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dx.doi.org/10.2140/apde.2016.9.1523

THE FINAL-STATE PROBLEM FOR THE CUBIC-QUINTIC NLS
WITH NONVANISHING BOUNDARY CONDITIONS

ROWAN KILLIP, JASON MURPHY AND MONICA VISAN

We construct solutions with prescribed scattering state to the cubic-quintic NLS

(3 + MY =y —as|y ¢ +as|y |y

in three spatial dimensions in the class of solutions with | (x)] — ¢ > 0 as |x| — oco. This models
disturbances in an infinite expanse of (quantum) fluid in its quiescent state — the limiting modulus ¢
corresponds to a local minimum in the energy density.

Our arguments build on work of Gustafson, Nakanishi, and Tsai on the (defocusing) Gross—Pitaevskii
equation. The presence of an energy-critical nonlinearity and changes in the geometry of the energy
functional add several new complexities. One new ingredient in our argument is a demonstration that
solutions of such (perturbed) energy-critical equations exhibit continuous dependence on the initial data
with respect to the weak topology on H..

1. Introduction
We study the cubic-quintic nonlinear Schrodinger equation (NLS) with nonvanishing boundary conditions

in three space dimensions:

(iat+A)WZal‘ﬁ—a3|‘ﬁ|2w+a5|‘ﬁ|4w, (t,X)ERXR3,
¥ (0) = vo.

We consider parameters o1, o3, &5 > 0 so that ocg —4a105 > 0, which guarantees that the polynomial

(1-1)

o1 —a3x + asx? has two distinct positive roots rg > r12 > 0. The boundary condition is given by

lim |y(t, x)| =ro. (1-2)

|x]

The choice of the larger root guarantees the energetic stability of the constant solution; it constitutes a
local minimum of the energy functional (1-7).

Equation (1-1) appears in a great variety of physical problems. It is a model in superfluidity [Ginzburg
and Pitaevskii 1958; Ginzburg and Sobyanin 1976], descriptions of bosons [Barashenkov et al. 1989] and of
defectons [Pushkarov and Kojnov 1978], the theory of ferromagnetic and molecular chains [Pushkarov and
Primatarova 1984; 1986], and in nuclear hydrodynamics [Kartavenko 1984]. The popularity of this model
can be explained by its simplicity combined with the fact that it captures an important phenomenology:
the constituents of most fluids experience an attractive interaction at low densities and a repulsion at high

MSC2010: 35Q55.
Keywords: final-state problem, wave operators, cubic-quintic NLS, nonvanishing boundary conditions.
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densities. The recent paper [Killip et al. 2014] focuses on the analogous problem with data decaying at
infinity, which constitutes a model for the dynamics of a finite body of fluid; the model (1-1) describes
the behavior of a localized disturbance in an infinite expanse of fluid that is otherwise quiescent.

By rescaling both space-time and the values of ¥, it suffices to consider the case rg =land as = 1.

This leaves one free parameter
yi=1-r?€(0,1), (1-3)

in terms of which equation (1-1) becomes

(0; + M)y = (v =D(¥I>—1+y)¥, (1-4)
¥ (0) = Yo,

with the boundary condition
lim (¢, x)=1. (1-5)

|x|—00
As discussed in [Gérard 2006] (albeit in the context of the Gross—Pitaevskii equation), finite energy func-
tions obeying (1-2) have a unique limiting phase as |x| — oo, which we can normalize to be zero, yielding
(1-5). Furthermore, the dynamics of (1-1) preserve the value of this phase, so that the boundary condition
is independent of time, as well. This breaks the gauge invariance of (1-1) and prohibits using a phase
factor to remove the linear term in this equation. The presence of the linear term leads to weaker dispersion
at low frequencies, which presents a key challenge in understanding the long-time behavior of solutions.
We are interested in perturbations of the constant solution ¥ = 1, and thus it is natural to introduce the
function ¥ = u; + iu, defined via ¥ = 1 + u. Using (1-4), we arrive at the following equation for u:
(ids + Au—2yuy = N(u),

(0) = wo, (1-6)

where N(u) = Z?=2 N;(u), with
No(u) =3By + 4)u% + yu% +2iyuqus,
N3(u) = (v +8)ui + (v + Hugud +il(y + Huiuz + yu),
Na(u) = 5u‘1l + 6u%u% + ug +i[4u?u2 + 4u1ug],
Ns(u) = |u|4u = u? +2ufu% + ugul +i[u‘1‘u2 +2u%u% + ug].

The Hamiltonian for (1-4) is given by

B =y [ VP X [ qwP-vtareg [ qP-nian )

Introducing the notation
qQu) ==Y —1=2uy + ful?,
we may write
2yur + N@) = [yqw) +q@)*1(1 +u)
and
E(l—i—u):l/ |Vu|2dx+Z/ q(u)zdx—i—l/ q(u)? dx. (1-8)
2 Jp3 4 Jp3 6 Jr3
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In the sequel we will write E(u) for E(1 4+ u); when there is no risk of confusion we will simply write
q(u) = ¢q. Note that g represents density fluctuations relative to the constant background. The quantity
f q(t, x) dx, which represents the total surplus/deficit of matter relative to the constant background, is
conserved in time; in this work we do not rely on this conservation law.

Well-posedness in the energy space. We define the energy space for (1-6) to be

&:={ue HLR? :qu)e L3[R} (1-9)
with associated metric
[de(u,v)]* := |Ju _U”fq} + [lg () —q(v)lligc,

and we let ||u||¢ := de(u, 0) denote the energy-norm.

To justify our choice of energy space, we first note that functions with finite energy-norm have finite
energy. Indeed, using Sobolev embedding and the fact that (L3 + L8) N L2 C L3, it is not hard to see
that if u € £ then ¢(u) € L2, and so | E(u)| < co. In fact,

|Eu)| < [l + )3

On the other hand, in Lemma 3.1 we will show that for y € [% 1), functions with finite energy have
finite energy-norm. When y € (0, %), the energy is not coercive unless we impose an additional smallness
assumption (see Lemma 3.2).

When the energy is not coercive, there is no unique candidate for the name “energy space”. The authors
of [Killip et al. 2012] worked with the following notion of energy space:

Ekopv := {u € HY(R*) N LY (R?) :Reu € LI(R%)}.

Note that Ekopy C £. In the same work, they also proved that (1-6) is globally well-posed for data
ug € Exopv; in particular, solutions are unconditionally unique in C(R; Exopy).

In Section 3, we prove global well-posedness and unconditional uniqueness for (1-6) in the energy
space £ (see Theorem 3.3). As in [Killip et al. 2012; Tao et al. 2007; Zhang 2006], our approach is to
regard the equation as a perturbation of the defocusing energy-critical NLS

(i3 + Ayu = |u|*u, (1-10)

which was proven to be globally well-posed, first in the radial case and then for general data in the
celebrated papers [Bourgain 1999; Colliander et al. 2008]. Proving well-posedness for a Schrodinger
equation in three dimensions that contains a quintic nonlinearity requires control over the H Y_norm of the
solution. As the energy (1-8) is not necessarily coercive for y € (0, %) conservation of the Hamiltonian
does not supply the requisite a priori bound. To resolve this issue we will require that both the energy and
the kinetic energy of the data are small when y € (0, %)

Statement of the main result. The stability of the equilibrium solution ¥ = 1 to (1-4) is equivalent to
the small-data problem for (1-6). In this direction, there are two natural problems to consider, namely,
the initial-value and the final-state problems for (1-6). For the former, the question is whether small and
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localized initial data lead to solutions that are global and decay as |t| — oco. For the latter, the question is
whether one can construct a solution that scatters to a prescribed asymptotic state. In this paper we prove
two results related to the final-state problem. We will address the initial-value problem in a forthcoming
work.

To fit (1-6) into the standard framework of dispersive equations it is convenient to diagonalize the
equation. Setting

U=|V(V)"! and H =|V|(V), with (V):=/2y—A and |V| = (—=A)2,
we arrive at the following equation for v := Vu :=u; +iUus:

(id; — H)v = Ny(u) := U Re[N(u)] +i Im[N(u)],

1-11
v(0) = Vuy. ( )
Note that ujin(¢) := V"le H V| solves the equation
(197 + A)ujin — 2y Reujjn =0 with u}jn(0) = u4; (1-12)

this is the linearization of (1-6) about u = 0.
Our main result in this paper is the following theorem:

Theorem 1.1. Suppose y € [%.,1). Foranyuy € H j+iH]}

cal eal» there exists a global solution u € C(R; £)
to (1-6) such that

([ (7)) =i @)l gy =0, (1-13)
where uyn(t) := Ve " Vy . Moreover, we have modified asymptotics in the energy space, in the
sense that this same solution u obeys

Jim de (u(t), win(£) =y (V)2 tin (1)[7) = 0. (1-14)

In the case y € (O, %), both conclusions still hold if additionally ||u+ || g1 iHL is sufficiently small.

Remark 1.2. The hypotheses on u are not sufficient to guarantee that uy,(¢) € £ at any time ¢;
correspondingly, one cannot hope to say that u is close to uy, in the energy space. Nonetheless, (1-13)
does show that the modification in (1-14) only plays a role at very low frequencies. Indeed, simple
computations show that the modification can be omitted, for example, when u is a Schwartz function.

We do not guarantee uniqueness of the solution u in Theorem 1.1. Later, we will show uniqueness
within a restricted class of solutions u for suitable scattering states u 4 ; see Theorem 1.4 and Corollary 1.7
below.

Discussion of relevant past results. To give proper context to our work, we need to discuss prior work
of Gustafson, Nakanishi, and Tsai [Gustafson et al. 2006; 2007; 2009] on the Gross—Pitaevskii equation

(0 + 2y = (> = Dy,
¥ (0) = vo. (1-15)
lim y¥(t,x)=1.

|x|—=>00
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Note that unlike in (1-4), the cubic nonlinearity here is defocusing. Writing ¥ = 1 4 u, this equation
preserves the energy
Eap(u) = l/ |Vu|2dx+l/ q(u)? dx. (1-16)
2 Jr3 4 Jn3
In contrast to (1-8), this energy density is lacking the sign-indefinite ¢ (u)3-term. Correspondingly, the
energy is coercive and the nonlinearity is energy-subcritical.

The final-state problem for the Gross—Pitaevskii equation was addressed by Gustafson et al. [2007;
2009] in two and three dimensions and in [Gustafson et al. 2006] in higher dimensions. They also
considered the initial-value problem in dimensions d > 3 in [Gustafson et al. 2006; 2009].

The jumping-off point for Theorem 1.1 is an analogous result appearing in [Gustafson et al. 2009]
for the Gross—Pitaevskii equation, which in turn builds on earlier work of Nakanishi [2001] on the
(gauge-invariant) NLS. As our strategy is modeled closely on his, it is worth discussing in detail the
following result:

Theorem 1.3 [Nakanishi 2001]. Given uy € H(R?) and % <p< %, there is a solution to
(i0; + A)u = |u|Pu (1-17)
that obeys e ""Au(t) — uy in HH(R3).

Sketch of proof. Nakanishi first defines solutions u” to (1-17) with u” (T)) = e!T2u .. As the problem is
L)zc—subcritical, these solutions are easily seen to be global with uniformly bounded H ; -norm (even in
the focusing case).

By writing (1-17) in Duhamel form and exploiting the dispersive estimate (2-2), it is not difficult to
show that for each ¢ € C2°(R?), the collection of functions

{ts (g, e Pul (1)) : T e R} (1-18)

forms an equicontinuous family on a compactification R U {00} of the real line. In particular, each such
function has limiting values as t — +00. Applying Arzela—Ascoli and the Cantor diagonal argument
(H! is separable), one can find a sequence 7, — 0o and a function u® € L H\ so that

e AT (1) — ¢TI AY (1) weakly in H; for each r € R.

This construction guarantees that ¥ has two further properties. First, the function 7 > e #25%°(¢) is
weakly H.l-continuous on RU {#o0}, that is, when H is endowed with the weak topology. Secondly,
for any ¢ € C°(R?),

(¢, e 2uTn (1)) — (¢, e "Pu (1)) asn — oo, uniformly in ¢ € R.

Using these properties it is elementary to verify that e 7?24 (t) — u as t — oo. This leaves two
obligations: firstly, one must show that #° is actually a solution to (1-17) and secondly, one must upgrade
weak convergence to norm convergence.
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Due to the H.!-subcriticality of the nonlinearity, the Rellich-Kondrashov theorem allows one to show
that #® is a weak solution to (1-17). For this problem, weak solutions with values in H ; are necessarily
strong solutions and so we may conclude that ¥ is a solution to (1-17).

Lastly, to upgrade weak convergence to strong convergence, one exploits conservation of mass and
energy and the Radon—Riesz theorem. For example, one may argue as follows: The quantity

2
F(u) ::/ |Vu|? + ——|u|P+? + |u|? dx (1-19)
R3 p+2

is conserved under the flow (1-17). Exploiting this, dispersion of the linear flow, and weak lower-
semicontinuity of norms, we deduce that

lim le™ Su® ()3, < F@™) < lim F@'(0)) = lim F@'"(Ty) = |ut |3,
[=00 x n—00 n—00 x

Given that e 7*24%(t) — u, we deduce that e ="y (¢) — uy in H. O

In order to adapt this beautiful argument to the Gross—Pitaevskii setting, the authors of [Gustafson
et al. 2009] had to overcome two significant obstacles: (i) One needs to make the (conserved) energy
(1-16) associated to (1-15) play the role of F in the argument above. It is far from obvious that this has
the requisite convexity. (ii) The simple arguments used to prove equicontinuity of the family (1-18) no
longer work. This failure stems from lower-power terms in the nonlinearity combined with the fact that
energy conservation gives poor a priori spatial decay of solutions; while it guarantees g(u) € L)zc, it only
yields u; € Li and no better than u, € Lg. This is not sufficient decay to allow direct access to any of
the integrable-in-time dispersive estimates obeyed by the propagator.

The key to obtaining equicontinuity of the analogue of the family (1-18) in the Gross—Pitaevskii setting
is to exploit certain nonresonant structures in the nonlinearity that allow one to integrate by parts in time.
In implementing this approach, one sees that it is necessary to exhibit such nonresonance in both the
quadratic and cubic terms of the nonlinearity. Such a brute force attack is rather messy. The burden
can be significantly reduced by using test functions whose Fourier support excludes the origin. We will
demonstrate this (primarily expository) improvement over the arguments from [Gustafson et al. 2009]
in the proof of Proposition 6.2 below. One particular virtue of this approach is that it makes clear from
the start that the argument is inherently completely immune to the poor dispersion manifested by the
propagator (2-4) at low frequencies.

In [Gustafson et al. 2009], the authors exploit the quadratic nonresonant structure in a more elegant
way through the use of a normal form transformation

z=ur+QC—-A)"HuPl+ivV-A/2—A)us. (1-20)

In this work they also observe (and then utilize) the further nonresonant structure at the cubic level (akin to
(6-30)). There is some flexibility in the choice of normal form that witnesses the requisite nonresonance;
however, the particular one employed in [Gustafson et al. 2009] has the dramatic additional benefit of
overcoming obstacle (i) described above. The necessary convexity of the energy functional becomes
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clearer when written in their new variables: with u and z related by (1-20),

Eap(u) = 3| V2= Az| 12 + 3| V=27 = &) u?| . (1-21)

The virtue of this identity is best understood in the context of (6-8). Because the right-most term in (1-21)
is nonnegative, combining (1-21) with (6-8) yields

Jim 1[V2=az0)|7; = 4[v2=Az|7;.

where z(¢) and z4 represent a particular solution and its putative scattering state, both in terms of the
normal form variable. This is just what is needed as input for the Radon—Riesz theorem.

Discussion of the main result. In order to prove Theorem 1.1 we will need to capitalize on all of the
ideas introduced in [Gustafson et al. 2009] to prove the analogous result for the Gross—Pitaevskii equation.
In particular, we will exploit a normal form transformation modeled closely on (1-20), namely,

z=M@u):=[ur +yQy— A" "ulP]+iv-A/Qy - A)us. (1-22)

However, several new difficulties arise above and beyond those overcome in [Gustafson et al. 2009].
(i) The first group of new difficulties is associated to the presence of energy-critical terms in the nonlinearity.
(ii) The second group of difficulties stems from the shape of the energy functional.

(1) We begin by discussing the difficulties that arise from the energy-critical terms. As discussed earlier
in the introduction, we already need to give consideration to the energy-critical terms in the proof of
Theorem 3.3, which states that (1-6) admits global solutions for initial data in the energy space £. A
more significant challenge involves establishing a form of well-posedness with respect to the weak H ;
topology (see Theorem 4.1), as we will now explain.

In the argument of Nakanishi described above, it was used that weak limits (in the H! topology
pointwise in time) of strong solutions to (1-17) are themselves strong solutions. In the subcritical case,
one sees relatively easily that such limits are weak solutions (via Rellich—Kondrashov) and can then
exploit earlier work (see [Cazenave 2003, Chapters 3—4]) showing that weak solutions with values in H ;
are strong solutions. In particular, solutions converging weakly to zero (in H!) by concentrating will
actually converge to zero in the space-time norms used to construct such solutions. In a similar way, we
see that increasingly concentrated parts of a solution (which will drop out under taking a weak limit) do
not affect parts of the solution living at unit scale.

These arguments break down in the presence of the quintic nonlinearity, which is energy-critical. In
particular, initial data that converge weakly to zero in H )} by concentrating at a point lead to solutions that
do not go to zero in the space-time norms needed for well-posedness. Correspondingly, highly concentrated
parts of a solution may have large norm and so, naively at least, have a nontrivial effect on the remainder of
the solution. Thus, it is not clear that weak limits of solutions should even be continuous in time! The key
to escaping this nightmare is to show that two parts of a solution have little effect on one another if they
live at widely separated scales. We will achieve this by employing concentration compactness techniques.

Before tackling the full equation (1-6), one should first ensure that one can prove that weak limits of
solutions are themselves solutions in the case of the energy-critical NLS equation (1-10). Questions of
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this type appear to have been studied before only in the case of the energy-critical wave equation [Bahouri
and Gérard 1999]. As there, we proceed by harnessing the full power of the associated concentration
compactness ideas. Specifically, one starts with a nonlinear profile decomposition and then further exploits
some of the decoupling ideas used in its proof. In this paper, we will implement this strategy in the setting
of (1-6); this is ample guidance for anyone seeking to reconstruct the argument for (1-10).

As a precursor to the nonlinear profile decomposition needed to prove that weak limits of solutions
to (1-6) are themselves solutions, we must first develop a linear profile decomposition adapted to (1-6);
see Proposition 4.3. Despite the fact that the linear equation underlying (1-6) differs from that underlying
(1-10), we are able to adapt the profile decomposition for the linear Schrodinger equation to our setting,
rather than proceeding ab initio. To develop the nonlinear profile decomposition, we need to construct
solutions to (1-6) associated to each linear profile. For profiles living at unit scale, existence of these
solutions (and all requisite bounds) follows from Theorem 3.3. Profiles whose characteristic length scale
diverges can be approximated by linear solutions on bounded time intervals and so require no special
attention. However, highly concentrated profiles require independent treatment; this is the content of
Proposition 4.5. There are two subtle points here: (a) Such profiles are merely H L"and so do not have finite
energy. (b) The characteristic time scale associated to such profiles is very short; thus, understanding such
solutions even on a bounded interval essentially requires an understanding of their infinite time behavior.

The nonlinear profile decomposition posits that the nonlinear evolution of the initial data can be
approximated by the sum of the nonlinear evolutions of its constituent profiles. This is verified by
demonstrating decoupling of the profiles inside the nonlinearity (see Lemma 4.7) and exploiting a suitable
stability theory for the equation (see Proposition 3.5). The latter requires certain a priori bounds, which
are shown to hold in Lemma 4.6. Once it is known that the nonlinear profile decomposition faithfully
represents the true solution, it is relatively elementary to complete the proof of well-posedness in the
weak topology, that is, the proof of Theorem 4.1.

This completes our discussion of the new difficulties (relative to [Gustafson et al. 2009]) associated to
the presence of energy-critical nonlinear terms.

(i1) We turn to the second main group of difficulties mentioned above, which stem from the shape of the
energy functional. First, the lack of coercivity when y € (0, %) was discussed already as an obstacle to
proving global well-posedness. In this case, we restore coercivity by imposing a smallness condition on
the initial data.

As also discussed above, convexity of the energy functional plays a key role in upgrading weak
convergence to strong convergence in the argument of Nakanishi, via an argument of Radon—Riesz type.

The analogue of (1-21) for our equation is as follows: For z = M (u) as in (1-22),
E) = 19212, + SV PIE, + [ o) dx. (1-23)

Unlike its analogue (1-21), this does not yield an inequality between the energy and the H ; -norm of z.
Indeed, the leading-order correction is the sign-indefinite term % / (u1)3 dx. Correspondingly, we will
need to be concerned with the structure of our solution u®°(¢) as t — oo to ensure that it does not
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contain surplus energy beyond that needed for its (putative) scattering state. Recall that #°°(¢) is merely
constructed as a weak limit of solutions 17 () defined by their values at t = T},, which gives very little a
priori information on its structure.

The resolution of this dilemma is to prove a form of energy decoupling between the part of the solution
matching the scattering state and any residual part; see Lemma 6.3. Ultimately, this energy decoupling
shows that any residual part of the solution must converge to zero in norm, which in fact obviates any
explicit implementation of the Radon—Riesz-style argument described above.

Existence of wave operators. Recall that in Theorem 1.1, we cannot guarantee uniqueness of the nonlinear
solution with prescribed scattering state. However, we are able to guarantee uniqueness under stronger
hypotheses. Specifically, for scattering states with good linear decay, we can guarantee that there is
only one nonlinear solution scattering to it with comparable decay. The decay of such solutions will be
measured in the norm

1
”u“XT ;= sup 12 ||M(t)||H;,3(R3).

t>T
Theorem 1.4. Fix y € (0, 1). There exists n > 0 so that if u4 € Hrial + i[-.Irial satisfies
Ve Vuyx, <. (1-24)
then there exists a global solution u € C(R; &) to (1-6) such that
: -1 _—itH _
ll—l>n(;o ||u(t) B V ¢ Vu+ ||Hr£al+iHrlal o O (1-25)

Moreover u is unique in the class of solutions with ||u||x, < 4n for some T > 1.

