, since ||ul|r~@) <1, and Q € Px, we deduce

lur |l Lo Bgy < Cr* 7 (1 + (rR)*) < CR¥”  forall R > r~".
Together, this implies

d* Y (xo 4 rx)|uy (x)| d*V(xo+rx) d*Y(xp+ x)
_— dx =C _— dx
R\ B34 R"\ B34

<
|x|n+k+y dx =c¢

R\ B34 |x|n |x|n

<c(4r7h,
where we used Lemma 2.2 with y :=s — 1 < 0 =: 8. Moreover, we have by the definition of r,
1d° =" o+ 7 Yty l| ooy < e

Now, we apply the interior regularity theory for nonlocal problems (see Lemma 2.10). To do so, we
distinguish between the cases (i) k =1and k+y =14y <2s and (ii) k + y > 2s. In case (i), we apply



REGULARITY FOR NONLOCAL EQUATIONS WITH LOCAL NEUMANN BOUNDARY CONDITIONS 405

Lemma 2.10(i) with 8 = 1 + y, observe that automatically y < s, and obtain

[ (u— Q)]C1+V(Br/2(x0)) = [d*Yxo+r- )Mr]cl+y(31/2)

d*Nxo+ru,
|x|n+l+y

<clld* o+ 7 urllLop, +c

L'(R"\B3;4)
+el L@ o+ 7 )L
<cr' 4 er® T U Lo | ooy, o + P T TNL@ T ) Lo (85, 00
<cr ™ er AT fllem, oy ot T <ot
where we used Corollary 2.5(i) and that d > r/4 in B3, /4(xo) by construction, and r < 1.
In case (ii), we apply Lemma 2.10(ii) with @ := k + y — 2s > 0 and obtain

[d° = Q) ekr 8,y = [ (o +7 Dt leksr (8, )
& o +r s
|x|n+k+y

<clld* "o+ r urllLos,, + CH

L'(R™\B3/4)
+ L@~ (x0 + 7 ) kv (y
<crf Tl L] k=25 By, 150y T c[L(d@*! Q) crrr=25(By, 4 (x0))

< crs_l —{—crs_l ||f||Ck+V72S(Br(X())) + crs_l < crs_l,

where we used Corollary 2.5(iii) in the second to last step.
Moreover, using again the L> estimate for u, with R = 1, we have

S+(k—1)+]/||ur s+(k—=D+y

-1 s—1
1d*™ (U — Q) LB,y xo)) S € N — QllLoo(B, pxo)) < €T o)) < cr

and hence by Holder interpolation, we obtain that for any 6 € (0, k + y) it holds that

[ U= D)o,y < ™ T
Therefore, altogether by the product rule,

[(u — D) Ickr (B, jp(x0)) = [D (@' d " (u— Q) er 8,00
< D @%@ )@ = O)er sty
|Bl=k a<p

< Y (19%d 0 oo s, peson [P 74 (= @)er (8,000
IPl=k a<p B—a gs—1 o gl—s
+ 11077 d ™ (u — D) 28, 200n[0%d" " 1e7 (B, px0)))
<c Z Z(rlfsf|a|rs71+k+y7(k7\a|+}/)+rsfl+k+j/f(kf|a|)rlfsflalfy)
|Bl=k a<p

IDIPIEL (6-20)

|Bl=k a<p
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where we used that » < 1, and the following observation based on the fact that d € C¥*17(Q) together
with corresponding estimates |D/d| < ¢;d'~/ (resp. |D/d'~5| < c;d'=77) in Q for every j <k (see
[Fernandez-Real and Ros-Oton 2024a, Lemma B.0.1]):
[0°d" " Ner B, pioy < 1D S8 py  sUp = yI'7
x,Y€B;2(x0)

< crlmslal=y for all || < k. (6-21)

This proves our claim (6-19). We can replace the L°° norm of u in R" \ B, by the L%S([F\E”) norm via a
truncation argument, as in the proof of Corollary 4.4. We conclude the proof. U

Finally, we explain how to prove Theorem 1.7.

Proof of Theorem 1.7. The result follows immediately from Theorem 1.2, however it remains to prove that
the result only requires K € C k=2s+y (§"=1) if Q = {x, = 0}. First of all, we recall the Holder estimate
(see Corollary 5.4), which holds true without any regularity assumption on K if kK = 0. For the Liouville
theorem (see Theorem 5.1), we only require K € CK=1=5+v+3(S"=1) for an arbitrarily small § > 0 and
k—1—s+4+y <k—2s+y. In Lemma 6.1, additional regularity for K is assumed in order to apply
Corollary 2.5. However, if Q2 = {x, > 0}, we have

L@ 0) = L)' Q) =0 in (x> 0)

for any Q € Pr. Hence, in case k =1 and y < s, the proof goes through exactly as before, without any
restrictions on K. If k > 2 or y > s, (6-13) needs to be interpreted as an equation up to a polynomial,
but the rest of the proof remains the same. Moreover, we apply the Holder estimate (see Corollary 5.4),
which would force us to impose K € C k=1(s"=1) in case k > 2 or y > 5. Therefore, in this case, we
need to proceed a little differently. Indeed, we replace the computation in (6-8) by the following estimate,
based on polar coordinates (see also (5-3)) forn =1+y —s — [y —s| + 6 for some very small § > O:

-1 =25 —(k=2+[y— 1y =25y —s]+2
et 2 s G e g
R

2 [}
<c / cos(9)! ( f r“r”””m*y*"dr) do
0 R

2w 00
= c/ cos(t9)§r_l (/ r_l_‘sdr) d9 <cR™® -0,
0 R

as R — oo. Then, we can apply Corollary 5.4 with k := k — 1 and § := n and only need to assume that
K € Ck¥=21(S"~1), which is fine by the same reasoning as for the Liouville theorem above. Moreover,
the stability theorem (see Lemma 2.13) can still be applied since k —2+n <k — 1 if we choose § < s — 7.