Remark 1.5. The proof of this theorem gives a quantitative rate in (1-25), namely,

-1 —itH -1
lu(t) =V~ e ! Vuy ”Hrial"'il'.lrial NUEER (1-26)
Remark 1.6. Writing ui,(t) = Ve "V, we note that u € Hrlea] + iHrleal and |[uginllx, < 00

guarantee that uy;, is uniformly bounded in the energy space & for ¢ > 1.

Finally, we observe that we can guarantee the smallness condition (1-24) by assuming control over
weighted norms.

Corollary 1.7. Lety € (0,1) and uy € H!

real

+ iHrleal‘ If
1 4 5
1) 2T (Vutll 2 + 11(x) 37 (V) Reuy | 2
is sufficiently small, then there exists a global solution u € C(R; £) to (1-6) such that (1-25) holds.

We prove Theorem 1.4 and Corollary 1.7 in Section 7. The proof, which relies primarily on dispersive
and Strichartz estimates, consists of a contraction mapping argument that simultaneously solves the
requisite PDE for z = M (u) and inverts the normal form transformation. The argument differs little from
that used to prove Theorem 1.1 in [Gustafson et al. 2007].
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Outline of the paper. In Section 2 we set some notation and collect several useful lemmas.

Section 3 concerns the well-posedness of (1-6) in the energy space. We prove Theorem 3.3, giving
global well-posedness and unconditional uniqueness in the energy space for (1-6). We also prove a
stability result, Proposition 3.5.

The proof of the main result, Theorem 1.1, is ultimately carried out in Section 6. The strategy is
modeled on the proof of Theorem 1.3 sketched above. Recalling that proof, we can broadly describe the
three main steps as follows: (a) weak convergence uniformly in time, (b) well-posedness in the weak
topology, and (c) strong convergence. As discussed above, new difficulties in our setting prevent a naive
implementation of Nakanishi’s strategy. Thus, we need to establish some preliminary results before
launching into the proof of Theorem 1.1.

In Section 4, we consider step (b) and prove Theorem 4.1; briefly, this theorem states that if u, (0) — ug
in H Y then u, (t) — u(t) in H Y for all ¢, where u, and u are solutions to (1-6) with initial data uy (0)
and ug, respectively. As described above, ingredients include (i) a linear profile decomposition adapted
to (1-6) and (ii) a way to construct nonlinear solutions associated to the linear profiles. We prove the
linear profile decomposition Proposition 4.3 by adapting the energy-critical linear profile decomposition
for the Schrodinger propagator. For linear profiles living at unit length scales, we use Theorem 3.3 to
construct the corresponding nonlinear profiles. The construction of nonlinear profiles in the case of highly
concentrated linear profiles is more delicate and relies on the main result of [Colliander et al. 2008].
Specifically, we approximate such solutions to (1-6) by solutions to the energy-critical NLS and invoke
the stability result, Proposition 3.5. The details are carried out in Proposition 4.5.

In Section 5, we discuss the normal form transformation, which is needed for steps (a) and (c). As
discussed in the subsection on page 1526, low powers in the nonlinearity and poor spatial decay are problem-
atic for establishing the equicontinuity needed to prove weak convergence. To remedy this, we exploit non-
resonant structure in the equation via the normal form transformation M defined in (1-22). We prove some
continuity and invertibility properties of this transformation in Proposition 5.1. We also prove Lemma 5.3
relating the energy and the inverse of the normal form transformation, which plays a role in step (c).

With the results of Section 4 and Section 5 in place, we are in a position to prove Theorem 1.1 in
Section 6. Following the strategy of Nakanishi and using the normal form transformation and Theorem 4.1,
we first construct the putative scattering solution 1°°. Working with the variables z°° = M (14°°), we then
prove a weak convergence result, Proposition 6.2. Having removed the worst quadratic terms via normal
form transformation, establishing the requisite equicontinuity is a more feasible prospect; as in the work
of [Gustafson et al. 2009], however, we still need to exhibit additional nonresonance at the cubic level.

We next upgrade to strong convergence, still at the level of z°°. This relies largely on an energy
decoupling lemma, Lemma 6.3. Finally, to complete the proof of Theorem 1.1, we show that strong
convergence for z®° implies the desired convergence properties for ©°°. For this, we make use of results
proved in Section 5 concerning the inverse of the normal form transformation (e.g., Lemma 5.3).

Finally, in Section 7 we prove Theorem 1.4 and Corollary 1.7. These results are much simpler than
Theorem 1.1; they follow from a contraction mapping argument and rely primarily on Strichartz/dispersive
estimates.
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2. Notation and useful lemmas

Some notation. We write A < B or A = O(B) to indicate that A < CB for some constant C > 0.
Dependence of implicit constants on various parameters will be indicated with subscripts. For example,
A <y B means that A < CB for some C = C(¢). The dependence of implicit constants on the parameter y
defined in (1-3) will not be explicitly indicated. We write A ~ B if A < B and B < A. We write A < B
if A <c¢B for some small ¢ > 0.

We write a complex-valued function u as u = u; +iu. When X is a monomial, we use the notation
@(X) to denote a finite linear combination of products of the factors of X, where Mikhlin multipliers
(e.g., Littlewood—Paley projections) and/or complex conjugation may be additionally applied in each
factor. We extend @ to polynomials via @(X +Y) = B(X) + Q(Y).

For a time interval I we write L(,ZL; (I x R3) for the Banach space of functions u : I x R® — C
equipped with the norm

1
q
Il rcrsen = ([ IO sy 1)

with the usual adjustments when ¢ or  is infinity. If ¢ = r we write LY L% = L?, - We often abbreviate
||”||L?L§(IX[R<3) = ||”||L§1L§C and [[u|zr @3y = llullzy. We also write C(I; X) to denote the space of
continuous functions on / taking values in X.

We use the following convention for the Fourier transform on R3:

F©=0n [ e pear sota fo=en [ @ as

The fractional differential operator |V|® is defined by |W &) =I&° f (£). We will also make use of
the following Fourier multiplier operators (and powers thereof):

(€) = vy + €)%, (V) =v2y — A,
UE) =vVIEPQy+1EP  U=V(=MQy—A)T"
HE) = VIEPQy + 8P, H=V(=M@2y-»).

Fix y € (0, 1) as in (1-3). We define homogeneous and inhomogeneous Sobolev norms HY" and HY"

as the completion of Schwartz functions under the norms

L gsr =182 fllpy, and || fllggr = 1@y —A) flLs,

respectively. When r = 2 we abbreviate H ;,2 =H S and H ;’2 = H3. Note that this definition of the
H3-norm is equivalent (up to constants depending on y) to the standard one, which uses the operator
(1—A)3.

Basic harmonic analysis. We employ the standard Littlewood—Paley theory. Let ¢ be a radial bump
function supported in {|§| < %} and equal to 1 on the unit ball. For N € 27 we define the Littlewood—Paley
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projections

Poyu(€) = ¢(6)aE).  Pyu@) =[¢(H€) — ¢ H]aE). and Py =1d—Poy.
These operators commute with all other Fourier multiplier operators. They are self-adjoint and bounded
on every L% and H? space for 1 < p <ooand s > 0. We write Pj, = P<; and P = P>1.
The Littlewood—Paley projections obey the following standard estimates.

Lemma 2.1 (Bernstein estimates). For 1 <r < g < oo and s > 0 we have

VIS P<yu|

@) S N IP<vullpr@s).

||P>Nu||L§([R3) < N_SH |V|SP>N14‘ L% (R3)
3_3
[P<Nullpagsy S N7 @ |P<nulLr w3
We will need the following:

Lemma 2.2 (fractional chain rule, [Christ and Weinstein 1991]). Suppose G € C(C) and s € (0, 1]. Let
l<rrp<ooandl <ry <oosatisfy 1/r1+1/rp =1/r. Then

[IVEG@) | < IG @)l [IVFul

We will also need the following result concerning bilinear Fourier multipliers. For a real-valued

rp.
L2

function B (&1, €,) we define the operator B|[ f, g] via
B/.8]¢) := (2m)? [R BO.g=n)f(gE—n)dn. 2-1)

Lemma 2.3 (Coifman—Meyer bilinear estimate, [Coifman and Meyer 1978; Meyer and Coifman 1991]).
If the symbol B(&1, &) satisfies

102 92 B(E1.£2)| Saup (1E1] + [E2) (I HIAD

2

for all multi-indices o, B up to sufficiently high order, then

IBLS. gllley < IFllprllglyr
foralll <r <oocand 1 <ry,ry <oosatisfying 1/r =1/r1 4+ 1/rs.
Linear estimates. We record here the dispersive and Strichartz estimates for the propagators e'!2

and e~ 1tH

As is well known, the linear Schrodinger propagator in three space dimensions can be written as
. ; ilx—y|?
€8 110 = i [ B pay
R3

for ¢ # 0. This yields the dispersive estimates

i (33
le™® Fllry S CD N Ny o (2-2)

fort #0, where 2<r <ooand 1/r +1/r’ = 1. This estimate can be used to prove the standard Strichartz

estimates for e/’2. We state the result we need in three space dimensions.
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Proposition 2.4 (Strichartz estimates for elt A, [Ginibre and Velo 1992; Keel and Tao 1998; Strichartz
19771). For a space-time slab I x R3 and 2 < q,§ <ocowith2/q +3/r =2/G +3/F = % we have

t
e”Aqo—i-/ el(t_s)AF(s)ds
0

Sllelizz +IFI

q/ f/ 3y
LY L% (IxR3) Ly Ly (IxR%)

Using stationary phase, one can prove a similar dispersive estimate for e “**# (see [Gustafson et al. 2006;
2009]). In fact, there is a small gain at low frequencies compared to the estimates for the linear Schrédinger
propagator; while the dispersion relation for this propagator has less curvature in the radial direction than
that for Schrodinger, this is more than compensated for by the increased curvature in the angular directions.

Proposition 2.5 (estimates for e 1H [Gustafson et al. 2006, 2009]). For2 < r < oo we have

1

—i (3.3 1_1
le ™ Fllpp@s S 1mCEN0T £l o (2-3)
fort # 0. In particular, for a space-time slab I xR3 and2 < q,§ <ocowith2/q+3/r =2/G+3/F = %
we have

Sllelizz +I1FI

t
eTitHy 4 f e 1CIH p(5) ds o :
0 LYL(IxR3) L Ly (Ix®%)

For an interval I and s > 0 we define the Strichartz norm by

. — s . 2 .3 3
””"SS(I)_S“p{H'V' " 25q500,5+;_—}.

LYLL(IxR3) 2

The Strichartz space S (1) is then defined to be the closure of test functions under this norm. We let
NS(I) denote the corresponding dual Strichartz space.

In several places it will be more convenient to work with (1-6) rather than the diagonalized (1-11).
The linear propagator associated with (1-6) takes the form

. cos(tH Usin(tH

Y N _ (tH) (tH) || / 04
1 —Utsin(tH) cos(tH) 1

for any function f = f1 +if,. We will make use of the following Strichartz estimates for this propagator:

Lemma 2.6. Fix T > 0. Given2 <q,qg <ocowith2/q+3/r=2/G+3/F = %, we have

< Fl,a, %, 2-5

t
H ylemitHy, +/ Vv le =D  yE(5) ds
0

LILY,
where all space-time norms are over [T, T] x R>.

Proof. As we are excluding the endpoint, it suffices (via a 7 T* argument) to prove the result when
F = 0; moreover, it clearly suffices to consider each entry in the matrix (2-4) separately. In view of
the boundedness of U, three out of four of these matrix elements obey the same Strichartz estimates

as e"1"H ; see Proposition 2.5. As Py;U ! is also bounded, we need only prove Strichartz estimates for
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Pi,U~!sin(tH). However, this is easily done via Holder and Bernstein’s inequality:
-1 . L -1 .
1
<1 ||‘/’||L§(R3)' (2-6)
This completes the proof of the lemma. O
—itH

At high frequencies, the operator e closely resembles the Schrodinger propagator (on bounded

time intervals); specifically, we have

VIEPQy +[E[2) = [EP +y +m(§) with |m(§)] < (§)7> (2-7)

Indeed, it is not difficult to verify that m(§) defines a Mikhlin multiplier. This observation will play a key
role in our treatment of highly concentrated profiles in Section 4. For the moment, however, we simply
use it to obtain a crude local smoothing estimate.

Lemma 2.7 (local smoothing). Given T > 0 and R > 0,

Lo =1 —itH
VPV Vo 2 qsrixnizry SR 10lL3- (2-8)

Proof. We treat high and low frequencies separately. In the low-frequency regime, we exploit (2-4) and
argue as in (2-6) to deduce that

1 -1, —itH 3
[V PV e™ Vel querixgaizry < T2 A+ Dlgls-

In the high-frequency regime, we can use the usual local smoothing estimate for the Schrédinger equation
together with

(V12 Py = e = OO 2 g <ryy S TNz
which follows from (2-7). O
In practice, we will use the following corollary.
Corollary 2.8. Let K be a compact subset of I xR for some interval I C R. Then the following estimates

hold:

1 2
itA < itA 3 3
19211z iy S 1€ 1 10 ey 115

IVVTe VLl a0y Sk WV T V110 1 1510

Proof. Fix N > 0. By the Bernstein and Holder inequalities,

itA < itA
||VP5N6’ f”L%x(K) ~K N”e f”L}gC(IX[R?’)'

By the local smoothing estimate for ¢/*2 and Bernstein, we also have

. 1 _1
||VP>N€”Af||L%_x(K) <K ”|V|2P>Nf”LgC Sk N 2||Vf||L§-

Optimizing in the choice of N yields the first estimate.
To obtain the second estimate one argues in exactly the same way, making use of Lemma 2.7. O
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3. Global well-posedness in the energy space

In this section we discuss the well-posedness of (1-6) in the energy space. We begin by justifying the
name “energy space” given to the set £ defined in (1-9). Recall from the Introduction that if u € &,
then |E(u)| < oo. The following two lemmas prove that if the energy of u is finite, then u € £; when
y € (0, %), this requires an additional smallness condition.

Lemma3.1. If y € (3,1) and E(u) < oo, then u € € with ||u||2 < E(u). If y = % and E(u) < oo, then
u € & with
||V”||i§ S E(u) and ||Q||i§ S E@) +[Ew).

Proof. When y > % we use the fact that ¢ > —1 in (1-8) to write

1 2 4 _2\,2
E(u)22/|Vu| dx+4/(1 3y) dx,

which immediately implies the result.
We now turn to the case when y = % In this case, the energy takes the form

E(u):%[|Vu|2dx+é[q2(q+l)dx.

As ¢ > —1, we have g%(¢ +1) > 0. Thus u € H)}([R3) and ||Vu||i2 < E(u).

~

To estimate the L%—norm of g, we note that

2d 2 d .
fo =2 s varsEw

2

On the other hand, if ¢ < —% then |uq| > %; thus, by Chebyshev’s inequality and Sobolev embedding,

2 6 6 6 3
/{q<_1 q-dx <4 “ul”L?c < ”VMHL% < [Ew)]>. -

2
We next consider the full range y € (0, 1). In this case, we can guarantee coercivity of the energy
under an appropriate smallness assumption.
Lemma 3.2. Forany y € (0, 1) there exists §,, > 0 so that the following hold:
() If E(u) < oo and | Vu; ||i2 <8y, thenu € & with ||ul|2 < E(u).

(ii) For any ball B,
|V, Hii(m) <48, = /Bc %|vu|2 + %qu + %q3 dx > 0. (3-1)

(iii) If u : I x R3 — C is a solution to (1-6) with E(u) < %5}, and ||V Re u(l0)||12”2€ <&y for sometg €1,
then

[VReul 8y and ||u||ioo(1;g)§E(u).

2
<
L®L3(IxR3) —
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Proof. We begin by writing
EG) = [ 41uP + ke + Ll + 37) dx
> /%|W|2+ 74’ dx+/ L s97(a+3y)ax.
{a<—3v}
For g < ——)/ we have |u;| > g 3. Thus, by Chebyshev’s inequality and Sobolev embedding, we have
8 6
g <-3y)] < (5) 16 S 701V,

Recalling that ¢ > —1, we find that for ||Vu; ||i2 < y% we have

‘[ q+4)/)dx
g<—3y

E@w) > / LIvuf? 4 Lyg? dx.,

<y <1 2
y I Vur||$ 12 = 3lVuilza.

Thus

which yields conclusion (i) of the lemma. Claim (iii) also follows from this and a continuity argument.
To obtain (ii), we repeat the argument above, using the fact that Sobolev embedding holds in the
exterior of any ball B. O

We next turn to the question of global well- posedness for (1-6) with initial data up € £. From the

lemmas above we see that u(z) € £ and ||Vu(¢)||?, < E(up) for all times of existence, whenever

L2 ~
Hye [ ) or (2)y e ( ) and E(up) and ||V Re u0|| 12 are sufficiently small. This a priori bound
on | Vu(s)|| 12 allows us to treat (1-6) as a perturbation of the defocusing energy-critical NLS, which
was proven to be globally well-posed with finite space-time bounds in [Colliander et al. 2008]. See also

[Killip et al. 2012; Tao et al. 2007] for similar perturbative arguments.

Theorem 3.3 (global well-posedness and unconditional uniqueness). For y € [%, 1) and ug € &, there
exists a unique global solution u € C(R; £) to (1-6).

Fory € ( ) if ug € € satisfies |V Re uo||L2 <8y and E(up) < 5y, then there exists a unique
global solution u € C(R; €) to (1-6). Here 8, is as in Lemma 3.2.

In both cases the solution remains uniformly bounded in £ and for any T > 0,

”u”Sl([—T,T]) <rl

Remark 3.4. When y € (O, %), smallness of the initial data is only exploited to prove global existence;
the proof we present below guarantees uniqueness of any solution in C(/;£) on any time interval / € R.

Proof. As mentioned above, Lemmas 3.1 and 3.2 imply that under the hypotheses of Theorem 3.3 we
have ||Vu(t)||]% < E(uy) for all times ¢ of existence. This allows us to treat (1-6) as a perturbation of
the defocusing energy—crltlcal NLS. Indeed, we may rewrite (1-6) as

(i3 + Au = |u|*u + R(u),
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where R(u) =2y Reu + Z =2 Nj(u). Noting that the “error” R(u) is energy-subcritical, one may argue
as in [Killip et al. 2012, Section 4.2] to construct a global solution u € C(R; &) N LIOH 15 (R x R3) to
(1-6). A key ingredient in this argument is the main result in [Colliander et al. 2008] which guarantees
that the defocusing energy-critical NLS is globally well-posed with finite L0 H 13 (R x R3) norm. We
omit the details of this argument. Instead, we present the proof of uniqueness of solutions in the energy
space, because the choice of energy space in this paper does not allow for a direct implementation of the
methods in [Killip et al. 2012, Section 4.3].

Fix a compact time interval / = [0, 7] with t > 0 small. Let u € C(R; &) N L}OH;’%(IR x R3) be
the solution to (1-6) constructed via the perturbative argument described above. Suppose ti € C(/;E) is
another solution such that 7 (0) = u(0). We wish to show that ¥ = & almost everywhere on / x R3,

To this end, we define w = # —u and let 0 < < 1 be a small parameter to be determined below. As
w(0)=0and we C(I; H 1), we can choose T small enough so that

”w”L‘,X’H}(IxW) =1. (3-2)

30
As Vu € LIOL 3 (I x R?), we may also use Sobolev embedding and choose t possibly even smaller to
guarantee that

lellzio (7xm3) <1 (3-3)

We also note that as u and # are bounded in £, we have that g(u), ¢(i1) are bounded in L)ZC; u, U are
bounded in L8; and uy, i1 are bounded in L3 N LS.

We will first show that w is bounded in Strichartz spaces on I x R3. To see this, we write
({0 + A)w =2yu1 + N) — [2yur + N(u)],
where N(u) is as in (1-6). We make use of ¢ (1) and ¢ (i) to rewrite
(0 + Myw = O[> + [ul®) + O] * + [ul*) + Ol + |ul?)
+yq(i) + 2y + 43 + 2iyiiyiia — [yqgu) + Qy + 4ui + 2iyuius].
As w(0) = 0, we can use Strichartz to estimate
lwllpzps +lwlpapz+lwlpee s S 102 o5+ 172 pors a1 a3
el a2 l1a 2 el
+“‘I(ﬁ)”L}L)Zc‘i‘||Q(”)||L}L§C+||ﬁﬁl||L}L§+||uu1||L}L§v
where all space-time norms are over I x R3, Using Holder, we find
1l 2 pers < Pl oo e Nutllparspze S o Ml oo por 10 lL1 2 S lulloo s,
laoll1z2 < Tlg@lipeerz.  Nuulligz < tlullpsopelunllpoors.

and we can estimate similarly for z. Thus we conclude

”w”L%LS’C+||w”L‘}L§-+”w”L<;°L§ < 00. (3-4)
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We will show that, in fact,
”w”L%L§+”w”L‘,‘L§+”w”L§X’L§ =0, (3-5)

which implies w = 0 almost everywhere, as desired. To this end, we again rewrite the equation for w,
using z to indicate that either w or ¥ may appear. We have

(9 + A)w = O(lwlul* + [w|* + [w||z]> + [w 2> + [w]|z] + |w]).
We now use Strichartz, (3-2) and (3-3) to estimate
||w||L%L)6€+||w||L;1L)3(+||w||L<;OL)2(

4 5 3 2
S lwuliproro psons + 1wl 2 pors +wz=ll 2 pors + w2zl pars 3o+ lwzlpr 2 + w2
4 4 TR
Sl lwlizzpe +Hlwlpee pellwlizzre + 4l 0 o lwliLsrs
e :
+T “Z”L?oLgnw”LfLﬁ‘i‘f ”Z”L‘;C’L?C“w”L‘,‘L;Z+T||w”L‘,’°L§

1
< pt Z
=N ||w||L%L§C+T4||w||L;1L§C+T||w||L<;°L§-

Choosing 7, t sufficiently small and using (3-4), we conclude that (3-5) holds and so ¥ = % almost
everywhere on I x R3. As uniqueness is a local property, this yields uniqueness in the energy space for
solutions to (1-6). O

Next we develop a stability theory for (1-6), which we will need in Section 4.

Proposition 3.5 (stability theory). Fix T > 0 and let it : [T, T] x R3 — C be a solution to the perturbed
equation
(id;+ A—2yRe)i=N(u)+e

for some function e. Suppose that

”ﬁ”L?OH}([—T,T]xW) + ”Vﬁ||L}0L)3¢0/13([—T,T]XR3) <L (3-6)

for some constant L > 0. Let ug € H (R3) and assume that

<eg 3-7)

t
15(0) — uoll 1 + H/ =AY (s) ds <
o 0 LR L2NLY3 (=T, T1xR3)
t X t.x ’

for some & < eo(L, T). Then for eo(L, T) sufficiently small there exists a solution u : [-T, T] x R> — C
to (1-6) with data u(0) = ug and

V(@ — < C(L.T)e, (3-8)

Wl Lo 120010 1)
”u”Sl([—T,T]) <C(L,T). (3-9)
Proof. The existence of the solution u# on a small neighborhood of ¢ = 0 follows from the arguments

described in Theorem 3.3. In that setting, the solution could be extended globally due to energy control.
That argument does not apply here as ug € H ; by itself does not guarantee finiteness of the energy;
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furthermore, we permit here large data even when y < %, in which case the energy need not be coercive.
However, these earlier arguments do show that if a solution should blow up in finite time, then the
S1-norm must diverge. Consequently, we can prove that the solution exists and obeys (3-8) and (3-9) on
the whole interval [—7, 7| by showing that it obeys (3-8) and (3-9) on any subinterval 0> [ € [T, T
on which it does exist. This is what we do.

For brevity, we define the following norm: given a time interval [a, b] C R,

”u”Y([a,b]) = Hvu”L?OL)%HL}.OXH([a,b]XI]@)'
Given 0 < n < 1 to be chosen later, we divide [ into intervals J where
|J|<n and ”vg”L}OLiO/B(JxW) <n. (3-10)

The number K of such intervals depends only on L, T', and 7. Below we will show that for n sufficiently
small,

inf [u(to) —uCo) g1 <n = lu—ulyy) =<4 inf [[u(0) —u(o)ll 41 (3-11)
toeJ x toeJ x

for some absolute constant A on such intervals J. Iterating this completes the proof of (3-8) and yields
constants
go=AKETMy and C(L,T) = K(L, T, n)AKELTD,

We now verify (3-11). Writing u = % + v, we use Strichartz and (3-7) to estimate
[0llye) < inf 106}l 1 + [ VING + ) = N@I gosy + 17 1100 1+
0

where N(-) denotes the nonlinearity, as in (1-6). Moreover,

5
~ ~ ~ 5—k ~ i ke— _
[VINGE + ) = N o) < 1Vl o gaoalioll o D2 1155 (57 + ol )

5
Sk ()~ k—1 k—1)
P
FI0l oo 311 (1l +1olse ).

where all space-time norms are over J x R3. Using Sobolev embedding and (3-10), we therefore obtain

5
. 5—k
lollve < jinf o)l gy + s I5 ) +e
k=1

Choosing 7 sufficiently small, a simple bootstrap argument yields (3-11).
Using the fact that u is a solution to (1-6), a further application of the Strichartz inequality gives (3-9). O

We also record the following corollary.
Corollary 3.6 (small-data space-time bounds). Given T > 0 there exists n(T) > 0 such that
luoll gy < (™) = Nullgir.rp <7 ol

where u denotes the solution to (1-6) with data u(0) = uy.



1542 ROWAN KILLIP, JASON MURPHY AND MONICA VISAN

Proof. We apply Proposition 3.5 with i = e!’®ug. By the Strichartz inequality,

1o sy IV 020713 sy S 0o

while a little computation yields

t
H[ el(t_S)Ae(s) ds
0

5
5=k k
) SZT 4 ”uO”Hl-
SIC-T.T)  joy x

Proposition 3.5 now gives the claim, provided 7(7) is taken sufficiently small. O

4. Well-posedness in the weak topology

In this section we prove the following well-posedness result in the weak H 1 topology. As described in
the Introduction, this theorem will play a key role in the proof of Theorem 1.1 in Section 6.

Theorem 4.1 (weak topology well-posedness). Let y € (0, 1) and let {u,(0)},>1 be a bounded sequence
in E. Assume that u, (0) — ug weakly in H; R3>. If y e (O, %) we assume additionally that

IVReu,(0)| 2 <8, and E(un(0)) = %5%

where 8 is as in Theorem 3.3. Then there exists a unique solution u € C(R; £) to (1-6) with u(0) = uy,
and for all t € R we have
un(t) = u(t) weakly in H}(R?), 4-1)

where u, € C(R; &) denotes the solution to (1-6) with initial data u, (0), whose existence is guaranteed
by Theorem 3.3.

We begin with the following lemma, which guarantees that the limit u¢ belongs to the energy space
and obeys the necessary smallness conditions when y € (0, %) so that the existence and uniqueness of
the solution u € C(R; &) follow from Theorem 3.3.

Lemma 4.2. Fixy € (0, 1) and suppose {u,}n>1 is a bounded sequence in £ that satisfies up (X —xp) —
uo(x) weakly in H; (R3) for some sequence {xn}n>1 € R> Then ug € £. Moreover, if y > % then

E(uo) <liminf E(up). 4-2)
n—oo
Ifye (O, %) and |V Re uy ”12} <4y, then |V Reug ||i2 <48y and (4-2) holds. Here 8y is as in Theorem 3.3.
Proof. Without loss of generality, we may assume that x, = 0.
To prove that ug € &, it suffices to show that g(ug) € L2. As u, — uo weakly in H}(R3), invoking
Rellich-Kondrashov and passing to a subsequence, we deduce that u, — g in LZ(K) forany 2 < p <6
and any compact set K C R3. Therefore, for any ball B C R,

/ lg(uo(x))|? dx = lim / g (un (x))? dxfliminf/ lq(un (x))|? dx < oo.
B n—oo [p n—>00 Jp3

As the bound does not depend on B, this proves ¢ (u¢) € L2.
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Proceeding similarly and using (weak) lower semicontinuity of the H ;— and Lfc—norrns, we obtain
/ 3IVuol? + $vq(uo)® + £q(uo)? dx < l,iniiééf/ 3 VU + 5vqn)? + $qun)? dx
B B

for any ball B. It is crucial here that the sextic term in the energy appears with a positive coefficient.
When y € [%, 1), the energy density is positive and so the right-hand side above is majorized by

liminf E(u,). When y € (O, %), we use instead (3-1) to reach the same conclusion. As ug € £, the

dominated convergence theorem yields (4-2). O

We next prove a linear profile decomposition adapted to (1-12) for H _bounded sequences. Beginning
with the profile decomposition for the linear Schrodinger equation, we group the profiles according to
the behavior of their associated parameters. We also show that the error term vanishes in the limit under

propagation by V~le "*H 1/ (in addition to propagation by e*4).

Proposition 4.3 (linear profile decomposition). Suppose { fn }n>1 is a bounded sequence in H L(R3) and
let T > 0. Passing to a subsequence, there exists J* € {0,1,2, ...} U {oo} and for each finite 1 < j < J*
there exist a nonzero profile ¢’ € H L(R3), scales {)&] tn>1 C (0, 00), and positions {(t;, , X3 ) in>1 C RXR>
conforming to one of the following two scenarios:

e Ml =1landt] =0,
e A = 0asn— ooand eithert;, =0ort] (A})2 — +oo asn — oo,
so that for any finite 0 < J < J* we have the decomposition

J : X — xj
fal) = Y e [(m—dﬂ( — ”)]+w,{(x>
i=1

n

satisfying the following properties:

(Aj)%(eit'{Afn)(/\jx —I-X,{) — ¢j weakly in H;, 4-3)
1 —tH itAJ _
i tim supl |V TV o syl S0 g qorixan] =00 @4
J
) 2 iz ndn2 | )
sup timsup | f L1971y =l 2|0 @)
()L,J;)%(e”f{Aw,{)(k{;x —}—x,{) — 0 weakly in H)} forall 1 <j </, (4-6)
/\j /\l J_ 12 l‘j —l‘l
lim —;’+—'}+|x”jx"| +|",~ 1l oo forail j£1. (4-7)
noo AL ATl AIAL

Proof. Using the linear profile decomposition for the Schrodinger propagator for bounded sequences in
H ; (see, for example, [Keraani 2001] or [Visan 2014, Theorem 4.1]), we obtain a decomposition

A x— xJ
Falx) = Z o—ith A |:(AJ)—¢J ( Y 1 ):| +r)(x) (4-8)
j=1

n



1544 ROWAN KILLIP, JASON MURPHY AND MONICA VISAN
satisfying (4-3), (4-5), (4-6), and (4-7) (with w,{ replaced by r;,’ ), as well as

im, hnﬂl)solip le'*4 ||L;gc([—T,T]xR3) =0. (4-9)

We will first show that we may assume the parameters conform to the two scenarios described above;
in particular, we will show that we may absorb any other bubbles of concentration into the error r , while
maintaining condition (4-9). To complete the proof of the proposition, we will show that condition (4-9)
(for the new error term) suffices to prove (4-4). Note that it is essential in what follows that we work on a
compact time interval.

We will use the notation

; J
b0 =2 e (- o )|

We begin with the following lemma.
Lemma 4.4. If |t,{| + /\,’,. — 00 as n — oo, then
: itA 4 j
A le S bnllLto 171 = 0-
Proof. A direct computation gives

(A L) A
le"™ Sl -1 rixr) = 1€ 207 110 (1xm3):
where

Iz[—t,{—T —t,{+T}
a2 (A2

If )L£ — 00, then the lengths of the time intervals appearing on the right-hand side of the equality
above shrink to zero; consequently, by the dominated convergence theorem combined with the Strichartz
inequality, we deduce the claim.

Passing to a subsequence, we may henceforth assume that )L,Ji' — A/ € [0, 00). In this case, we have
|t,{ | = o0, and so the time intervals escape to infinity. Thus the claim follows once again from the
dominated convergence theorem combined with the Strichartz inequality. O

Discarding the bubbles of concentration whose parameters satisfy the hypotheses of Lemma 4.4, we can
now see that we may reduce attention to the two scenarios described in Proposition 4.3. Indeed, passing to
a subsequence, we may assume that )L] — A/ €0, 00) and tn — 1/ e (—o0,00). If M # 0, then we may
assume that /\,], =1 and t,{ = 0 by redefining the correspondlng profile to be (A/)~ it Alp/ (- /).
The error incurred by this modification can be absorbed into r ; indeed, we have

_, —l/ 7 X — xn
# =GO tA[‘i’j( ¥ )]HH
<fonter () -ento ()], ¢
An Hl

—ity] A _ =it/ M| (/=3 pd i)}” ’
e =yt (5 N
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which tends to zero as n — oo by the strong convergence of the linear Schrodinger propagator. If instead
A7/ =0, then passing to a further subsequence we may assume that either t,{ =0or t,{ (/\{;)_2 — +o00
as n — o0. Indeed, if there is a subsequence along which t,{ (/\,’,.)_2 — 1 € (—00, 00), then we redefine
the profile to be e #*2¢/ and t,{ = 0. It is easy to see that the resulting error can be absorbed into rnJ .
It remains to prove that the new error w;] (which consists of r;/ plus the bubbles of concentration whose
parameters satisfy the hypotheses of Lemma 4.4) obeys (4-4). This is a consequence of the following: if
J1_1>rr11* lim sup||e’"Aw) ||L}%([_T’T]XR3) =0,

n—>oo

then

Jlim lim sup” ylemitH yy =0.

J
ST* poseo n HL}PX([—T,T]XW)
To prove this final implication, we argue as follows: In view of the representation (2-4) and the boundedness
of U and Py U1, it suffices to verify that e T/*H ¢ F1A and P U~ sin(tH )e™'*2 are Mikhlin multipliers
with bounds that are uniform for ¢ € [T, T']. In the former case, this follows from (2-7); with regard to
the latter, see (2-6).

This completes the proof of Proposition 4.3. O

In the proof of Theorem 4.1, we will construct solutions to (1-6) associated to each ¢,{ . For profiles
conforming to the first scenario in Proposition 4.3, we can achieve this by an application of Lemma 4.2
and Theorem 3.3. For profiles conforming to the second scenario, this is a more difficult problem, which
we address in the following proposition.

Proposition 4.5 (highly concentrated nonlinear profiles). Let ¢ € H LT(R3) and T > 0. Assume {p}n>1 C
(0, 00) and {(tn, xn)}n>1 C R x R3 satisfy A, — 0 and either t, = 0 or tn)&,jz — to00. Then for n
sufficiently large, there exists a solution uy to (1-6) with initial data

n(0.) = g )= 100 [0 b (S|

satisfying
||un||$1([—T,T]) = C(”d’”[—[}) (4-10)

Moreover, for all & > 0 there exist ¢g, e € C°([—T, T] x R?) such that

o1 (f—t, x—x
lim sup un(t,x)—e_’ytkn2¢g(—2", n) <e, (4-11)
n—00 An An LI%([-T.T]xR3)
limsup|| Vun (£, x) =7 V' A * Y| =5 —— || 10 <e. (4-12)
7=>00 An o An L (-1 xR

Proof. As (1-6) is space-translation invariant, without loss of generality we may assume that x, = 0.
We proceed via a perturbative argument. Specifically, using a solution to the defocusing energy-critical
NLS, we will construct an approximate solution i, to (1-6) with initial data asymptotically matching ¢;,.
This approximate solution will have good space-time bounds inherited from the solution to the defocusing
energy-critical NLS. Using the stability result Proposition 3.5, we will then deduce that for n sufficiently
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large, there exist true solutions u, to (1-6) with u,(0) = ¢, that inherits the space-time bounds of i,
thus proving (4-10). We turn to the details.
If t, = 0, let v be the solution to the defocusing energy-critical NLS

(i9; + Ay = v[*v (4-13)

with initial data v(0) = ¢. If tn)t,f — 400, let v be the solution to (4-13) which scatters in H ; to e/ ¢
as t — £oo. By the main result in [Colliander et al. 2008], we have

lollgt gy < CCIBl -

We are now in a position to introduce the approximate solutions i, to (1-6). For n > 1, we define

~ —7 —L t_tn X
ln(t,x):=e VA 2v( —)

The phase factor e 7 is necessary. It replaces the linear factor in (1-6) by a nonresonant term; see (4-15).
Note that

”ﬁn“S‘l(R) = ”v”Sl(R) = C(”¢”H%) (4-14)

Moreover, i, (0) asymptotically matches the initial data u, (0) = ¢,; indeed, by construction, we have

. (_t_") _ e—i(tn/xg)%‘

n

—0 as n— oo.

142 (0) = ¢ ll 1 = .
X H}

To invoke the stability result Proposition 3.5 and deduce claim (4-10), it remains to show that i, is an
approximate solution to (1-6) on the interval [-7, 7] as n — co. A computation yields

4
en = (i0; + A—2y Re)ily — N(iin) = —yii, — Y _ Nj(iln). (4-15)
j=2

To establish (4-10), we have to verify that the error e, satisfies the smallness condition in (3-7) for n
sufficiently large.
Let § > 0 to be chosen later. There exist 77, 7> > 0 sufficiently large so that

1Vl L1o, qie1> 7y 3y <8 (4-16)
v(t)—e Py g <8 for £1> Ty, (4-17)
Al

where v4 denote the asymptotic states for the solution v. Note that the existence of vt is a consequence
of the global space-time bounds for v, as discussed in [Colliander et al. 2008].

We first estimate the contribution of the higher-order terms appearing in e, on the space-time slab
[T, T] x R3. Defining

Li={lt—ta] <A2Ti}N[-T.T] and I{={[t—ts]>A.T1}N[-T,T],
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we use Strichartz, Holder, (4-14) and (4-16) to obtain

t 4
‘/ U N " N (i) (s5) ds
0 k=2

LeL3NL}OL 3
S IVN2(in)li 20119 30116 + IV N3 (n)ll 574 3019 + IV Naiin) || 2013 30122
< [1Vitn ”L}OLi"/”{“ﬁ” 22017 1107, 53y T lin ”L?‘J/”L}P(Iﬁxmé)}

+ ”Vun”LIIOL;CO/B”un”L}SC{||un||Lf/3L)lCO(1an3) + ||un||L§/3L;Co(,ng3)}

~ ~ N2 ~ ~
+ ”V”n”L}OLiO/””“"”L}g{”“””LfO”L}P(lan) + ””n”L?O”L}CO([’ng)}
4

Stoly 2 AORT)™F + 17376},

k=2
Taking § sufficiently small depending on T and n sufficiently large, we see this contribution is acceptable.
Next we consider the contribution of the linear term appearing in e,, again on the space-time slab
[T, T] x R3. First, we observe that by Strichartz and (4-14), we have

t —
‘ / e E=AG (s)ds
0

To continue, using (4-17) we cover R by three disjoint intervals 7.0 and 75 such that

L2H LS (=T.T]xR3) = ”ﬁ"||LtlH§([—T,T]xR3) §||¢||H)1C T. (4-18)
(= 1,1]X

. . 1 .
|10] <2A2T, and ﬁ,,—e—’V’e’“—’")A[A 21&( )] <. (4-19)
An ) HLoe FY (1 xm3)
By Strichartz, Holder, (4-14), and (4-19), we have
‘i A O 2
‘ [ IR i ds| < nls o igsy Siol 0 A2To (@20)
0 L®H}([-T,T]xR3) x
Using the triangle inequality, Strichartz, and (4-19),
t
H f T8y s ()itn(s)ds|
0 7 L®HI([-T,TIxR3)
£ 1 .
5 TS + / el(t+tn_2S)A)(Ii(S)elyS/\n2@(—) ds (4_21)
0 Z An L H}([-T,T1xR?)

Now for any —T <a < b < T, an application of Plancherel gives

b
/ eis(y—ZA)A;EE(;) ds
a An

b S~
/ eSH2ED) 202 T3 (EA,) ds
a

2
Ly

-
< |0 + 206278143 75 €A ez

J (4-22)

2
gy [ —
2|§|2+ Az
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which converges to zero as n — oo by the dominated convergence theorem. Collecting (4-20), (4-21),
and (4-22), we obtain that

t
/ e C=IAG (5)ds
0

_ 5“(15"1,{1 )L,ZIT2+T5+0(1) as n — oo.
L HI(-T,T1xR3) x
Interpolating with (4-18) and taking § sufficiently small depending on 7 and taking » sufficiently large,
we see that the contribution of the linear term in e, is also acceptable. This completes the proof of (4-10).

Finally, we turn to (4-11) and (4-12). For & > 0, we approximate v by ¢, s € C°(R x R3) such that

1 1
v _¢8||L}&(RX[R3) <3¢& and [|[Vv— 1/’8””&/3(@)(@3) <3¢&

and take n sufficiently large so that

||un - ﬁn ”L}gcﬂL;O/3H;'10/3([—T,T]xR3) < %8.
The two claims now follow easily from the triangle inequality. O
Finally we turn to the proof of Theorem 4.1.

Proof of Theorem 4.1. As mentioned above, by Lemma 4.2 and Theorem 3.3 we have that u and all of the
up are global-in-time solutions to (1-6).

Fix T > 0. We will show that for any subsequence in n there exists a further subsequence so that
along that subsequence, u, (f) — u(r) weakly in H Yforallt € [T, T]. As the limit is independent of
the original subsequence, this will prove the theorem.

Given a subsequence in 1, we apply Proposition 4.3 to u,(0) — uo and pass to a further subsequence
to obtain the decomposition

J . )
un(0) —uo =Y ¢ +w;  with ¢ (x) :=e—f’%A[(/\{;)—i¢f(x a )]

J
= ¥

which satisfies the conclusions of that proposition. By hypothesis, u,(0) —uo — 0 weakly in H ;; using
also (4-6) and (4-7), this implies that for all j > 1 we must have

w,{ — 0 weakly in H; and (k,{)_l + |t,{| + |x,Jl| — 00 as n— 00. (4-23)

Indeed, one can first prove the divergence of the parameters by a contradiction argument. Briefly, if some
()L{;)_l + It,‘{ | + IX;{ | were to remain bounded as n — oo then one could use (4-6) and (4-7) to deduce
that ¢/ = 0, a contradiction. Once the divergence of the parameters is established, the weak convergence
of w; to zero then follows.

Throughout the proof we write

0

X—X i
n )i| with parameters )Lg =1, Z,? =0, x,?

0.
A

¢0(x) := e~inA [(A?,)—%uo(
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In view of (4-23), the decomposition
J .
un(0) =Y ¢) +w;
j =

satisfies the conclusions of Proposition 4.3.

We next construct nonlinear profiles associated to each d)n If j conforms to the first scenario described
in Proposition 4.3, then (4-3) and Lemma 4.2 guarantee that #; € & and moreover, ||V Re ¢n I 2 = 3y
and E (¢n) < 15y if y € ( ) Thus by Theorem 3.3 there exists a unique solution u;, to (1-6) with
data u; (0) = ¢;; in particular, ||u,], I $1(—1.r7) < °°- Note that u9 is simply the solution u from the
statement of Theorem 4.1.

If j conforms to the second scenario described in Proposition 4.3, we let u{, denote the solution to
(1-6) with data u,Jl 0) = ¢,{ constructed in Proposition 4.5.

In either scenario, for all & > 0 there exists qﬁg , ng € CX([-T, T] x R?) such that

J (%) — e~V () ﬂx—x,ﬁ)

ul(t,x)—e A 2¢/] ((A‘,ﬁ)z’ )L,j,.

. —t) x—x]
Vuy (t,x) — _’yt(ﬂ)_iws ( ¢ ' ")
A2 A

lim sup
n—>0o0

<e, (4-24)
L% ([-T.T1xR3)

lim sup
n—-oo

<e. (4-25)
L% (T, T1xr3)

Note that the phase e ¥’ has no significance for j conforming to the first scenario described in
Proposition 4.3; we simply incorporate it so as to treat both cases uniformly. For these j, both ¢6
and ;] are chosen to approximate e'?’u;, 7

As a consequence of (4-24), (4-25), and the asymptotic orthogonality of parameters given by (4-7), for

all j # [ we have
ludunllys + g Vgl s 1sis + 1V Vg [l s 153 = 0. (4-26)

where all space-time norms are over [—7, T] x R3,
We next claim that for j > 1 we have

u{, (t) =~ 0 weakly in H; (R3) as n — oo for every ¢ € [T, T]. (4-27)

Indeed, if j conforms to the first scenario, then (4-23) implies that |x,{ | = oo and hence (4-27) follows
from the space-translation invariance of (1-6) together with uniqueness. If j conforms to the second
scenario, then we have )L{; — 0; however, as (1-6) is not scale invariant, the argument just described
does not apply directly. For this case, we recall that according to the construction in Proposition 4.5,
u{, are asymptotically close in L% H; (up to a phase factor) to rescaled solutions to the defocusing
energy-critical NLS as n — oco. Using the scaling symmetry and uniqueness for (4-13), we see that these
rescaled solutions converge weakly to 0 in H ; at each time; by construction, u,jl inherit this property.