Finally, the proof of Theorem 1.2 relies on an application of the interior regularity result (see
Lemma 2.10). In case k =1 and 1+ y < 2s, we apply Lemma 2.10(i), so in this case, no regularity
assumption on K is required, at all. In case 1 4+ y > 2s, we apply Lemma 2.10(ii) with & :=k +y — 2s
(and interpret the equation up to a polynomial of degree k — 1, which is possible due to Remark 2.11), so
in this case, we need to assume only that K € C k=2s+y (§"~1), as desired. [l
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7. Nonlocal equations with local Dirichlet boundary conditions

Finally, we give the proof of the boundary regularity for nonlocal equations with Dirichlet boundary
conditions (see Theorem 1.4).

Proof of Theorem 1.4. Let us first extend & in such a way that 4 € CK*7(R"). Then, we define
w :=v —d*~'h and observe that w solves

Lw=f in €,
w=0 in R"\ €,
w/d*~'=0 ondQ,
where f := f — L(d*~'h). Moreover, for xy € Q an application of Corollary 2.5 yields | f (xo)| <
c1d?” ¥ (xp) in case k +y < 1+, as well as [‘f]ck—l—x+y(§) < cyincase k +y > 1+, and also
[f]ck—ZH—y(Bd(m)/z(x())) < c3d* '(xg) in case k + y > 2s. Since w/d*~! = 0 on 3R, by the maximum
principle (see Proposition 1.3) and a barrier argument (see for instance the proof of [Fernandez-Real
and Ros-Oton 2024a, Lemma 2.3.9], using the barrier from [Ferndndez-Real and Ros-Oton 2024a,

Lemma 2.3.10] in case k + y > 1 + s and the barrier J from the second claim in Lemma 2.7 in case
k+y < 1+4s) it holds that w € L*(2) and

lwllze@) < Clld*™ fllx@)- (7-1)
Thus w is a solution in the setting of [Ros-Oton and Serra 2017; Abatangelo and Ros-Oton 2020]. We
assume without loss of generality
lwll L) + ||ds_yfllLoo@)l{k+y<1+s} + 1| Fllr-t-str (@) Liky > 145y < 1.

Then, [Ros-Oton and Serra 2017; Abatangelo and Ros-Oton 2020] imply that for any z € 9S2 there exists
a polynomial Q. € Py_; such that

lw(x) — Q,(x)d*| <clx —z|F 17 <¢lx — /a1 (x) forall x € B (2).

By adjusting the proof of [Ros-Oton and Serra 2017, Proposition 3.2] in case k +y < 1+ s, or the second
part of the proof of [Abatangelo and Ros-Oton 2020, Proposition 4.1] in case k + ¢ > 1+ s, respectively,
according to the slight modification of the upper bound in the previous estimate, we get that for any
X0 € 2N Bi(z), letting r := d(xg),

fty+s—1 : s—1
lw — Q:d* LB, pxoy) < ™71 [w— O:d* ety (B, jy(xgy) S €17 (7-2)

Indeed, while the first estimate is immediate from the expansion, the second result follows by letting
v (x) =r kv (u(xo +rx)— Q. (xg+rx)d*(xo+ rx)),

and observing that by the previous estimate and the properties of f it holds that

vl < e+ forall R >0, [florap, 0 Liktys2s) < e’
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Plugging these findings into the remainder of [Ros-Oton and Serra 2017, proof of Theorem 1.2; Abatangelo
and Ros-Oton 2020, proof of Theorem 1.4], we obtain (7-2). From there we can show, using Holder
interpolation, and also d € Ck1+7(Q), that for any 8 € (0, k + y] it holds that

. k —1-s 1—s - - 1—s—8
[w— 0:d°1c5(B, 5 (x0)) < €T Ty o T e oy e 1d T s, poy S8

Thus, proceeding in a similar way as in the proof of Theorem 1.2, and using (7-2) as well as the previous
estimate, we obtain

o]

- = [D*( "™ (w — Q.d*Ncr (8, 0y

< Y DI THOP T w = Qud*N)er (8,
|Bl=k a=p
< Y (19%d oo, oo [0 (w = Q2d™)lev (8, o)
|BI=k a=p ol bes s
109" N (8o 197 ( = Q) |18, 500

<c Z Z(rlfsfla|rs71+|0!| +rlfsfla\fyry+sfl+\a|) <ec.
|Bl=k a<p

Ck+Y (B2 (x0))

From here, by a covering argument, and using the continuity of the extension operator,

v _
| 75 o g = €U0 = iy 1 llerr-sev@) + Wl cserian)
< clfllck=1-s+r (@) + 1A llcrr ag2)) - O
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