To continue, we define
J

u,{(t) = Z u{, )+ y~leTitH Vw,{.
j=0
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Note that u,{ (0) = u,(0). In what follows we will prove that for n and J sufficiently large, u,{ is
an approximate solution to (1-6) with uniform space-time bounds on [T, T] x R3. An application of
Proposition 3.5 will then yield that for any & > O there exist n and J sufficiently large so that
J
lven =5 | oo 1 (-7, 71xm3) = &

On the other hand, using (4-23) and (4-27) and recalling u = u9, we see that for J fixed, u ,{ t)—u()—0
weakly in H ) for all € [T, T). Thus by the triangle inequality, for any ¢ € C>°(R?), we have

[(un () —u(1). )| < [{un(t) —uy (1), @)| + |(u;) (1) —u(?). ¢)|
< Jun(@) =5 Ol i l@ll g1 + |5 (1) = u(@), 9}
See+o(l) asn— oo,

which proves the claim in Theorem 4.1.

Thus it remains to show that for n and J sufficiently large, u,{ are approximate solutions to (1-6) with

uniform space-time bounds on [T, T] x R3,
Our first step in this direction is the following lemma.

Lemma 4.6 (finite space-time bounds). Given T > 0, we have
: J J
suplim sup [z 1110, @,y + 1V o 300107 ] 1 (4-28)

Moreover, for any n > 0 there exists J' = J'(n) sufficiently large so that

J J
lim supH ul + Vu/ i| <n (4-29)
n—»00 j;/ " LI ([-T,T]xR3) jzzj/ " L10L30/10 (T, T]xR3)

uniformly in J > J'.

Proof. By the asymptotic decoupling of the H ; -norm in (4-5), there exists Jo = Jo(7') such that for all
j = Jo we have || ¢/ ”H} <n(T), where n(T) is as in Corollary 3.6. In particular,

g g1 gy ST 197 g1 forall j = Jo. (4-30)

On the space-time slab [T, T'] x R? we use Lemma 2.6 to estimate

J 2

[l 12,0 S IVl H vl |2, + H(Zu,g)
t.x t.x '—o
Z

5
Lt.x

J

Stlwy 13y + D 1700+ g ls -
Jj=0 J#l

This suffices to show that the first term on the left-hand side of (4-28) is finite. Indeed, we use (4-5)

and (4-30) to bound the first two summands and (4-26) to bound the last (double) sum. An analogous

argument yields that the second term on the left-hand side of (4-28) is also bounded.



FINAL-STATE PROBLEM FOR CUBIC-QUINTIC NLS WITH NONVANISHING BOUNDARY CONDITIONS 1551

To prove (4-29) one argues as above, taking J’ > J large enough that

D eI <.

j=J’
Note that this is possible because of (4-5). O
We next prove that the u,{ are indeed approximate solutions to (1-6).

Lemma 4.7 (asymptotic solution to (1-6)). We have

lim hmsupHV[(lat + A =2y Re)u N(u,{)

J=>J* n—oo

]HNO([—T,T]) =0.

Proof. Throughout the proof of the lemma, all space-time norms will be over [T, T] x R3. Writing

Wy ==V le tH Yy we have

e,{ = (i0¢ +A—2)/Re)u,{ —N(u,{)
J

J
= 3 M) —N(Z J) N (ud =)= N,
j=0 j=0
Computations similar to those employed in the proof of Proposition 3.5 yield
5 A
‘ Soky I, k—2
H [Z NGup) = N(Z ’)]HN S T Vil sy 1
j=0 k=2 j#l m=0

which converges to zero as n — oo in view of (4-26) and (4-30).
Thus, it remains to show that

~J . — -
Sim hnrisupﬂv[zv(u — ;) = Nu)]| goqrry =0 (4-31)
We argue as follows: First, we estimate
”V[N(“J—wj)_N(”J)]”NO([—TT])
71\
<1Vl o303 1057l xo ZT (e 1738 + 103 177)
k=2
+ [V, ||L10Lzo/132T ||wJ||Lm + g Yoyl s, sz ||uJ||Lm
k=2 k=2

That the first two summands above go to zero as n — 0o and then J — oo follows from (4-4) and Lemma 4.6.
Thus, (4-31) will follow from Lemma 4.6 once we establish

11m lim sup [|u;) Vb ||L5L15/8 =0. (4-32)
J—

T+ e (~T,TIxR3)
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We will prove that the left-hand side of (4-32) is < n for arbitrary 1 > 0. By the definition of u , the
triangle inequality, and Holder, we estimate

Jo.~J
”un an ”L?L)ICS/S
J'—1

Z uJVw

j=0

J
Uy

||Vw ||L10L30/13 +

< "'J "'J
< [y, ”L}‘; [V, ||L;OL)3€0/13 + L?L)ICS/S’

j=J’ I

where J' = J'(n) is as in the statement of Lemma 4.6. Using (4-4) and (4-29), we see that the contribution
of the first two summands on the right-hand side of the formula above is acceptable.
It remains to prove that

lim lim sup ||u) Vi, ||L5L15/8 =0 foreach 0<j <J' (4-33)
J=>J*

m—— (-T.T1xR3)
Assume first that 0 < j < J’ conforms to the first scenario in Proposition 4.3. Fix ¢ > 0. Invoking

(4-24) and using the triangle inequality, Holder, interpolation, and Corollary 2.8, we estimate
I Vi3 s 1575 = g (2. 0)=e 7 L (1. x=x) | 1o (VD5 | 10 30013+ 167 Vs (et 5 157

<e+|¢ 2| V) (x4x7) v
197111121 ”w IV

J J J
~¢J 8+||w “L”’ ”w “6 1||Vw ||L10L30/1%

By (4-4), we see that (4-33) follows in this case.

Now assume that 1 < j < J’ conforms to the second scenario in Proposition 4.3. We split 11),{ into
low and high frequencies and estimate them separately, starting with the low-frequency piece. Fix ¢ > 0.
Arguing as before, using (4-24), Holder, and Bernstein, we estimate

J J
||unP<(lJ) lvw ”LS 15/3 Set ” (/\j)_jgﬁs (—tn a _xn)
)2 An

Se+ ||¢€J ||L}°Li°/l3||wn “L}(}

P . VII)J
pogsornal =iy Y Pl

In view of (4-4), this contribution is acceptable.
We now consider the high-frequency piece. Using (2-7) we can deduce

| Pon — Pone™ =DVl Y|y 1 <7 N7

uniformly for N > 1 and ¢ € [T, T]. Thus

106V Py B3 s L1555 ey
AT \2 j J
Sr ”Mn PZ(A’J;)flvelt wy, ”L?L)ICS/S([—T,T]XR3) + (/\iz) ||M}J1||Ltlgc([_T,T]x[R3)”wn ”H}
j it A
Sret ||¢a{ Ve'! fn”L?L}(S/S(I,,x[RE% +o(1) as n— oo,
where

FaX) = Psi(M) 2w Aix +x]) and 1, = {lt — 1| < A)*T).
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To continue, we estimate in much the same manner as for j conforming to the first scenario:

j itA itA itA
I82VE full 11578 g iy S 18 ge 22192 f Ve full 030151

(SUPP¢£ NI, xR3)
it A A
~¢1 ||el fn|L10 ., x[R{3)”f"”;11 ||Ve” fn”

itA J”

L1°L3°“3(1 xR3)

7 AT
||6 1||V€” ||

i € L. |

n L0307 (T, T1xR3)’
where we have again used Corollary 2.8. Recalling (4-4), we see that the contribution of the high-frequency
piece is acceptable. This completes the proof of (4-33) and hence the proof of Lemma 4.7. O

The final step in checking the hypotheses of Proposition 3.5, which will finish the proof of Theorem 4.1,
is to verify that

lim sup lim sup ;] ||LooH L([=T.T]xr3) ST 1.
J—>J* n—>00

In view of Lemma 2.6, we have

e oo g1 -1 71xm3) <7 Nt Ol gy + 1V oz 79y + VN oz, 77)-

The requisite bounds on the right-hand side now follow from Lemmas 4.6 and 4.7. O

5. Normal form transformation

In this section we discuss the normal form transformation that we use throughout the rest of the paper. The
use of normal form transformations originates in work of Shatah [1985] and has since become a widely
used technique in the setting of nonlinear dispersive equations. The transformation we use is similar to
the one used by Gustafson et al. [2006; 2007; 2009] in the setting of the Gross—Pitaevskii equation.

Suppose u is a solution to (1-6). As mentioned in the Introduction, the quadratic terms in the nonlinearity
are the most problematic when it comes to questions of long-time behavior; in particular, the worst terms
are those containing u#, = Im u, since in the diagonal variables we have u, = U ~1y,. We would like to
find a normal form transformation that eliminates if not all, at least the worst quadratic terms.

To this end, we let B1[-,-] and Bj[-, -] be arbitrary bilinear Fourier multiplier operators defined as in
(2-1), with symmetric real-valued symbols By (&1, &>) and B2 (€1, £2). Then

U:=u+ Bilui,u1] + Baluz, us]
satisfies the equation

(i3 + A)ii — 2y@i; =
By +Hui — 2y — A)Bifu1, ui] (5-1)

+yus — 2y — A) By [uz. us] (5-2)

+ 2i (yuuz + Bi[uy, —Auz] — Bauz, 2y — Auy]) (5-3)

+ cubic and higher order terms.
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While the symmetry of B; and B, makes it impossible to eliminate all of the quadratic terms, we see
that if we choose

By((1.5)=yQy + |81+ 67 e, Balf gl =v(V)2(fg),

then (5-2) = 0. This allows us to eliminate the worst quadratic term, namely, the one containing two
copies of uy. Moreover, choosing B; = B, we get

i =u+y(V)?ul,
with
G-)=Qy +4u? and (5-3)=—4iy(V)"2V-[u;Vus].

The derivative appearing in front of u5 is a welcome addition in light of the problem at low frequencies.
Similarly one can compute the higher-order terms. In general, one finds that for k € {3, 4, 5} the terms
of order k are given by

Ni(u) +2i {B1[u1, Im(Ng_1 (u))] — B2[u2. Re(Ng_1 ()]},
where the N, are as in (1-6). Notice that there are no sixth-order terms, since B; = B, and 1 Im(N5(u)) =
us Re(Ns(u)).

Finally, we employ the transformation V'u = u1 4 i Uu, to diagonalize the equation. Our normal form
transformation is therefore given by

2= M) = Vu+y(V)?|ul?, (5-4)
and z satisfies the equation
(10: —H)z = Nz(u) (5-5)
with
Re[N; (u)] = U Re[N (1) — y|u|?]
= U[Qy+4ui + (v +8)ui + (v + Hurud + (Suf + 6ujus +us) + [ul*u1)],
v
(V)2

\Y
=—wp [4yu1 Vuz | + U [(y + Hutuz + yu3 + dugus|ul® + [ul*us)].

We should briefly pause to point out the improvements present in (5-5) with respect to (1-6). Firstly,

Im[N; (u)] = — [4yurVuz + V(y[ulPuz + ¢*uz)]

(5-5) does not contain a quadratic term involving two copies of u,. Secondly, the remaining quadratic
terms involving u, exhibit a derivative of this problematic term. Lastly, all the remaining terms appear
with a derivative at low frequencies, which is helpful throughout.

We next discuss the invertibility of the transformation (5-4). Note that by using the definition of (V)2
we can rewrite the transformation as

M) =U?u; +y(V)2q+iUus, (5-6)

where ¢ = q(u) = 2uy + |ul%
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This normal form transformation is a homeomorphism from a neighborhood of zero in £ onto a
neighborhood of zero in H ; To prove this, we make use of the neighborhoods

MEq.eo ={u €€ E(u) < Eg. |lull g < eo}.
Ny o =S € HY: | fllz < CEp. [1fll6 < Ceohs
where C denotes an absolute constant depending on y.
Proposition 5.1. Fix Eg > 0 and g9 > 0.
(i) Ifye (% 1), then M : ME, ¢, —>NEO,80+8% continuously.
G If y = %, then M : MEg, ¢, — Eo+E3 co+e2 continuously.

(i) If y € (0, %), then M : Mg, e, N{|Vu1|3 < 8y} — NE0,80+8(2) continuously, where §, is as in
Lemma 3.2.

(iv) Given E1 > 0, there exists 1 = £1(E1) and a continuous mapping
R 2/\/'51581 — &
such that M o R =1d on Ng, ¢, and |R(f)|le < E1 for f € NE, ¢,-

(v) Suppose y > % Given E3 > 0, there exists €3 = €2(E3) so that M is a homeomorphism of ME, ¢,
onto a subset of H ; (R3) and has inverse R. In particular, M is injective on M Eyer- Ify < % then
the analogous assertions hold on Mg, ¢, N{||Vuq ||% <&y}

Remark 5.2. We warn the reader that just because M (u) is small in Lg, one cannot guarantee that
u = (Ro M)(u). However, this would follow if u were sufficiently small in L?C. This subtlety contributes
nontrivially to the complexity of the proof of Theorem 1.1.

Proof. The proofs of the first three claims parallel one another closely. We will only present the details
when y € (% l).
Letu € Mg, ¢, Recall from Lemma 3.1 that

lu? < Eu) < E2.

We first show that M (u) € Ny 2. Using the representation (5-6), we estimate

0.60+¢
1M1 < 102Ul + 1Y) gl g + 1Uuall gy < lull s + gl 2 < Eo.
Using the representation (5-4) and Sobolev embedding, we estimate
1Mol s < lurllge + 1Un2lls + (V)]
< lullge + V1Y) 2l L2
S llullps + IIMIIig
<eo+ 8(2).

Collecting these estimates, we conclude M (u) € N/ Eo.c0+e2"
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To prove the continuity of M, we note that for u, v € £ we may write
M(u) — M) = U*(ur —v1) + y(V)2[g () = q(v)] + i U(uz = v2).
Estimating as above we find

I M) = M) 1 < de . v).

We turn now to the fourth claim in the statement of the proposition. Let f € Ng, o,. We aim to show
that for &1 = £1(E1) > 0 sufficiently small, we can find a unique u € £ such that M (u) = f, that is,

u, =U"11,,
ur = fi—y(V)2U o] —y(V)2ui.
To this end, we define

Rr(uy) = fi—y(V)2[U! fo]? — (V) 2ui.

We will show that for &1 = £1(E1) sufficiently small, Ry is a contraction on

. 1 3
B:={ui € Hy : |urll gy < CEx1, Juil g < Cle1 +¢7 E7)}

with respect to the metric d(u1,v1) = ||u1 —v1 || g1, where C denotes an absolute constant depending
X
on y.
We first show that Ry : B — B. We have

IR e)lg <1 fills + (V)20 ol o + 1OV) 3 (5-7)

The first term in (5-7) is controlled by e; by assumption. For the second term in (5-7), we use Sobolev
embedding, Bernstein, and interpolation to estimate

+ |l 20w )]

o 1(v)? L3

< IVPUT Sl U™ foll e + 1 PO foll 21U fol e
1 3

SN

For the third term in (5-7), we have

[(9)207 Pl % | Pt~ P

_ L,
V)il g < NIVIZIV) 2ud] L2 < sl
Thus, for u; € B and &1 = £1(E1) sufficiently small we obtain
1 3
IRy 1)l e < Cler + e E7).
To continue, we estimate

IR o)l < 1Al + 109207 L1 g + 109203 1. (5-8)
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The first term in (5-8) is controlled by E by assumption. For the second term in (5-8), we argue as above
to find

o — \Y — \Y - — 1 2
)20 Py < | et 2| | Sl 0@ ]| U1
For the third term in (5-8) we estimate

_ 3 _
V) 2udll g S [IVI2V) 20 22 < lull g 1Vl 2.

Thus for u1 € B and ¢; = ¢1(E1) sufficiently small we have
IR ()l 1 < CEn.

Collecting these estimates, we conclude that Ry : B — B.
Next we show that Ry is a contraction with respect to the H ! -norm. We first use Sobolev embedding,
Bernstein, and interpolation to estimate

H(Vlﬁ[(ul + v1)(u1 —v1)] ‘H}

ME
< [(u1 +v1) Priuy —v1)] 1
Hy

(V)2

+H(Vlﬁ[P10(M1 + Ul) Plo(ul - Ul)]'

L3?

(V)? H}
Sl +villpe 1 PriCur —vi)ligz + IV Py +v)ll gz llur —vill e

+ lur + vl e IV Po(ur — o)l 3 + [ Priur +vo)llpz lur —vilige

+ HL[Phi(M +v1) Pio(u1 — “1)]'

1 1 1 1
< (heall7 o unll %+ loal Ze vl ) len = vill - (5-9)
Lx Hx Lx Hx X

In particular, for &1 = &1 (E) sufficiently small we deduce that

IR 1) = Ry D)l g1 < 3lur —vill g1

Therefore, by the contraction mapping theorem there exists a unique u1 € B such that Rr(u1) = u;.
We define R(f):=u; +iU~! f5. By construction, we have M(R(f)) = f.
It remains to see that u := R(f) € £ with |u|le < E1. As u; € B, we have
el gy < llueall gy + ||U_1f2||H)g SEi+ | 2lg: S Ev
Moreover, by Holder,
lgollze = 121+ UuPl2 < 1/ 12 + 10,2
SE+ ||V@[(Plou)2]||L§ + 19w Priv) |l 2
S Ev+ IV Poull 2 | PoullLge + lull ol Privll L3
SE+ ||u||gx1[||Plou||L§° + ||Phiu||L§C]-
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Using Bernstein, Holder, and interpolation, we estimate

1 4
_1 = 3
Pl S lnll g + 1Pl foll o S Tunllg + 1 foll zos < It g + 1l 1211

and
1 1

1 1
[ Privell s < 1 Phivallpz + 1Pnifallps < ||u1||z§||u1||;ﬂ + ||f2||22||f2||12~ﬁ-
Taking &1 = £1(E1) sufficiently small, this proves ||q(u)||L)2( < E;.

To complete the proof of the proposition, it remains to address part (v). From (5-4) and (5-9), we see
that M is injective on Mg, ., provided &3 is sufficiently small depending on E>. By shrinking &5, if
necessary, we can further ensure that M (Mg, ,) is contained in a region where R is defined (this relies
on all the other parts of the proposition). It then follows that M is a homeomorphism on M(ME, ,)
with inverse R. O

The last result of this section relates the energy and the inverse of the normal form transformation; this
will be useful in the proof of Theorem 1.1.

Lemma 5.3. Let {z,}y>1 C H} be uniformly bounded and assume that z, — 0 in LS. Then
E(R(zp)) = %||z,,||§l% +o(l) as n— oco.

Proof. By Proposition 5.1 (and its proof), we have that R(z,) exists for n large and

limsup [|[R(zx)|le £1 and  lim ||Re R(zx)| 6 = 0. (5-10)
n n—>0o0 X
We first claim that
R(zpy) =V 'z, +0(1) in H}as n— occ. (5-11)

Indeed, from the construction of R via the fixed point argument in Proposition 5.1, this amounts to
proving that

1(9) 72U m 2Pl gy + (V) 2[Re RGPy = o(1) a5 = oc.
To see this, we use the decomposition
[U™ ' Imz,)* = [PU ' Imz,]* + O[(U' Im z,) PiiU ™' Im z,, | (5-12)
together with Bernstein, Holder, (5-10), and the hypotheses of the lemma to estimate
[V U™ Imza?| g2 < [IVIEPOU ™ Imzg)? | 2 + (U Imzy) PyU ™ Imzs |

S Mmzy| 31U Imzy | o
1 1
Slzalllzall 7> znll gy = 0(1) as n — oo,
— 3 —
[(V)72Re R(zn)P?|| gy < |IVIZ(V)?[Re R(za)I? | 32

S IVRe R(zn)ll 2 IRe R(zn)ll g = o(1) as n — oo.

This completes the proof of (5-11).
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We now turn our attention to the terms in the formula for £(R(z,)) containing g(R(z,)). Using the
representation (5-6), we observe that

M) = %q(u) — %U2(|u|2) +iUImu andso ¢(R(zx)) =2Rez, + U?(|R(z)]?).
We next claim that
q(R(zn)) =2Rezy +0(1) in Li as n — oo. (5-13)

To prove this, we note that Im R(z,) = U ~!Imz, and use the decomposition (5-12), as well as the
analogous decomposition for Re R(z,). Arguing as for (5-11), we estimate

10U Imza P2 < [IVIPOU ™ Imz]? | o + (U™ Imzp) PiU ™ Imzy || 2 = 0(1),
IU[Re R(za)Pll 2 < [IVI[PioRe R(zn)I? | 372 + | (Re R(zn)) Pri Re R(zn) | .2
SIVRe R(zn) 2 [ Re R(zn) |l 16 + | Re R(zn)ll 6 || Pi Re R(za) |l 2
SIVRGE) 2 Re R(zn)ll s = 0(1) as n — oo.

This completes the proof of (5-13).
Finally, we note that

qg(R(zy)) =0(1) in Lfc as n — oo. (5-14)
Indeed, arguing as above we find
1 1
IRezullLa 5 Izal} lznll g = 0(1) a5 n— oo,
IU%[Re R(z))%llz3 S IRe R(zn)7 o =0(1) as n— oo,
10 [Im Rza)P N3 < [IVIPU ™ Imza) | 13 + (U™ Imzp) PiU ™ Imzy |
< Imzn||L§ H|V|_1 Im z, HL§ + ”U_l Imzn||L§,C [ ImZnIILg;
S lzallzglznllyy =o0(1) asn —oc.

Putting together (5-11), (5-13), and (5-14) completes the proof of the lemma. O

6. Proof of the main result

In this section we prove the main result, Theorem 1.1. As discussed in the Introduction, the proof is
based off of a strategy of Nakanishi; see especially Theorem 1.3 and the sketch of proof thereafter. For
the convenience of the reader, we restate the main theorem here.

. '1
atiH

real’

Theorem 6.1. Suppose y € [%, 1). Foranyuy € H!

o there exists a global solution u € C(R; £)
to (1-6) such that

[l (@) —wiin (D) ]| g1 =0, (6-1)

lim
t—>00
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where uyin(t) := V" le ™ "tH yy  Moreover,

Jlim de (u(®). win(1) =y (V)" una(1)]?) = 0. (6-2)
Fory € (O, %), these conclusions hold if ||u4+ ”Hréal-‘riHrleal is sufficiently small.

Proof of Theorem 6.1. Let uy € Hréal + iHrleal. We define z4 = Vuy € H} and we let Eg := ||Z+||H)%.
We first claim that
lim |le~"*H
t—>00

Ztllpe =0. (6-3)

Indeed, given > 0 we may find ¢ € S(R?) such that ||z —¢|| Al <1 Using the dispersive estimate
(2-3) and Sobolev embedding, we find

—itH —itH

le™ ™z e <lle™ ™ ollpe +llz+ =@l gy <l el ors + .
which yields (6-3).

Next, we choose ¢¢ sufficiently small depending on E¢ as in Proposition 5.1. By (6-3), there exists
To > 0 such that e/ 7 ¢ NEg,s0 for t > Ty; thus for any T > Ty, we may define R TH; yeg
so that M(R(e™'THz,)) = e ' THz  with |R(e7'THz,)|¢ < Eo.

By Theorem 3.3, there exists a global solution u” € C(R; &) to (1-6) with u” (T) = R(e™'THz,).

Note that when y € (0, %), we require Eg to be sufficiently small to guarantee that
IVRe@" (O)]7, <8, and E@’(0)) < 36, (6-4)
uniformly in 7, where §,, is as in Theorem 3.3. We define
qT = q(uT) = 2u¥w + |uT|2 and zT := M(uT).
Note that (u”, zT) solves (5-4)—(5-5) with zT(T') = e 7iTH ;. Furthermore, we have

12" Oy + " Ol g + g Ollpzazs + ] Ollzaze SEo 1 (6-5)

uniformly in ¢ and 7.

As a consequence of (6-5), there exists a sequence 7, — oo and a function ug € H; such that
uTn(0) = ug weakly in H 1. As (6-5) and (6-4) imply that {uT7(0)} satisfy the hypotheses of Theorem 4.1,
we may apply this theorem to deduce that

uln(t) ~ u™®(r) weakly in H! forall 7 € R, (6-6)

where u® € C(R; £) denotes the solution to (1-6) with initial data ¥®°(0) = ugo € £.

We define z%° := M (u°°) and note that (u°, z°°) solves (5-4)—(5-5). We will prove that u®° is a
solution to (1-6) that satisfies the conclusions of Theorem 1.1. A first step in this direction is the following
weak convergence result.

Proposition 6.2. We have

e 7900ty ~ 2z, weakly in H} as t — oo.
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Assuming Proposition 6.2 for now, we proceed with the proof of Theorem 1.1. We begin by upgrading
the weak convergence from Proposition 6.2 to strong convergence, namely,

lim [z°°(t) —e "z |1 =0. (6-7)
t—>00 X
Using Lemma 4.2 combined with (6-6) and Lemma 5.3 combined with (6-3), we can first write
E@™) <liminf E(u™") = liminf E(R(e ™" "7 21)) = 3|24 112, (6-8)
n—00 n—00 x

At this moment, it is tempting to attempt a Radon—Riesz-style argument. Recall that the Radon—Riesz
theorem says that if x,, — x weakly in some Banach space X and limsup F(x,) < F(x) for some
uniformly convex function F : X — R, then x,, — x in norm. (This is most often quoted in the case of a
uniformly convex Banach space with F being the norm.)

The ideas just sketched were adapted beautifully to the Gross—Pitaevskii setting treated in [Gustafson
et al. 2009]. As discussed in the Introduction, those authors exploit

Egp(u) = $IM)I%, + SIURPI2, = JIM@)),,

which holds under no additional hypotheses. As also discussed there (see (1-23), in particular) the energy
functional for the cubic-quintic problem admits no such global inequality. Correspondingly, we need to
keep track of the structure of z%°(t,) as t,, — oo and then demonstrate the requisite coercivity is available

in this particular limiting regime. To achieve this goal we will use the following lemma. Note that the

2

result on E plays a key role in controlling the kinetic energy of the real part when y < 5

Lemma 6.3. Let {uy},>1 C & be uniformly bounded. Assume that we may write u, = &, + rp, where &,
satisfies

Sl;:p ”é/':””Hrial—l—iHrial <1 and nll)n;o ”E”HL,%ﬂL?C =0.
Then

Furthermore, if E denotes the reduced energy defined via

E(f) = / LV FPR 4 Lylg(H)Pde = LE(H) — L / a(/)? dx.
then
E(un) = E(rn) + 31 Vénly + 3 Re(M(rn). Vén) gy +0(1) as n — oo, (6-10)

Proof. We will only prove (6-9). Claim (6-10) can be read off from the proof we give below.
To begin we observe that

q(up) =q(rn) +2Reé, + |§"n|2 + 2Re(§nrn)-
By hypothesis, r, = u, — &, is uniformly bounded in L. Using this and our assumptions on &,, we see

qun) =q(rn) +2Re&, +0(1) in L)2C as n — 0o,
q(un) =q(rn) +o(1) in L3 as n — oo.
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Moreover, as u, is bounded in £ and Re &, is bounded in L)ZC, we deduce that ¢ (ry,) is uniformly bounded
in both L2 and L3.
Therefore, we obtain
E(un) = E(rn) + / %|v$n|2 =+ Re(vénvrn) +yq(rn) Reén + y(Re i"n)2 dx +o(1)
=E(ry) + %”VS”HJZLQ + Re((2y —AN)YM(ry), Vén)szc 4+o0(l) as n— oo. O
We return now to the proof of (6-7). Let us begin by showing that

Eu®) > 3lz4|l (6-11)

2

HY
which combined with (6-8) fully identifies £ (x°°). While natural, this is not (in and of itself) essential
to the argument; it does, however, force us to control the contributions of parts of the energy with the

unhelpful sign. It will be this control that will ultimately allows us to complete the proof of (6-7).
Let ¢, — oo be an arbitrary sequence. We apply Lemma 6.3 with

up = u>®(t,) and &, := (d®Pspy, )V te iz, (6-12)
where N, € 2% converges to zero sufficiently slowly to guarantee that
HE”HLEHL? —0 asn— oo. (6-13)
Note that this is possible because of (6-3). In view of (6-9), we obtain
E@®) = E(ra) + 3| 1d @ P2y, )e " 2y |31
+ Re(M(rn), (Id @Pan)e_ithZ_F)H/\]/ 4+0(l) as n—oo. (6-14)

By Proposition 6.2, e/ Mu>(t,)) = e'"H z%°(t,) — z; weakly in H!. On the other hand, by
(6-13), we have

M@ (1)) = e~z + M(rp) — P<y, Tme™ "7 21 4 y (V) 7?[|&, > + 2Re(Enrn)]
=e¢ i ;4 M(r,)4+0(1) in H! as n — oo. (6-15)

Thus, we may deduce that
I M) —0 weakly in H; as n — oo.

Combining this with the dominated convergence theorem (which allows us to replace Py, by Id), (6-14)
becomes

E@®) = E(rn) + 5llz4[3,, +o(1) as n— oc. (6-16)
Arguing similarly and using (6-10) in place of (6-9), we obtain

EW®) = E(rp) + %||Z+||§ﬂ +o(l) as n— oco. (6-17)
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Note that (6-11) follows immediately from (6-16), provided that E(r,) > 0. By Lemma 3.1, this is im-
mediate if y € [, 1). In view of Lemma 3.2, if y € (0, %) we simply have to verify that ||V Re r,, | 72 = 8y.
This, however, follows from (6-8) and (6-17), provided Ey is chosen sufficiently small dependmg on y.

Combining (6-8) with (6-11) and (6-16), we deduce that

Eu®) = %||Z+||Zl and  E(rp) >0 as n— oo.
By the argument in the preceding paragraph, this implies
Iralle >0 as n— oo. (6-18)

Therefore, using the representation (5-6) for M, we see that

1M1 < 10 Il + 102 Re rull gy + 1Y) 24 )l g1

<lrall gy + la(a)ll2 >0 as n — oo,
Combining this with (6-15), we get
12%°(tn) —e_it”HZ+||H)% —0 as n— oo.

As the sequence ¢, — oo was arbitrary, this completes the proof of (6-7).

We next prove that (6-7) implies the conclusions of Theorem 6.1. We first show that (6-7) implies
(6-1). Let t,, — oo be an arbitrary sequence and define u, and &, as in (6-12). Using (6-13) and (6-18),
we deduce that u®°(#,) — 0 in Lg. Furthermore, by (6-7) and (6-3), we have that z°°(z,) — 0 in Lfc.
Using Proposition 5.1(v), we find that u®°(t,) = R(z°°(t,)) for n sufficiently large. Arguing as in
Lemma 5.3 and using (5-11), we may write u®(t,) = V~"1z%(t,) +0(1) in I-'I;, which together with
(6-7) yields (6-1).

We now turn to (6-2). We begin with the following strengthening of (6-3):

. -1 _—itH _
zlglolo |U™ e Z+”L§ =0. (6-19)
Given 0 < N < 1, we have
IU™" Pawe ™™ 2416 SIVUT Paye™ P2y |12 S | P<nzt 2,
WU Paye™™ 2 )6 S NTHle 2y 6.

In view of (6-3), choosing N sufficiently small and then sending ¢t — oo yields (6-19).
Using (6-19), we now show that the modification y (V)2 |uji,|? appearing in (6-2) is negligible in the
H ; -norm. Indeed, we have the stronger statement
” <V>_1 |ulin(l‘)|2 HH' = H V] 2uhn(t) HL3 ”uhn(l‘)”L6
S Va2 U e 2y | 16

Szl U e 2y |6 -0 as t — oo. (6-20)
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It remains to show
Jim [ (u* (@) =g (uin() =¥ {V) > huin(@)?) | 12 = 0. (6-21)

As demonstrated above, u®(t) = R(z™(t)) for ¢ sufficiently large and z%°(t) — 0 in LS as t — oo.
Thus, arguing as for (5-13) and using (6-7), we deduce that

qu™(t)) = 2Reupin(t) +0(1) in L2 as t — ooc.
On the other hand, a straightforward computation yields
g (uin(t) — (V) "2 uin (1) 1?)
= 2Re ugin(r) + U ugin(1)]* + [V(V)_2|ulin(f)|2]2 =2y [(V) "2 luiin (1) |* | Re uin (2).

Thus, to prove (6-21) it suffices to show that the last three terms on the right-hand side above are o(1)
in L2 as 1 — oo. Indeed, we may estimate

||U2|M1m(f)|2||L)2€ < ||(V)_1|Mnn(f)|2||g;,
— 2 1 — 2 —1 —i
IO 2 huin PP [ 2 S NIV ) P75 S 107 e 2y )2,
H[(v>_2|ulin(t)|2]Reulin(t)”L)ZC < ||U_1€_itHZ+||ig,
and so by (6-19) and (6-20), we have
q(win(t) — Y (V) "2 |uiin(t)|*) = 2Re usin(t) + 0(1) in L2 as t — oo.
This completes the proof of (6-21) and hence that of Theorem 1.1. O
It remains to prove Proposition 6.2.

Proof of Proposition 6.2. We first claim that
zTn(t) = z°(t) weakly in H! forall € R. (6-22)

This relies in an essential way on Theorem 4.1 via (6-6). Henceforth, we let f € R be fixed. Using (6-6)
and Rellich—Kondrashov and passing to a subsequence, we have u7 () — u®(t) strongly in L2(K) for
any compact K C R3. Now fix ¢ € C2°(R?). Then (V)2¢ € S(R?); in particular, for any & > 0 there
exists @ € C2°(R?) such that
V)20 —Gell 372 <.
Using this, Holder, (6-5), and (6-6), we obtain
(zT(0).0) = (' (1), Vo) + y ("™ )1, @) + y{[u )1 (V)20 — @)

= " (1), Vo) +y ([ ()%, @e) + O(e)

— (U=(1), Vo) + y([u® @) >, ¢) + O(e)

= (z%(). ¢) + O(e).
As ¢ > 0 was arbitrary, this proves (6-22).



FINAL-STATE PROBLEM FOR CUBIC-QUINTIC NLS WITH NONVANISHING BOUNDARY CONDITIONS 1565

To continue, we write
eitHZOO(Z)—Z+
_ [eitHZoo(t)_eiToHZoo(TO)] +[eiT0HZoo(T0)_eiToHZTn (To)] +[eiT0HZTn (To)—e' TnH 2 Tn (Tw)].
As the above is bounded in H ;, it suffices to prove weak convergence when testing against a dense
set of functions in H 1. In this role, we take ¢ € S(R?) with € CZ(R3\ {0}). To continue, we

choose Ng € 27 so that supp @ C {|&] > 100Ny} and fix & > 0. By (6-22), there exists n sufficiently large
(depending on Tj) so that

("0 2%0(To) — &' ToH 21 (Tp), )| <. (6-23)
To handle the remaining two differences, we will prove the inequality
(€27 2(t2) — " H 2 (1), 0)| S 12|77 (6-24)

uniformly for #, > 1, where z denotes any of the functions z77. In view of (6-22), we see that (6-24)
also holds (with the same implicit constant) for z = z°°. Thus, taking Ty large enough depending on ¢
and then n large enough so that 7;, > Ty and (6-23) holds, we get

sup (" z°() — 21, 9)| Sy &.
t>To

As ¢ > 0 was arbitrary, this proves Proposition 6.2.

It remains to verify (6-24). By Duhamel’s formula, we have
. . 5] .
‘(el”HZ(tz)—e”lHZ(tl),qJ)} 5/ (N2 (u(s)), e H )| ds. (6-25)

151

To continue, we decompose the nonlinearity as
Nz(u) = N (u) = yNZ (),
where
N; () = U[37+2¢*+q*ur—yui—5ylul*|-2yi (V) 2V-[gVur—ui Vuo]+i U [yutus+¢>us),
NZ(u)=U(uiu3)—1iU?(u3).
We first estimate the contribution of N 21 (u) to (6-25). By Holder and the dispersive estimate (2-3), we
can estimate

153 . %} .
/ (N (u(s)).e7*H )| ds / [N @)l 2nille™ gl 12 ds

n 15}

15 5
-2 n1
So [ BTN @Dl ger s
t

1

Most of the terms appearing in Re(N,}) can be handled using Hélder and (6-5):

[U[3y +2¢% + ¢*us = yui]| pom S 1al7oem +llalF s lunlizg + Nl sonn S 1.
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To estimate the remaining term in Re(N. Zl) we also use the fractional chain rule and Sobolev embedding:

4 3 4 3 3 4
WOl 2 S IV Q) o S IV u] sl e < 10l < 1
To estimate the terms in Im(,}), we use Holder and (6-5):

2 2 2
(V) ™2V - [gVuz —uiVus] HL}CZ/“ S IVuallzllglyrers + 1Vuallpz lull; a5 < 1,
X

20,2 2 < 2 2
”U [yuiuz +q-us] HLLZ/“ < ”v(ull‘Z)HLkZ/” + |lg u2||L}v2/11
2
S lurlipallullpellVull2 + ||Q||L§/3||u2||L§; <L

Putting everything together, we find

/, C N uls)). e H )| ds <y 1.

1

We turn now to estimating the contribution of N2(u) to (6-25). To complete the proof of (6-24) and so
that of the proposition, we must show that

15} . .
/ ((N2u(s)). e ™55 g) | ds <y 11| 626)

151

Recalling that supp ¢ C {|&| > 100Ny}, we see that
(P<aon N7 (u(s)),e o) =0.
Writing u = P<py,u2 + P> nyu2, we may decompose the remaining part of N, 2(u) as

Po2oNg N2 (1) = Po2ongUD(u1uz Ps Ngti2) + Ps2ong U@ (ua| P> nou2l?)
+ Po2oN U [P>sNou1l[P<nou2]? — iU ([P>snou2l[P<nou2l?)}-

Writing u; = v+ iUuy (withv = Vu) and a := [P5N0M2]2, we arrive at the decomposition

P>20N0N22(u) =
Po20N, UD(u1uz Ps notin) + Pooong U@ (w2 P Nyti2]?) (6-27)
+iP>20n, U {aU(P>gnou2) — U (aP>gnyu2)} (6-28)
+ Ps2onoU{aPs>gn,0}. (6-29)

As we will see, the terms in (6-27) and (6-28) are small. However, there is no reason to believe that
(6-29) is small pointwise in time; instead, we will show that this term is nonresonant.
We first consider (6-27). Using Holder, Bernstein, and (6-5), we estimate

2
162Dl g2t < Tl Tl 1P ozl 2 + g | P nitez 2
2 3
o Il g Va2, + Va3 < 1.

Thus, the contribution of this term to (6-26) is acceptable.
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We now turn to (6-28), which includes the commutator [a, U]. We regard this term as a bilinear
operator T'(a, P-gn,u2) with symbol given by

10w ) Jrerve —ven ()

L U®GT%) [ E ][ & )}
‘{ 2V<s><sz>(|sz|<s>+|$|<sz>>[l ¢(20N0)]¢(4N0 £1.

where ¢ denotes the standard Littlewood—Paley multiplier. Observing that the multiplier inside the braces

is amenable to Lemma 2.3, we may estimate

16-28)[1 1211 < [IVall 32 [ P>gnouzlipa Sno IV P<nouzll 2 1 P<nou2lips [Vuallpz.

In view of (6-5), the contribution of this term to (6-26) is acceptable.
Finally, we consider (6-29). Using (1-11), we find
. - g U N ~—— _itg U
ide(aPosnyd. e To0) = (U@Psn,0). 7 g) 4 (aPoghy Nu (). e H S20)
2H 2H
- g U .. - _ig U
+ <[a, H]P-gn,U,e 1 ﬁ<p> + l<aP>8N0v, e !t ﬁ(p>.

By the fundamental theorem of calculus, we may thus estimate the contribution of (6-29) to (6-26) as

i .
/ (UaPss,0). e *H p)| ds
t

1

. 2 - .
< sup |(a Pogn, 0, e (V) 29| +/ (@ P=gng No(u), e 7 (V) "2g)| ds
t

[ 2431 1
%)

2 . .
+ / (V)2 (la, H]P>gny D). e o) ds + / (@ Psso 0. e 75 (V) 20| ds. (6-30)
t

1 11

To estimate the terms on the right-hand side of (6-30), we note that in view of (6-5),

IVa@)ll 32010 + laOlLznzee + IV0ONL2 + 10@) 2008 Sno 1 (6-31)
uniformly for ¢t € R. Using this, Holder, and (2-3), we estimate the first term on the right-hand side of
(6-30) as

= —itH ;o\ —2 —itH pg\—2 -1
sup [{aP>sng 0, e V) 20)| < llallpeo 3 0]l peo 3 sup le™ (VY 20l 3 Sp.n 111172
1>t t Hx X s X

Thus, the contribution of this term to (6-26) is acceptable.
Next we consider the second term on the right-hand side of (6-30). By Hélder and (2-3),

15 . 1
/ [(aPsng Ny (). e 7 (V) 20)| ds < 1172 aPosng No () | oo 1
3]

Note that

5
Ny(u) =) UDWF) +0@").

k=2



1568 ROWAN KILLIP, JASON MURPHY AND MONICA VISAN
To estimate the contribution of the quadratic terms in Ny (u), we use Bernstein, (6-5), and (6-31):
aP-sno[UBW) + 0] ooy Sho lall e 2 IVOW)] ooy 32
<N ”a”Lg’oLi ||V”||L;>°L§ ||u||L§’°L§ Sap 1
Similarly, we can estimate the cubic terms in N, (u) via
JaP-sno[UB@2) + 80| oo 1 S8 Nall oo 161 VOO s
<N ”a”L?"L?C ||Vu||L;>°L§C ”u”i}x’Lg Sap 1
We estimate the quartic and quintic terms in Ny (1) using Holder, (6-5), and (6-31):

1’

A

JaP-sno [V + B | oo 1 < lall o3 1l

JaP-sno [V + )] | oo 1 < lall o Il o

A

1.

Putting everything together, we see that the contribution of the second term on the right-hand side of
(6-30) to (6-26) is acceptable.
We now turn to the third term on the right-hand side of (6-30). By Holder and (2-3),

/t ’ |<(V>_2([a, H]P>8NOI_)), e_iSH(pH ds S¢ |1 |_% H (V)_z([a, H]P>3Nol_)) HL;’OL}&“ 1.

We regard the term on the right-hand side above as a bilinear operator 7'(a, v) with symbol given by

HE) = HE) [ & 0\
GE ¢(4No)[l‘¢(m)]""@1’52)'5“

where

Oy EPHIEPE428) (& Va2
82 = =T (6 e + EIED ¢(4N0)[1 ¢(8N0)]

is a bounded bilinear multiplier in view of Lemma 2.3. Using also (6-31), we get
1{V) > (la. H]P>gn,?) HL;wL)lczm SIVallpeop32llvlipeers <o 1.

Thus, the contribution of the third term on the right-hand side of (6-30) to (6-26) is acceptable.
We now turn to the fourth and last term on the right-hand side of (6-30). By Hoélder, (2-3), and
Bernstein,

1%} . 1
(@ Pssnyt. e SH (V) 20)| ds <y [t1]7 2|l oo p2 | P>snpvll oo 2
t t X t X
1

_1 .
Sw,No |tl| 2 ||P§N0M2||L<;°L§C ||”2||L‘;°L2 ||VU||L<;°L§C~
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In view of (6-5) and (6-31), we need only bound Py, in L?OL?C. To this end, we use (1-6), Bernstein,
and (6-5):
5

IP<notizll oo 3 S 1P<no 2y = Mt llpeors + D I P<ng@@ )l poor 3
k=2

5
k
SNo lutllpgors + D Nl oo o So 1

k=2
Thus, the contribution of the fourth term on the right-hand side of (6-30) to (6-26) is acceptable. This
completes the justification of (6-26) and so the proof of Proposition 6.2. O

7. Proof of Theorem 1.4

In this section we prove Theorem 1.4 and Corollary 1.7. We recall the norm
1
el o= sup £ (@)l 15 oy
t>T

The proof of Theorem 1.4 will be effected by running a contraction mapping argument simultaneously
for u and z = M(u). The necessity of exploiting the normal form transformation can be seen when one
endeavors to estimate the quadratic terms appearing in the nonlinearity.

Proof of Theorem 1.4.. We define maps
[@1(u, 2)](1) = V7' z(0) =y (V)2 u(0) P,

[@,w)](1) = e ™M Vuy +i / T it Nz (u(s)) ds,
t

where N; is as in (5-5).

We will show that the map (u,z) — ®(u,z) := (P1(u, z), P2(u)) is a contraction on a suitable
complete metric space, and so deduce that ® has a unique fixed point (u, z) in this space, which then
necessarily solves (5-4)—(5-5).

For 0 <n<1and T > 1 to be determined below, we define

B, = {” : ”u”L?C’(HrlalJriHrial) = 4||u+”Héa1+iHria1’ lullx, < 47)}»

and
— . . -1
By = {Z . ”Z”L?OH; = 2”u+”Hrlal+iHéa1’ V™ zllx, < 27]},

where here and in what follows all space-time norms are taken over (7, 00) x R3 unless stated otherwise.
We define B = B x B and equip B with the metric

d((u,2), (@, 2)) = lu =alx, + 81V (z = Dllxy-
We first show that @ : B — B. By Sobolev embedding, for (v,z) € Bandt >T > 1,

[ 2@ P gy + [V 2P s < @ P a2 < w5 < 0P
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Thus choosing T = T (|Ju+ ||H1 HL ) large enough, we have

[ @10 IO g1 i WV 2Ol g o + Y[V | gy <2020 20 g1

real

Similarly,
1
[1®100. 1O | 13 < 1V 20| s + ¥ [(9) 2@ | 15 < e 3,

provided 7 is chosen small enough. Thus ®; : B — Bj.
We next show that &, : B; — B,. We first estimate N (u), which satisfies

U_UQW):®w2+u3+u5+f)+U_%§%.@Wvuy+U@W3+u4+uﬁ,
We estimate the quadratic terms at fixed time ¢t > T > 1, as
[0 + U™ G- 06v] 0],y S I, S

Similarly, for k € {2, 3, 4} we have
[[26*) + UG ] @) ] 132

S O3 @) 1.5

1—1 _k+1 k+1 _k+1 1
SNVIFu@I] 3 @l grs S 72l <02 g

Combining the above, we deduce that
4
||U_1Nz(u(t))||H1,3/z < Z t_%nkﬂ uniformly for ¢ > T > 1.

To continue, we use Strichartz and (7-3) to estimate

”(D2(”)||L;>°H1 = ||V“+||L°°H1 +C||Nz(”)||L4/3H1=3/2

< lutllg 4 +C Z ©

k=1

real I-HH

provided T = T (Jlu+|| H 4 Hrleal) is chosen sufficiently large.

(7-1)

(7-2)

(7-3)

We turn to estimating V=1 ®, (u) in the X -norm for u € B;. By hypothesis, the dispersive estimate

(2-3), and (7-3), for t > T > 1 we have

. (XD .
IV @201 | gra < IV e HVuy || s+ ”/ vV ie T COHEN, (u(s))] ds
X X t

<nt7T 4 / OOHe—iU—S)H U™ Nz ()] 1.5 ds

fnt_i—l—C/ |t —s|~ Zs = k+1ds<nt 2+CZI 277 L<opr2,

k=1
provided 7 is chosen sufficiently small. This cornpletes the proof that ® : B — B.

1



FINAL-STATE PROBLEM FOR CUBIC-QUINTIC NLS WITH NONVANISHING BOUNDARY CONDITIONS 1571

We next claim that ® is a contraction with respect to the metric defined above. First, for (u, z), (ii,Z) € B,
we estimate

|@1(u,2) = @1, 2) [y, < IV =D)lxy + v [(V)2(ul® = 1a)]
< Lld((u,z),(@,2)+C sup 2 e+ ) () =) 0] 32
< Yd((u.2). (1.2)) + CnT 72 |u —iillx,
< 2d((u,2), (@, 2)),

provided 7 is sufficiently small.
By (2-3), fort > T > 1 we estimate

[v- ld>z(u>—<bz(u>l<t)|\Hw<H f “Hie " COH N, (u(s)) — N2 (i(s))]) ds

H;.3
< /, 6 =57 U [Nz (u(5)) = Nz ()] | 1.3/2 ds.

Writing w to indicate that either u or & may appear, we have
-1y

(V)2

We estimate the contribution of the quadratic terms via

o0 1
[ 1 =57
t

U™ [Nz (w)— Nz(u>]—2®[wk(u i+ o)

k=1

Ju—u)Vw +wV(u— u)]—i—UZ@[wk(u u)].
k=2

-1

Blw(u —a)](s) + U—ZV Jw—u)Vw + wV(u —u)](s)

) ds

H;’3/2

. &0 1 _1 .
§||w||XT||u—M||Xr/ |t —s|72s 7 ds <t 2nllu—i|x, .
t

Arguing as in (7-2), we obtain

00 4
f =572 | Y @w* u —)](s) + UBwX (u — )] (s) ds
! k=2

H;.3/2

- k . & = R .
< lwlly, llv —ullx, [t—s|72s7 2 ds St72n" lu—x,.
t

>~

Thus for 5 sufficiently small we get

8 VH@2(u) — D2(@)]| . < 3d((u. 2), (@, 7).

This completes the proof that ® is a contraction on B. Hence there exists a unique (u,z) € B such
that ®(u, z) = (u, z). In particular z = M(u) and (u, z) solves (5-4)—(5-5) on (T, o0) x R3. We note that
by construction we have u; € H! and u € L3 N LS. In particular, ¢(u) = |u|?* + 2u; € L2 and hence
u(t)e&fort>T.
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For y € [% 1), Theorem 3.3 guarantees that the solution u can be extended (in a unique way) to be
global in time. For y € (0, ), global existence follows from [Killip et al. 2012, Theorem 1.3], while
uniqueness in the energy space follows from Theorem 3.3 (see also Remark 3.4).

Next we show that (1-25) holds; indeed, we prove the stronger claim (1-26). We first note that Strichartz
combined with (7-3) gives

I

_ —itH < 4
20— e H Vuy ) <173,

which in turn implies

[Vvlz) - vl vy HH‘,1+iH‘ St

real

As z = M(u), for t > T we have

V=20 = gy, ST OP |y S (@ P] 32 <07 el -
Therefore, by the triangle inequality we may conclude that

Ju) = V=le Va1 <1

1 +iH]

real

By the arguments presented so far, it is clear that u is the unique solution in Bj that obeys (1-25). This

is slightly weaker than is claimed in Theorem 1.4, which places no restrictions on the Hr}?al + il:lréal—norm

of alternate solutions v (), nor any restriction on the value of 7" for which [|v|x, < 4n; however, any
solution v(¢) obeying (1-25) must have
Il Lo ooyt iy = s lmy 1iny,

for some T large enough. Thus the equality of v(¢) and u(¢) follows from the contraction mapping
argument above with 7" large enough combined with uniqueness in the energy space. O

Finally, we prove Corollary 1.7.

Proof of Corollary 1.7. The proof consists of showing that smallness of the weighted norms implies the
smallness condition (1-24). In view of (2-4), it suffices to show

. 1 : _ _1
e ™ u i gis Slel72n and e U Reur | g5 S e 720,
By the dispersive estimate (2-3) and Holder,
+itH 1 1 1

le* s S 2Vl a2 S 172 ()25 (V) | 2

and
; Ly .5
le*" U Reu | ;15 S1E[72|UTS(V)Reuy |, 3.
X X

Using Holder and Sobolev embedding, we obtain
_s 1
IVUTe Reu || 32 S I{V)urll a2 5 1) 2 (Vg | 2.

1U™8 Reuy lpa2 5| IVI3U =8 Reu |57 < (x)3T (V)8 Reuy Iz 0
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MAGNETIC WELLS IN DIMENSION THREE

BERNARD HELFFER, YURI KORDYUKOV, NICOLAS RAYMOND AND SAN VU NGOC

This paper deals with semiclassical asymptotics of the three-dimensional magnetic Laplacian in the
presence of magnetic confinement. Using generic assumptions on the geometry of the confinement, we
exhibit three semiclassical scales and their corresponding effective quantum Hamiltonians, by means of
three microlocal normal forms a la Birkhoff. As a consequence, when the magnetic field admits a unique
and nondegenerate minimum, we are able to reduce the spectral analysis of the low-lying eigenvalues to a
one-dimensional A-pseudodifferential operator whose Weyl’s symbol admits an asymptotic expansion in
powers of A2

1. Introduction

1A. Motivation and context. The analysis of the magnetic Laplacian (—i AV — A)? in the semiclassical
limit # — 0 has been the object of many developments in the last twenty years. The existence of the
discrete spectrum for this operator, together with the analysis of the eigenvalues, is related to the notion
of a “magnetic bottle”, or quantum confinement by a pure magnetic field, and has important applications
in physics. Moreover, motivated by investigations of the third critical field in Ginzburg—Landau theory
for superconductivity, there has been great attention focused on estimates of the lowest eigenvalue. In the
last decade, it appears that the spectral analysis of the magnetic Laplacian has acquired a life of its own.
For a story and discussions about the subject, the reader is referred to the recent reviews [Fournais and
Helffer 2010; Helffer and Kordyukov 2014; Raymond 2016].

In contrast to the wealth of studies exploring the semiclassical approximations of the Schrodinger
operator —h2A + V, the classical picture associated with the Hamiltonian || p — A (¢g)||* has almost never
been investigated to describe the semiclassical bound states (i.e., the eigenfunctions of low energy) of
the magnetic Laplacian. The paper [Raymond and Vi Ngoc 2015] is to our knowledge the first rigorous
work in this direction. In that paper, which deals with the two-dimensional case, the notion of magnetic
drift, well known to physicists, is cast in a symplectic framework, and using a semiclassical Birkhoff
normal form (see, for instance, [Vl Ngoc 2006; 2009; Charles and Vi Ngoc 2008]) it becomes possible
to describe all the eigenvalues of order O(#). Independently, the asymptotic expansion of a smaller set of
eigenvalues was established in [Helffer and Kordyukov 2011; 2015] through different methods which act
directly on the quantum side: explicit unitary transforms and a Grushin-like reduction are used to reduce
the two-dimensional operator to an effective one-dimensional operator.

MSC2010: primary 81Q20, 35P15; secondary 37G05, 70H15.
Keywords: magnetic fields, Birkhoff normal forms, microlocal analysis.
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The three-dimensional case happens to be much harder. The only known results in this case that provide
a full asymptotic expansion of a given eigenvalue concern toy models where the confinement is obtained
by a boundary carrying a Neumann condition on a half-space [Raymond 2012] or on a wedge in [Popoff
and Raymond 2013]. In the case of smooth confinement without boundary, a construction of quasimodes
by Helffer and Kordyukov [2013] suggests what the expansions of the low-lying eigenvalues could be.
But, as was expected by Colin de Verdiere [1996] in his list of open questions, extending the symplectic
and microlocal techniques to the three-dimensional case contains an intrinsic difficulty in the fact that the
symplectic form cannot be nondegenerate on the characteristic hypersurface. The goal of our paper is to
answer this question by fully carrying out this strategy. After averaging the cyclotron motion, the effect
of the degeneracy of the symplectic form can be observed on the fact that the reduced operator is only
partially elliptic. Hence, the key ingredient will be a separation of scales via the introduction of a new
semiclassical parameter for only one part of the variables. These semiclassical scales are reminiscent of
the three scales that have been exhibited in the classical picture in the large field limit; see [Benettin and
Sempio 1994; Cheverry 2015]. They are also related to the Born—-Oppenheimer-type of approximation
in quantum mechanics (see, for instance, [Born and Oppenheimer 1927; Martinez 2007]). In fact, in a
partially semiclassical context and under generic assumptions, a full asymptotic expansion of the first
magnetic eigenvalues (and the corresponding WKB expansions) has been recently established in any
dimension in the paper by Bonnaillie-Noél, Hérau and Raymond [Bonnaillie-Noél et al. 2016].

1B. Magnetic geometry. Let us now describe the geometry of the problem. The configuration space is
R® = {q1e1 +q2e2 +q3e3 | q; €R, j =1,2,3},
where (e;);=1,2,3 is the canonical basis of R3. The phase space is
R® ={(¢, p) € R xR%}
and we endow it with the canonical 2-form
wo =dp1 Adg1 +dp2 Adgr +dp3 Adgs. (1-1)

We will use the standard Euclidean scalar product (-, -) on R3 and || - ||, the associated norm. In particular,
Wwe can rewrite wq as

wo((u1,u2), (V1,v2)) = (v1,u2) — (v2,u1)  Vur,uz,v1,v2 € R
The main object of this paper is the magnetic Hamiltonian, defined for all (¢, p) € R® by
H(q.p)=lp—A@I* (1-2)

where A € C®(R3, R3).
Let us now introduce the magnetic field. The vector field A = (A1, Aa, A3) is associated (via the
Euclidean structure) with the 1-form

a = A1dq + Axdgs + Azdgs
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and its exterior derivative is a 2-form, called the magnetic 2-form and expressed as
do = (0142 — 9241)dq1 Adg2 + (9143 —93A41)dg1 Adg3 + (0243 — 93A42)dg2 Adgs.
The form do may be identified with a vector field. If we let
B =VxA = (0243—03A43, 03410143, 01A2—0241) = (B1, B2, B3),

then we can write

da = Bizdg; Adga — Bodgy Adgs + Bidga Adgs. (1-3)

The vector field B is called the magnetic field. Notice that we can express the 2-form do thanks to the
magnetic matrix

0 B3z —B;
Mp=|—-Bs 0 B
B, -B; 0
Indeed we have
da(U, V)= (U MgV)=(U,VxB)=[UV,B] YUV)eR}xR (1-4)
where [ -, -, -] is the canonical mixed product on R3. We note that B belongs to the kernels of Mp and da.

An important role will be played by the characteristic hypersurface
¥ = H Y0),
which is the submanifold defined by the parametrization
R*5 ¢ j(q):=(q.A(g)) € R’ xR>.
We may notice the relation between X, the symplectic structure and the magnetic field given by
J¥wo = da, (1-5)
where do is defined in (1-3).

1C. Confinement assumptions and discrete spectrum. This paper is devoted to the semiclassical analy-
sis of the discrete spectrum of the magnetic Laplacian Lj 4 :=(—ihV4—A (9))?, which is the semiclassical
Weyl quantization of H (see (2-1)). This means that we will consider that % belongs to (0, Ag) with %g
small enough.

If £ is a self-adjoint operator, we denote its spectrum by s(£). The discrete spectrum of £ consists of
the isolated eigenvalues with finite multiplicity. The essential spectrum is by definition the complement
in s(L) of the discrete spectrum and is denoted by sess(£). It is empty when £ has compact resolvent.

It is known (see, for example, [Avron et al. 1978]) that L3 4 is essentially self-adjoint and we always
consider with the same notation its self-adjoint extension.
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Let us recall the assumptions under which the discrete spectrum actually exists. In two dimensions,
with a nonvanishing magnetic field, a standard estimate (see [Avron et al. 1978; Cycon et al. 1987]) gives

[ 1B@I@ dg < (Caau 1) Vue G @). (1-6)

This implies that, as B(g) — +0o0, the magnetic Laplacian has compact resolvent. Except in special
cases when some components of the magnetic field have constant sign, this doesn’t hold anymore in
higher dimensions (see [Dufresnoy 1983]). One can give examples where | B(q)| — +oo and the operator
doesn’t have a compact resolvent. We should impose a control of the oscillations of B at infinity. Under
this condition, we get an estimate similar to (1-6) at the price of a small loss. When there exists a constant
C > 0 such that

IVB(g)| < C(1+b(q) YqeR, (1-7)

and b(q) := || B (g)|| tends to 400, one can show again that the magnetic Laplacian has compact resolvent
[Helffer and Mohamed 1996].

In the semiclassical context, we would like to consider the case of R? and, in addition to (1-7), a
confining assumption which allows the presence of the essential spectrum above a certain threshold. More
precisely:

Assumption 1.1. We assume that (1-7) holds and

b(q) = bo := inf b(g) > 0. (1-8)
geRrR3

Under Assumption 1.1, it is proven in [Helffer and Mohamed 1996, Theorem 3.1] that there exist
ho > 0 and Cp > 0 such that, for all # € (0, hyp),

n(1=Cond) [ b@ln@Pdg < (Cpauln) VuecF®), (19)

In this case, if we do not assume that h(q) — +00, the spectrum is not necessarily discrete, but using
this inequality and Persson’s theorem [1960], we obtain that the bottom of the essential spectrum is
asymptotically above Ab;, where

b1 := liminf b(g).
lg|—+o0

More precisely, under Assumption 1.1, there exist #g > 0 and Co > 0 such that, for all % € (0, k),
1
Sess(L,a) C [Ab1(1— Coh#), +00). (1-10)

Assumption 1.2. We assume that
0<bg<by. (1-11)

Moreover, we will assume that there exists a point gg € R3 and & > 0, ,30 € (bg, by) such that

{b(q) < Po} C D(qo.e). (1-12)
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where D(qo, €) is the Euclidean ball centered at g¢ and of radius ¢. For the rest of the article we let
Bo € (bg, Bo). Without loss of generality, we can assume that go = 0 and that A (0) = 0 (which can be
obtained with a change of gauge).

Note that Assumption 1.2 implies that the minimal value of b is attained inside D(qo, €).

Throughout this paper, we will strengthen the assumptions on the nature of the point go. At some stage
of our investigation, go will be the unique minimum of ». Note in particular that (1-12) is satisfied as
soon as b admits a unique and nondegenerate minimum.

1D. Informal description of the results. Let us now informally walk through the main results of this
paper. We will assume (as precisely formulated in (1-11)—(1-12)) that the magnetic field does not vanish
and is confining.

Of course, for eigenvalues of order O (%), the corresponding eigenfunctions are microlocalized in the
semiclassical sense near the characteristic manifold X (see, for instance, [Robert 1987; Zworski 2012]).
Moreover, the confinement assumption implies that the eigenfunctions of £, 4 associated with eigenvalues
less than Bo# enjoy localization estimates & la Agmon. Therefore we will be reduced to investigating the
magnetic geometry locally in space near a point g9 = 0 € R3 belonging to the confinement region and
which, for notational simplicity, we may assume to be the origin.

Then, in a neighborhood of (0, A (0)) € X, there exist symplectic coordinates (x1, &1, x2, &2, x3,&3)
such that ¥ = {x; = & = £ = 0} and (0, A(0)) has coordinates 0 € R®. Hence ¥ is parametrized by

(x2, €2, x3).
1D1. First Birkhoff form. In these coordinates suited for the magnetic geometry, it is possible to perform

a semiclassical Birkhoff normal form and microlocally unitarily conjugate £; 4 to a first normal form
Ny, = Op}’ (Ny,) with an operator-valued symbol N, depending on (x2, &2, x3, £3) in the form

Ny = £5 +b(x2, 62, X3)T5, + f*(h, Ty, X2, £2, X3, £3) + O(| T4, |£3]%),

where 7, = h2 D2 L+ x% is the first encountered harmonic oscillator and where (%, I, x2, &>, x3,£3) —
fH(h. 1, x2, 62, x3, §3) satisfies, for I € (0, Io),

* 3 3
|f*(h 1. x2.62. x3.63)| < C(I |2 + &3> + 72).

Since we wish to describe the spectrum in a spectral window containing at least the lowest eigenvalues,
we are led to replace Z by its lowest eigenvalue % and thus, we are reduced to the two-dimensional
pseudodifferential operator NfEl] = Opy’ (N;EI]), where

N;El] =3 +b(x2, &2, x3)h + ¥ (h, b, X2, E2, X3, E3) + OB, |£3]%).

1D2. Second Birkhoff form. If we want to continue the normalization, we shall assume a new nondegen-
eracy condition (the first one was the positivity of b).

Now we assume that, for any (x5, &) in a neighborhood of (0, 0), the function x3 — b(x3, &2, x3)
admits a unique and nondegenerate minimum denoted by s(x2, £2). Then, by using a new symplectic
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transformation in order to center the analysis at the partial minimum s (x5, £>), we get a new operator A/ E]
whose Weyl symbol is in the form
N =02 (x2, £) (3 + 1x2) + hb(x2, 2, 5(x2, £2)) + remainders,
with
1

v(x2.62) = (393b(x2. &2, 5(x2. £2))) * (1-13)
and where the remainders have been properly normalized to be at least formal perturbations of the second
harmonic oscillator §32 + hx% . Since the frequency of this oscillator is 7% in the classical picture, we
are naturally led to introduce the new semiclassical parameter

h=h?

and the new impulsion

so that
Opy (€5 + hx3) = h> Op}! (€5 + x3).

We therefore get the 4-symbol of %1]’
NI = R202(x2, hE2)(E3 + x3) + h2b(x2, hEa, 5(x2, hE2)) + remainders.

We can again perform a Birkhoff analysis in the space of formal series given by & = . [[x3, &3, h]}, where
Z is a space of symbols in the form c(h, x2, h&>). We get the new operator M, = Op;’ (M), with

My = h2b(x2, hEa, s(x2, hE2)) + W2 J), OpY v2(x2, hEr) + h2g* (h, Th, X2, hE2) + remainders,

where Jj, = Op}/ (§§ + x%) and g*(h, J, x2, &) is of order three with respect to (J%, h%). Motivated
again by the perspective of describing the low-lying eigenvalues, we replace J3 by h and rewrite the
symbol with the old semiclassical parameter % to get the operator M E] = Op; (ME]) = Op;’ (M;EI]),
with

MY = hb (2, 62, 5(x2, £2)) + 1302 (2, 62) + hig* (B3 1, 2, £) + remainders.  (1-14)

1D3. Third Birkhoff form. The last generic assumption is the uniqueness and nondegeneracy of the
minimum of the new “principal” symbol

(x2,82) = b(x2,62,5(x2,62))

that implies that b admits a unique and nondegenerate minimum at (0, 0,0). Up to an h%—dependent
translation in the phase space and a rotation, we are essentially reduced to a standard Birkhoff normal
form with respect to the third harmonic oscillator Kz = th)zcz + x% .

Note that all our normal forms may be used to describe the classical dynamics of a charged particle in
a confining magnetic field (see Figure 1).
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Figure 1. The dashed line represents the integral curve of the confining magnetic field
B = curlA through go = (0.5,0.6,0.7) for B(x, y,z) = (3, 32. v/1 + x2) and the full
line represents the projection in the g-space of the Hamiltonian trajectory with initial
condition (qo, po) (With pg = (—0.6,0.01,0.2)) ending at (g1, p1). The motion is easier
to follow on a video: see http://tinyurl.com/3DMagneticFlow.

1D4. Microlocalization. Of course, at each step, we will have to provide accurate microlocal estimates
of the eigenfunctions of the different operators to get a good control of the different remainders. In a
first approximation, we will get localizations at the scales x1, &1, &3 ~ 8 (6 > 0 is small enough) and
X2, &2, x3 ~ 1. In a second approximation, we will get x3, §3 ~ #%. In the final step, we will refine the
localization by x,, £ ~ H°.

1E. A semiclassical eigenvalue estimate. Let us already state one of the consequences of our investiga-
tion. It will follow from the third normal form that we have a complete description of the spectrum below
the threshold bo# + 3v2(0, O)h%. This description is reminiscent of the results a la Bohr—Sommerfeld of
[Helffer and Robert 1984; Helffer and Sjostrand 1989, Appendix B] (see also [Helffer and Kordyukov
2015, Remark 1.4]) obtained in the case of one-dimensional semiclassical operators.

Theorem 1.3. Assume that b admits a unique and nondegenerate minimum at qq. Define

5o Hessg,b (B (q0), B(q0)) o det Hessg, b
2b3 ’ Hessgob (B (qo). B(q0))

(1-15)
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There exists a function k* € Cg° (R?) with arbitrarily small compact support, and
k*(h2, Z) = O((h +Z])?)

when (h, Z) — (0, 0), such that the following holds:
Forall ¢ € (0, 3), the spectrum of Ly, 4 below boh+co 2h3 coincides modulo O(Ah%) with the spectrum
of the operator Fy, acting on L?(Ry) given by

Fy = boh +0%h% _%hz +h(%9’6h +k*(h%,/C;,))’ K = th?zf + 22,

with some constant C.

Remark 1.4. The constant ¢ in Theorem 1.3 is given by the formula
¢ =[IVv2(0,0)[?,
where the function v is given in (1-13). Observe also that o = v#(0, 0).

Corollary 1.5. Under the hypothesis of Theorem 1.3, let (A, (h))m=1 be the nondecreasing sequence of
the eigenvalues of Ly, 4. For any ¢ € (0, 3), let

Npc := {m € N* | Ay (k) < hbo + co2h?}.

Then the cardinal of Ny, . is of order h_%, and there exist v1, Uy € R and hg > 0 such that

Am(h) =hbo+02h3 + |:«9(m - %}hz +ur(m—L)h3 vy (m—1)’H3 + 0h3)

uniformly for h € (0, o) and m € Ny, ..
In particular, the splitting between two consecutive eigenvalues satisfies

Ams1 () = A (h) = OK% + O(h3).

Proof. If the support of k* is small enough, the hypothesis k*(h%, Z)=0(h+|Z |)%) implies that,
when % is small enough,

(U 1) = K+ Sk (%K) = (1= 1)y,

for some small n > 0. Therefore, since the eigenvalues of K are (2m — 1)k, m € N*, the variational
principle implies that the number of eigenvalues of Kz +(2/6)k* (h% , K1) below a threshold Cy, belongs to

[ G 1( G
[E(h(l sl 1)’ E(ha 7 1)]

Taking C; = (2/0)(c — l)a%h% + (¢/6?)h, and applying the theorem, we obtain the estimate for the
cardinal of Ny .. The corresponding eigenvalues of L 4 are of the form

Am(h) = hbo + 0 2h2 — %hz +h[0(m—1)h+ k* (h2,2m — D]+ 0®™),
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with (2m — 1) < Cy /(1 — n). Therefore there exists a constant C >0, independent of #, such that all
m € Ny, . satisfy the inequality (2m —1)A < Chx. Writing

k*(h2, Z) = coh® + vih? (L1 Z) + e1h® + va(LZ2)” + ushZ + W2 O(h + | Z|)* + O(Z?),
we see that, for m € N, .,
k*(h, 2m — k) = vih3 (m— L) + vah®(m — 1)> + 0h3),
which gives the result. O

Remark 1.6. An upper bound of A, (#) for fixed #i-independent m with remainder in O (% %) was obtained
in [Helffer and Kordyukov 2013] through a quasimodes construction involving powers of A% To the
authors’ knowledge, Corollary 1.5 gives the most accurate description of magnetic eigenvalues in three
dimensions, in such a large spectral window. Note also that the nondegeneracy assumption on the norm
of B is not purely technical. Indeed, at the quantum level, it appears through microlocal reductions
matching with the splitting of the Hamiltonian dynamics into three scales: the cyclotron motion around
field lines, the center-guide oscillation along the field lines, and the oscillation within the space of field
lines.

1F. Organization of the paper. The paper is organized as follows. In Section 2, we state our main results.
Section 3 is devoted to the investigation of the first normal form (see Theorem 2.1 and Corollary 2.4). In
Section 4 we analyze the second normal form (see Theorems 2.8 and 2.11 and Corollaries 2.9 and 2.13).
Section 5 is devoted to the third normal form (see Theorem 2.15 and Corollary 2.16).

2. Statements of the main results

We recall (see [Dimassi and Sjostrand 1999, Chapter 7]) that a function m : RY — [0, 00) is an order
function if there exist constants Ng, Co > 0 such that

m(X) < Co(X —Y)YNom(Y)

forany X,Y € R4, The symbol class S(m) is the space of smooth %-dependent functions ay, : R? »C
such that, for all o € Nd,
|0%as(x)| < Cqm(x) Vhe(0,1].

Throughout this paper, we assume that the components of the vector potential A belong to a symbol
class S(m). Note that this implies that B € S(m), and conversely, if B € S(m), then there exist a
potential A and another order function m’ such that A € S(m’). Moreover, the magnetic Hamiltonian
H(x,£) = ||&§ — A(x)||? belongs to S(m") for an order function m” on R®.

We will work with the Weyl quantization; for a classical symbol aj = a(x, &; k) € S(m), it is defined as

1 .
O a() = g [ (R e vies@. @

The Weyl quantization of H is the magnetic Laplacian £, 4 = (—ihV — A)%
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2A. Normal forms and spectral reductions. Let us introduce our first Birkhoff normal form A

Theorem 2.1. If B(0) #£0, there exists a neighborhood of (0, A (0)) endowed with symplectic coordinates
(x1. 81, x2, 62, x3, £3) inwhich & = {x1 = & = & = 0} and (0, A(0)) has coordinates 0 € R®, and there
exist an associated unitary Fourier integral operator Uy and a smooth function f*(h, Z, x2, &2, x3, £3)
compactly supported with respect to Z and &3, whose Taylor series with respect to Z , &3, h is

S Y w463 2L

k=3 20+2m+B=k

such that
Uy Ly aUp = Nj + Ry, (2-2)
with
Ny = h>D3, +T;, 0p b+ Opy f*(h. Ty, x2. 62, x3.£3).
and where

(a) we have I, = h* DI + x{,

(b) the operator Opy’ f*(h, Iy, x2,62.x3,£3) has to be understood as the Weyl quantization of an
operator-valued symbol,

(c) the remainder Ry, is a pseudodifferential operator such that, in a neighborhood of the origin, the

Taylor series of its symbol with respect to (x1,&1,&3,h) is 0.

Remark 2.2. In Theorem 2.1, the direction of B considered as a vector field on X is d/dx3 and the function
b € C*(R®) stands for b oj&1 om, where 7 : R® — ¥ : mw(xq, €1, x2, €2, x3,83) = (0,0, x2, £2, x3,0).
In addition, note that the support of f* in Z and &3 may be chosen as small as we want.

Remark 2.3. In the context of Weyl’s asymptotics, a close version of this theorem appears in [Ivrii 1998,
Chapter 6].

In order to investigate the spectrum of £j; 4 near the low-lying energies, we introduce the pseudodif-
ferential operator

N =#2D2 4 hOpY b+OpY f*(h,h, x2,62, %3, £3),
obtained by replacing Z; by #.
Corollary 2.4. We introduce
Nf = Opp (N, (2-3)
with
N =8 +Tab(x2.£2.x3) + [ F (1. Ty, %2, 62, 33, 63),
and where b is a smooth extension of b away from D(0, ¢) such that (1-12) still holds and where

% = y(xa, &2, x3) f*, with y a smooth cutoff function that is 1 in a neighborhood of D(0, €). We also
define the operator attached to the first eigenvalue of T,

NG = opp (Vi) (2-4)

where N;EI]’ﬂ = §32 + hb(x2,E2, x3) + [ (h b, X2, 2, X3, E3).
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If & and the support of * are small enough, then we have:
(a) The spectra of Ly, 4 and ./\/;31i below Boh coincide modulo O(h®°).
(b) Forall ¢ € (0,min(3bg, Bo)), the spectra of Ly, 4 and N,El]’ﬁ below ch coincide modulo O(h®°).

Let us now state our results concerning the normal form of N;EI] (or N;EIM) under the following
assumption.

Notation 2.5. If f = f(z) is a differentiable function, we denote by 77 f(-) its tangent map at the
point z. Moreover, if f is twice differentiable, the second derivative of f is denoted by 7.2 f(-,).

Assumption 2.6. We assume that Tozb(B (0), B(0)) > 0.

Remark 2.7. If the function b admits a unique and positive minimum at 0 and it is nondegenerate, then
Assumption 2.6 is satisfied.

Under Assumption 2.6, we have d35(0,0,0)=0 and, in the coordinates (x2, £2, x3) given in Theorem 2.1,
335(0,0,0) > 0. (2-5)

It follows from (2-5) and the implicit function theorem that, for small x;, there exists a smooth function
(x2,&2) > s(x2, &), with s(0,0) = 0, such that

03D(x2,62,5(x2,82)) = 0. (2-6)

The point s(x2, &) is the unique (in a neighborhood of (0, 0, 0)) minimum of x3 — b(x3, &, x3). We
define ]

v(x2. &) 1= (303b(x2. &2.5(x2. £2)))*.
Theorem 2.8. Under Assumption 2.6, there exist a neighborhood Vg of 0 and a Fourier integral operator
Vi which is microlocally unitary near Vo and such that

Vi Ng v = A = opp (v,
where N%l] =12 (x3, 52)(53? + hx%) + hb(x2,&2,58(x2,82)) + ry and ry, is a semiclassical symbol such
that ry = O(hx3) + O(h£2) + O(&3) + O(h?).
Corollary 2.9. Let us introduce

1], 1],
N = opp (V).

where J_VE]’# = v2(x2. £2) (€3 + hx3) + hb(x2. &, 5(x2,62)) + zi, with ri = x(x2,82,x3,83)rs, and
where v denotes a smooth and constant (with a positive constant) extension of the function v.
There exists a constant ¢ > 0 such that, for any cut-off function y equal to 1 on D(0, ) with support in
D(0,2¢), we have:
(a) The spectra of N EM and N;EIM below (bo + ¢€?)h coincide modulo O(h*™).
(b) Forall ¢ € (0, min(3bg, bo +¢&2)), the spectra of Ly 4 and A/'gll]"i below ch coincide modulo O (h®°).
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Notation 2.10 (change of semiclassical parameter). We let 1 = Bz and, if Ay is a semiclassical symbol
on T*R2, admitting a semiclassical expansion in h%, we write

.Ah = Op;lu Ah = Opz) Ah = th,
with
An(x2,62,x3,§3) = Ap2(x2, hé2, x3, hE3).

Thus, Ay, and 2, represent the same operator when & = # %, but the former is viewed as an #-quantization
of the symbol Ay, while the latter is an h-pseudodifferential operator with symbol Aj;. Notice that,
if Az belongs to some class S(m), then Ay € S(m) as well. This is of course not true the other way
around.

Theorem 2.11. Under Assumption 2.6, there exists a unitary operator Wy, as well as a smooth function
g*(h, Z, x2, &), with compact support as small as we want with respect to Z and with compact support
in (x2,&2), whose Taylor series with respect to Z, h is

Y emulx2. £2)Z™hY
2m+2£=3
such that
Wy W, =2y, = Op (My),
with
My = h2b(x2, héa, 5(x2, ha)) + B> Ty O} v2(x2, héa) + h>g* (h, Th, X2, hE2) + h>Ry + h*™ S (1),
where

(a) the operator ’)_Tgll]’ﬂ is N E]’ﬂ (but written in the h-quantization),
(b) we have let J, = Opj, (§§ + x3),
(c) the function Ry, satisfies Ry (x2, h§2, X3, 53) = O((x3, 53)0").
Remark 2.12. Note that the support of g* with respect to Z may be chosen as small as we want. Note

also that we have used 9_1;11],11 instead of ‘ltgll]: since W}, is exactly unitary, we get a direct comparison of
the spectra.

Corollary 2.13. We introduce
9, = Op} (M},),

with

M}, = 12D (x2, ha, 5(x2, hE2)) + W2 T3v2 (x2, h2) + h2g* (h, Ty, X2, hE2).
We also define

o, 1 = opp (i),

with

MEPE = 12b(x, héa, s(x2, hE2)) + B3V (x2, hEs) + h2g* (h, h, x2, hE>).
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If € and the support of g* are small enough, we have:
(a) For all n > 0, the spectra of ‘)_?E]’ﬂ and smi below boh? 4+ O(h>1™) coincide modulo O(h™®).
(b) Forc € (0, 3), the spectra ofmi and imE:m below boh? + ca2h3 coincide modulo O(h®°).
(c) Ifc €(0,3), the spectra of Ly, 4 and Mgll]’# = S)JTE]’tt below boh + co2h? coincide modulo O(h).

Finally, we can perform a last Birkhoff normal form for the operator Mgll]’ﬁ as soon as (xz, &) —
b(x2,&,5(x2,&2)) admits a unique and nondegenerate minimum at (0, 0). Under this additional assump-
tion, b admits a unique and nondegenerate minimum at (0, 0, 0).

Therefore we will use the following stronger assumption.

Assumption 2.14. The function b admits a unique and positive minimum at 0 and it is nondegenerate.

Theorem 2.15. Under Assumption 2.14, there exists a unitary h-Fourier integral operator Qy1/2 whose
. . . 1
phase admits an expansion in powers of h2 such that

Q;Zl/zMEs,l]’ﬂthﬂ = Fi + G,

where

(a) Fy is defined in Theorem 1.3,

(b) the remainder is in the form Gy, = Opy’ (Gy,), with Gy, = hO(|z2]*).
Corollary 2.16. If & and the support of k* are small enough, we have:

(a) Forallne (0, %), the spectra ij\/l%l]"i and Fy, below boh + O(h'T7) coincide modulo O(h*°).
(b) Forall c € (0,3), the spectra of Ly, 4 and F below boh + co2h? coincide modulo O(h™).
Remark 2.17. Since the spectral analysis of F is straightforward, Corollary 2.16(b) implies Theorem 1.3.

The next sections are devoted to the proofs of our main results.

—_— 1]
Ni ™ Corollary 2.4(0) . Vi \
23 he,
1\(\60‘6‘“ Tem 28 "
ﬁh,A M;,
change of
semiclassical
parameter
Theorem 1.3 m%l]

Theorem 2.11

Ao

The change of 2\
Orem 25 semiclassical Co@\\r‘g‘}
parameter [1]
mh

M < _
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3. First Birkhoff normal form

We assume that B (0) # 0 so that in some neighborhood €2 of 0 the magnetic field does not vanish. Up to
a rotation in R? (extended to a symplectic transformation in R®) we may assume that B (0) = || B(0)|es.
In this neighborhood, we may define the unit vector

B

and find vectors ¢ and d depending smoothly on ¢ such that (b, ¢, d) is a direct orthonormal basis.

3A. Symplectic coordinates.

3A1l. Straightening the magnetic vector field. Let € be a small neighborhood of 0 € R% We consider the
form do and we would like to find a diffeomorphism y, defined on €, such that x¥(da) = dg; Adqa,
where we use the notation y(§) = ¢. First, it is easy to find a local diffeomorphism ¢ such that

93¢(q) = b(9(q))

and ¢(g1,42,0) = (41, g2, 0). This is just the standard straightening lemma for the nonvanishing vector
field b.

The vector e3 is in the kernel of ¢*(da), which implies that we have ¢*(da) = f(§)dg1 A dga for
some smooth function f.

But since the form ¢*(da) is closed, f does not depend on §3. It is then easy to find another
diffeomorphism v, corresponding to the change of variables

4§ =v@) = (¥1(q1.42). ¥2(G1.42). G3).
such that
¥ (¢*(dar)) = dg1 Adgo.

We let y = ¢ oy and we notice that

x*(do) = dg1 AdGa,  03x(q) = b(x(q)). (3-2)
Remark 3.1. It follows from (3-2) and (1-4) that det Ty = || B ||~
3A2. Symplectic coordinates. Let us consider the new parametrization of ¥ given by

Q> 3,

g (x(@). Ai1(x(@)). A2(x(D)). A3(x(9))).

which gives a basis (f1, f2, f3) of TX,
fi=(Tx(ej), TAoTy(ej)), j=1.2.3.

Using (1-5), and the fact that f3 is in the kernel of da, we find wo(f;, f3) =0, j = 1,2. Finally,
wo(f1, f2) =da(Tyey, Tyez) = x*(da)(ey, ez) = 1.
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The following vectors of R x R3 form a basis of the symplectic orthogonal of Ty %:

1
fa=B]72(c. ("Ty@gA)e).

1 (3-3)
fs=BI72(d.('TygyA)d).

so that

wo(fa, f5) =—1.

We let f6 = (0,b) + p1 f1 + p2 f2, where p1 and p; are determined so that wo(f;, fs) =0 for j =1, 2.
We notice that wo(fj, f6) =0 for j =4,5 and wo( f3, f6) = —1.

3A3. Diagonalizing the Hessian. We recall that

H(g,p)=lp—-A@I?
so that, at a critical point p = A (g), the Hessian is
T?H((U, V1), (U2, V2)) = 2(Vi = T, A(Ur), V2 — T, A(U2)).

Let us notice that
T?H(fs. f5s)=2|B| " (B xc,Bxd) =0,

T?H(f4, fo) =2(B xc,b) =0,
T?H(fs, fo) =2(B xd,b) =0.

The Hessian, restricted to the symplectic orthogonal of 7)) X, is diagonal in the basis (f4, f5, f6)-
Moreover we have

T?H(fa, fa) = H(f5. f5) =2|B| 7' |1B xcl> =2|B| "B xd|>=2|B|.
Finally we have

T2H(fs. f6) = 2.

Now we consider the local diffeomorphism

(x.8) > 1(x2, 62, x3) + x1 fa(x2, 82, x3) + &1 f5(x2. 62, x3) + &3 f6(x2, &2, X3).

The Jacobian of this map is a symplectic matrix on . We may apply the Moser—Weinstein argument
(see [Weinstein 1971]) to make this map locally symplectic near ¥ modulo a change of variable which is
tangent to the identity.

Near %, in these new coordinates, the Hamiltonian H admits the expansion

H=H"+0(x: + & + &), (3-4)
where H denotes H in the coordinates (x1, X2, x3, &1, &2, £3), and with

H® =&+ b(x2.5.x3)(x] + 7). b =|B(x2.6.x3)|. (3-5)
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3B. Semiclassical Birkhoff normal form.

3B1. Birkhoff procedure in formal series. Let us consider the space &£ of formal power series in (x1,£1, €3, /)
with coefficients smoothly depending on X = (x3, &, x3):

5 = C)?;,EZ,X3 [[Xl ’ Sl ’ 535 h]]

We endow & with the semiclassical Moyal product (with respect to all variables (x1, x2, X3, £1, &2, £3))
denoted by * and the commutator of two series k1 and k» is defined as

[k1, k2] = K1 * ko2 — K2 % K7.

The degree of x| E‘lxzéghe = Z‘leghe isay + a2+ B +2¢ = |a| + B + 2£. The space of monomials of
degree N is denoted Dy, and Oy is the space of formal series with valuation at least N. For any 7,y € £,
we define ad; y = [z, y].

Proposition 3.2. Given y € Os, there exist formal power series t,k € O3 such that
pih " ade (HO+y)= HC +«,
with [k, |z1]*] = 0.
Proof. Let N = 1. Assume that we have, for ty € O3,
e iy (HO 4 y) = HO 4 K3+ -+ K41+ Ry12 + Oy,

with K; € D;, [K;,|z1]?] =0and Ry 12 € Dy 42.
Let t’ € Dy 5. Then we have

¢ ey 4 (HO 4 y) = HO+ Ks+---+ K1+ Knta + Oy 13,
with Ky 45 € Dy 45 such that
Knio=Rnisr+ihtady HO+Op s
Let us temporarily admit that (see Lemma 3.3 below)
inYady H® =in~'hady |z1|? + On 43.

We obtain
Kn+42 = Ryi2+bady |z1]%

which we rewrite as

Ryir=Kn42+ in~h adj; 2 U =Kyqo2+ b{|21|2, '},
Since b(¥) # 0, we deduce the existence of v’ and K 4, such that K, commutes with |zq|2. O
Lemma 3.3. For v’ € Dy 42, we have

invady HO =i 'bady |z1|> + Onys.
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Proof. We observe that
in~vady H® = in'ady €3 +in~ady (b(F)|21 7).

Let us write

U= Y agpi (RS R
lo|+B+21=N+2

Then, for the first term, we have

o ot’ dag gy .

e B =l )= 2y =2 Y RO T € O,
lo|+B+26=N+2

We also have

aot’ ab ot’ ab at’ ab
it Uady b(F)) =1/, b} + H20N = — TR IR O

.. 0b _
= > Ba(F)5—z%1z11%65 T ht + On 41 € Oy
| +B+26=N+2 0x3

Therefore, for the second term, we get
in ady (b(%)|211%) =ih™ (ade b(R)) |21 1% + 87 b(X) ady |21
=ih'b(%)ady 21> + On 13,
which completes the proof of the lemma. O

3B2. Quantizing the formal procedure. Let us now prove Theorem 2.1. Using (3-4) and applying the
Egorov theorem (see [Robert 1987; Zworski 2012] or Theorem A.2), we can find a unitary Fourier integral
operator Uy such that

ULy, 4Up = Coh + Opy (H®) + Op¥ (r4),

where the Taylor series (with respect to x1, &1, €3, ) of ry satisfies r{ =y € O3 and Cy is the value
at the origin of the subprincipal symbol of U;" Ly, 4 Uy. One can choose Uy, such that the subprincipal
symbol is preserved by conjugation,! which implies Co = 0. Applying Proposition 3.2, we obtain 7 and
in O3 such that

eih_lad’(H0+y) =HO +«,

with [k, |z1]?] = 0.
We can introduce a smooth symbol aj with compact support such that we have a ; =7 in a neighborhood
of the origin. By Proposition 3.2 and Theorem A.4, we obtain that the operator

¢! 0Pk (@n) (Op (H ) + OpY (ry))e ™" Opi (@)

IThis is sometimes called the improved Egorov theorem. It was first discovered by Weinstein [1975] in the homogeneous
setting. For the semiclassical case, see, for instance, [Helffer and Sjostrand 1989, Appendix A].
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is a pseudodifferential operator such that the formal Taylor series of its symbol is H® + k. In this
application of Theorem A.4, we have used the filtration O; defined in Section 3B1. Since k commutes
with |z1|% we can write it as a formal series in |z1]?:

k=Y Y e m(x2, 62, x3) |21 [2"EL .

k=3 20+2m+B=k

This formal series can be reordered by using monomials (|z1]?)*":

=3 det (b xa) (21 )L
k=3 2¢{+2m+pB=k

Thanks to the Borel lemma, we may find a smooth function f™*(#, I, x2, &2, x3, £3), with compact support
as small as we want with respect to #, I and &3, such that its Taylor series with respect to %, [, £3 is

Z Z hzce*,m(xz, 52,X3)1m§f-
k=3 20+2m+p=k
This achieves the proof of Theorem 2.1.
3C. Spectral reduction to the first normal form. This section is devoted to the proof of Corollary 2.4.
3C1. Numbers of eigenvalues.
Lemma 3.4. Under Assumption 1.2, there exists hg > 0 and g¢ > 0 such that, for all i € (0, ho), the

essential spectrum of /\/';li admits the lower bound

inf sess(NF) = (Bo + o).

Proof. By using the assumption, we may consider a smooth function y with compact support and g9 > 0
such that

E2 + b(x2, £2, x3) + x(x2, X3, £2, £3) = Bo + 2e0.

Then, given n € (0, 1) and estimating the second term in (2-3) by using that the support of f™* is chosen
small enough and the semiclassical Calderon—Vaillancourt theorem, we notice that, for # small enough,

Ni = (1=m) Opf (8 + |71 b (x2. &2, x3)). (3-6)
Since the essential spectrum is invariant by (relatively) compact perturbations, we have
5ess(J\/;t;t + (1 - Tl)h Opg] X(XZ, X3, 52’ 53)) = 5ess(-/\/£)-

Hence
inf sess (W) = infs(NF + (1 =) OpY x(x2, x3, £2, £3)).

In order to bound the right-hand side from below, we write
N;?'F(l—??)h Op}’ x(x2,x3,£2,€3) = (1—n)Op}’ (£3+]21 b (x2, £2, x3))+(1—=mhOp} x(x2,x3.62.63)

> h(1-n) OpY (E3+b(x2. €2, X3)+ 1 (x2.X3,£2.£3))
= h(1-n)(Bo+2e0—Ch),
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where we have used the semiclassical Garding inequality. Taking 1 and then # small enough, this
concludes the proof. O

By using the Hilbertian decomposition given by the Hermite functions (ex #)r>1 associated with Zj,
we notice that

§_ [k].4
Nh - @Nh ’
k=1
where
N,E"]’ﬁ = 12D + (2k — )h Op¥ b+ Op¥ f*¥(h, (2k — 1)h, x2. 62, X3.£3) (3-7)

acting on L2(R?).

Lemma 3.5. Forall n € (0, 1), there exist C > 0 and ho > 0 such that, for all k = 1 and h € (0, hg), we
have inf s(VFM) > (1 - 25)bo 2k — 1)

Proof. Applying (3-6) to ¥ (x1, x2, x3) = ¢(x2, X3)ek (x1), we infer that

WG 4) = 2k — 1)R(1 = 1) (OpY (b)g, ¢).

With the Garding inequality, we get

(Opy, (bY@, ¢) = (bo — Ch) g%,
and the conclusion follows by the min-max principle. O
We immediately deduce the following proposition.
Proposition 3.6. We have the following descriptions of the low-lying spectrum of J\/';li .

(a) There exist iy > 0 and K € N such that, for h € (0, hg), the spectrum Of/\/fit lying below Boh is

contained in the union Ule sp(N;Ek]’ﬁ).

(b) If ¢ € (0, min(3byg, Bo)), then there exists kg > 0 such that for all h € (0, hg) the eigenvalues 0]‘/\/}1i
lying below ch coincide with the eigenvalues of Nfgl]’ﬂ below ch.

Notation 3.7. If £ is a self-adjoint operator and E < infses(L), we denote by N(£, E) the number of
eigenvalues of £ lying in (—oo, E).

We deduce the following proposition.

Corollary 3.8. Under assumption (1-11), we have
_3 —
N(Lha,Boh) = O(h™3), NWE, Boh) = O(h72).

Proof. To get the first estimate, we use the Lieb—Thirring inequalities (which provide an upper bound
on the number of eigenvalues in dimension three) and the diamagnetic inequality (see [Raymond and
Vii Ngoc 2015] and (1-9)). To get the second estimate, we use the first point in Proposition 3.6. Moreover,
given n € (0, 1), by using # € (0, 1) we infer

(N;Ek]’ﬂlﬂ ¥) = (1 —n)h(OpY (€3 + b(x2, 2. x3)) ¥, V).
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Note that the last inequality is very rough. By the min-max principle, we deduce that

NV, Boh) < N(OpY (6 +b(x2. £2.x3)). (1=1) " Bo).
Then, we conclude by using the Weyl asymptotics and our confinement assumption:
N(Op}! (63 +b(x2.62.x3)). (1=n)' o) = O 2). O
Since /\/';ll1 commutes with 75, we also deduce the following corollary.

Corollary 3.9. For any eigenvalue A of N, 5 such that A < Boh, we may consider an orthonormal eigenbasis
of the space kel‘(./\/';? — A) formed with functions in the form ey 3 (x1)pn(x2,x3) with k € {1,..., K}.
Moreover, we have 1(_ oo gon)(N3) = O(h™?) and each eigenfunction associated with A < Boh is a linear

combination of at most O(h™?) such tensor products.

3C2. Microlocalization estimates. The following proposition follows from the same lines as in dimension
two (see [Helffer and Mohamed 1996, Theorem 2.1]).

Proposition 3.10. Under Assumptions 1.1 and 1.2, for any & > 0, there exist C(g) > 0 and ho(g) > 0 such
that, for any eigenpair (A, V) of Ly 4 with A < Bo h, we have for h € (0, ho(¢)),
_ 5 _1
/Rs U@y 2 dg < Cle) expleh™2) v/

_ 1 1
Q4 (1™OPDIAZ 4y < C(e) exp(eh™2) ||y |12,

where ¢ is the distance to the bounded set {|B(q)| < Bo} for the Agmon metric (||(B(q)| — Bo)+&,
with g the standard metric.

Proposition 3.11. Under Assumptions 1.1 and 1.2, we consider 0 < by < Bo < by and there exist C > 0
and ho > 0 such that, for any eigenpair (A, ) of Ly 4 with A < Boh, we have for h € (0, ho) and
5 (0.3).

¥ =10 L) @y + 0G|V,

where xo is a cutoff function compactly supported in the ball of center 0 and radius 1 and where x1 is a
compactly supported smooth cutoff function that is 1 in an open neighborhood of {||B(q)|l < Bo}-

Let us now investigate the microlocalization of the eigenfunctions of N, f .

Proposition 3.12. Let y be a smooth cutoff function that is 0 on {b < Bo} and 1 on the set {b = Bo + ¢}.
If A is an eigenvalue of /\/'g such that A < Boh and if  is an associated eigenfunction, then we have

Opj, (x(x2.62,x3))y = O(A™)||¥]|.

Proof. Due to Corollary 3.9, it is sufficient to prove the estimate for a function in the form ¥ (xy, x2, x3) =
ek n(x1)@(x2,x3), where k lies in {1, ..., K} and we have

Niy =2y, orequivalenty N[Eg =29,
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where we recall (3-7). Then, we write

k1, k],

and it follows that
(V2 Opg ()9, OB (¢} = 211 OpF (Oll” + (N5 . OpY (0. OpY (0)e):  (3-8)
Rough pseudodifferential estimates imply that there exist C > 0, &g > 0 such that, for all % € (0, %),
(V3. Opg ()l Opf ()9
< Ch2|Op¥ (0)¢| + Ch|OpY ()¢ | + Ch(OpY (33 1)¢. OPY (£3) OpY ()¢).  (3-9)

Combining (3-9) and (3-8), we get

|OpY (£3) OPY ()¢ | < CHZ |OPY ()¢ |- (3-10)

where y is a smooth cutoff function living on a slightly larger support than y. By using (3-10), we can
improve the commutator estimate

(VTR 0p2 ()le, O (1)9)| < Ch2 | O0pY (e |

We infer that, there exist C > 0, k¢ > 0 such that for % € (0, k),

(NVEFHE Op¥ (). Op (1)) < Bor|OBY ()¢ || > + C2 |Op¥ (e |
By using the semiclassical Garding inequality and the support of y, we get
WP Op (9. OpY (1)¢) = (Bo + £0) | OpY ()¢ |
and we deduce
[opy G0 ||* < etz |opy (e
The conclusion follows by a standard iteration argument. O
The following proposition is concerned with the microlocalization with respect to £3.

Proposition 3.13. Let yo be a smooth cutoff function that is O in a neighborhood of 0 and let § € (0, %)
If A is an eigenvalue of Nf such that A < Boh and if  is an associated eigenfunction, then we have

OpY (xo(h°E3))y = OH™) ||y |I.

Proof. We write again ¥/ (x1, X2, X3) = e #(x1)@(x2, x3) withk € {1, ..., K} and we have /\/,Ek]’#(p =Ag.
We use again the formula (3-8) with xo(A~%£3). We get the commutator estimate

(VLR OpY (o (B2 £3))]0, OPY (xo(h~*£3))0)| < Ch2 =4 OpY (xo(h P E3))0 >

We have
Opy ((h°£3)? x§(h°&3)) = Op¥i_s (E3 x5 (£3)).
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so that, with the Garding inequality,

(Op¥ (P E3)* 43 (W2 E3)) 0. 0) = (1 — CHI ) ||g )%
We infer
(528 (1— CR') — Bon) | OpY (xo(h P 3))0||> < CHE | OpY (xo(h 3 E3))0 | O

Using Opy’ f*(h, Ty, X2, 62, x3.£3) = Op}’ f(h,|z1|%, x2. &2, x3, £3), we deduce the following in the
same way.

Proposition 3.14. Let y1 be a smooth cutoff function that is 0 in a neighborhood of 0 and let § € (0, %)
If A is an eigenvalue of ./\/;31i such that A < Boh and if  is an associated eigenfunction, then we have

Op} (11 (= (x1.60))¥ = OG®) |y .
Proposition 3.15. The spectra of Ly, 4 and N}g below Boh coincide modulo O(h%°).
Proof. We refer to [Raymond and Vi Ngoc 2015, Section 4.3], which contains similar arguments. [

This proposition provides Corollary 2.4(a). With Proposition 3.6, we deduce point (b).

4. Second Birkhoff normal form

4A. Birkhoff analysis of the first level. This section is devoted to the proofs of Theorems 2.8 and 2.11.
The goal now is to normalize an %-pseudodifferential operator N,El] on R? whose Weyl symbol has the
form
N;EI] = £5 + hb(x2. &2, x3) + rj(x2. £2. X3, 3),
where ry is a classical symbol with the asymptotic expansion
rn=ro+hr +h%r 4

(in the symbol class topology), where each r; has a formal expansion in &3 of the form

re(x2,62,x3,63) ~ Z Ce,ﬂ(xz,gz,xa)éf- (4-1)

2(+p=3
The leading terms of N;EI] are

N;EI] = E2 4+ hb(x2. &2, x3) + ¢1.1(x2, E2, X3)hE3 + O(hE2) + O(E3) + O(h?). 4-2)
4A1.A First lzormalization of the symbol. We consider the local change of variables ¢(x2, &2, x3,£3) =
(%2, &2, X3,&3), where

X2 = X2 +£3025(x2,62), X3:=x3—5(x2,82),
Er =& + E3015(x2.62), E3 1= &3

It is easy to check that the differential of ¢ is invertible as soon as &3 is small enough. Moreover, we have

(4-3)

P wo —wo = O(|&3]).
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By the Darboux—Weinstein theorem (see, for instance, [Raymond and Vii Ngoc 2015, Lemma 2.4]), there
exists a local diffeomorphism i such that

Y =Id+ 02 and ¥*@*wo = wo. (4-4)

Using the improved Egorov theorem, one can find a unitary Fourier integral operator V3 such that
the Weyl symbol of Vh*J\/}El]V;, is ﬁh = NiEI] o @ o + O(h?). From (4-4), and (4-3), we see that
P := 14 0@ oy is still of the form (4-1), with modified coefficients ¢ g. Thus, using the new variables
and a Taylor expansion in &3, we get

Ny =E+1b(324+0E3), 2+ 0(83), %3 +5(R2+O(E3), E2+0(E3)) + O(E3)) + O(E3) + 74 + O(h?)
and thus
Ny, = E2 4 1b (%2, 2, X3+ 5(R2, £2)) + hsg(Ra, 2, %3) + OhE2) + 7 + O(E3) + O(R?)  (4-5)

for some smooth function g(x», éz, X3).
Therefore Nj has the form

Ny = E2 + 1b(Ra, 2, 3 +5(R2, £2)) + 61,1 (x2, &2, 3)hE3 + O(hED) + O(E3) + O(h2).

4A2. Where the second harmonic oscillator appears. We now drop all the hats off the variables. We use
a Taylor expansion with respect to x3, which, in view of (2-6), yields

b(x2.62.x3 4 5(x2.£2)) = b(x2.£2.5(x2.£2)) + 3x303b(x2, 2. 5(x2, £2)) + O(x3).
We let
V= (%agb(xz, £2,5(x2, 52)))% and y =Inv. (4-6)

We introduce the change of coordinates (X5, X3, 52, 53) = C(x2, x3, &2, £3) defined by

. dy : dy

X2 = Xp + 7-X383, &2 =§&2— 7 —X383,

962 §. f2=% dx2 J (4-7)
X3 = vXx3, g3 =118,

for which one can check that C*wy — wg = O(x3£3) = O(&3). As before, we can make this local

diffeomorphism symplectic by the Darboux—Weinstein theorem, which modifies (4-7) by O(E%). In the

new variables (which we call (x2, x3, &2, £3) again), the symbol ]\7;1 has the form

Np, = v2(x2, £2) (€2 + hx3) + hib(x2, £2, 5(x2, £2)) + 1,1 (X2, £2, x3) k3
+O(hx3) + O(hE3) + O(E3) + O(h?)

for some smooth function ¢1,1(x2, &2, x3).
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4A3. Normalizing the remainder. The next step is to get rid of the term ¢1,1(x2, &2, x3)hé3. Let

1[5,
a(xz,§2,x3) 1= _5/ C1,1(x2,&2,1) dt.
0

Since ¢,1 is compactly supported, a is bounded, and one can form the unitary pseudodifferential
operator exp(iA), where A = Op}’ (a). We have

exp(—iA) Opy (Ny) exp(iA) = Opy (N3) + exp(~i A)[Op} (N4), exp(id)].
The symbol of [exp(—iA) Op}’ (]\vfh), exp(iA)] is

lﬁe—fa{N, ¢!V + O(h?) = h{Ny, a} + O(h?) = h{No,a} + O(h?),

where Ny is the principal symbol of Z\7h, which satisfies
7 &2 3
No = &5 + O(&3).
Therefore {N;,, ay= {532, ay+ (’)(ég). Since
da .
{§.a} = 2538— = —€3C1,1,
X3

we get
exp(—iA) OpY (Ny) exp(i A) = OpY (Nj, — héscr1 + O(hEZ) + O(h?)),

which shows that we can remove the coefficient of #£3. The new operator given by the conjugation
formula \V E] = exp(—iA) Opy’ (Nh) exp(iA) has a symbol of the form

N =025, £2)(83 +5x3) + hb(x2. £2.5(x2. £2)) + 1, *+3)

where rj, = O(hx3) + O(h€2) + O(E3) + O(h?).
This proves Theorem 2.8.

4Ad. The second Birkhoff normal form. We now want to perform a Birkhoff normal form for A/ ,[}ll]’ﬁ
relative to the “second harmonic oscillator”

v2(x2, £2) (63 + h1x3).
Using Notation 2.10, we introduce the new semiclassical parameter & = # %, and use the relation
Opy (N ) = opy (N, ).
Thus, let §,~ = h_%éj. The new symbol NE}M has the form
NEV (2. 82, x3. 83) = W2 (v2 (2. hE2) (83 + x3) + D (xa. h. 5(x2. hE2)) + h™2r Y, (xa. ha. x5 hE3)).
We introduce momentarily a new parameter ;. and define

N R (0. 82, 303, 830 10) 1= 02 (02, 10E2) (B3 + x3) + b (w2, 1o, s (52, j182)) + h 21 (xa., o, x3, hE3).
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Notice that Ngll]’#(xz, §2,x3, §3;h) = h_zugl]’#(xz, §Z,X3, §3). We define now a space of functions
suitable for the Birkhoff normal form in (x3, &3, /). Let us now use the notation of the Appendix
introduced in (A-4) in the case when the family of smooth linear maps R? — R? is given by

P2 (X2, £) = (x2, u2).
Let
7 :=C(1)ge.

where the index R? means that we consider symbols on R2 More explicitly, we have

F ={d st.3c € S1:[0, 1] x (0, D)z | d(x2, E2: 11, h) = (g, g (x2.€2): 11, )}

Then we define
&= c?[[)63, 53, h]],

endowed with the full Poisson bracket

df dg  dg df
sxE3(fg)ifigh= Y Foo- L e,

and the corresponding Moyal bracket [ f, g]. We remark that the formal Taylor series of the symbol

N%l]’ﬂ(xz, &, x3, £3; ) with respect to (x3, &3 ,~h) kielongs to &. We may apply the semiclassical Birkhoff

normal form relative to the main term vZ (x>, /L%'z)(é:,,z —i—x%) exactly as in Section 3B1 (and also [Raymond

and Vii Ngoc 2015, Proposition 2.7]), where we use the fact that the function

(x2, €2, X3, &3 1, ) > (02 (x2, ) ™!

belongs to & because v2 > C > 0 uniformly with respect to s. Let us consider y € &, the formal Taylor
expansion of h_zfiz (x2, ué2, x3, h€3) with respect to (x3, £3, h). The series y is of valuation 3 and we
obtain two formal series k, T € & of valuation at least 3 such that

e x3 +831=0
and
. _1 ~ ~ ~ ~

e (2 (2. w2 (83 + x3) +y) = 02 (2, mE2) (65 + 43) + k.
The coefficients of t are in S(1) and one can find a smooth function t; € S(1) with compact support
with respect to (x3, £3, 1) and whose Taylor series in (x3, £3, k) is t. By the Borel summation, t; will
actually lie in S(m’) with m’ (x2, &2, x3, £3) = ((x3, &3)) % for any k > 0, uniformly for small 4 > 0 and
jt € [0, 1]. Notice that NI € ¢(m) with m = ((x3,£3))2 = 1, and that mm’ = O(1).

Then, we can apply Theorem A.3 with the family of endomorphisms of R* defined by

Ot (x2.62.x3,3) = (x2., ué2. x3. &3).

Thus, the new operator
mh — eih_l OpZ’ ‘Eh;lt%l]#e—ih_] Opz) ™
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is a pseudodifferential operator whose Weyl symbol belongs to the class C(m) modulo 2°°S(1) (see the
notation of Theorem 2.11). Moreover, thanks to Theorem A.4, its symbol M, admits the following Taylor
expansion (with respect to (x3, €3, /1))

b(xa, ukz, s(x2, 162)) + 02 (x2, n&2) (83 + x3) + k.

We write kK = Y 1 553 Cm (X2, u§2)|23|*2mhe and we may find a smooth function g* (x2, ;ng, Z,h)
such that its Taylor series with respect to Z, & is

Y emu(xa. nE2) 2™
2m+2023

We may now replace u by &, which achieves the proof of Theorem 2.11.

4B. Spectral reduction to the second normal form. This section is devoted to the proof of Corollary 2.13.

4B1. From /\/;EI]’ﬁ to N E]’ﬁ. In this section, we prove Corollary 2.9.
Lemma 4.1. We have
NG, Bom) = 0 ™2), N Boh) = O(h™2).
Proof. The first estimate comes from Proposition 3.6 and Corollary 3.8. The second estimate can be
obtained by the same method as in the proof of Corollary 3.8. |

Let us now summarize the microlocalization properties of the eigenfunctions of A %1]’# in the following
proposition.

Proposition 4.2. Let yo be a smooth cutoff function on R that is 0 in a neighborhood of 0 and let
§ € (0, %) Let y be a smooth cutoff function that is O on the bounded set {x3 + b(x2, &2, 5(x2, £2)) < Bo}
and 1 on the set {x3 + b(x2, &2, 5(x2, 62)) = Bo + &}, with & > 0. If A is an eigenvalue of /_\/—E],ﬁ such that
A < Boh and if ¥ is an associated eigenfunction, then we have

Opy, (x(x2,82,x3)¢ = ORP)|y |,
and

Opy (xo(h™*E3)) ¥ = OG™) [
Proof. The proof follows exactly the same lines as for Propositions 3.12 and 3.13. |

Lemma 4.1 and Proposition 4.2 on the one hand and Propositions 3.12 and 3.13 on the other hand are
enough to deduce Corollary 2.9(a) from Theorem 2.8. Part (b) easily follows from Corollary 2.4.

4B2. From ’J_TEIIM to Dﬁi Let us now prove Corollary 2.13(a). We get the following rough estimate of
the number of eigenvalues.

Lemma 4.3. We have
NRIE, Boh?) = Ny, oh?) = (™), (4-9)
NEE, Boh?) = O(h ™). (4-10)
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Proof. First, we notice that ‘ltgll]’ﬁ and 9, are unitarily equivalent so that (4-9) holds. Then, given 1 > 0
and & small enough and up to shrinking the support of g* and by using the Calderon—Vaillancourt theorem
(as in the proof of Lemma 3.4), S)ﬁi > ,‘Jﬁz in the sense of quadratic forms, with

9312 = Op}’ (h*b(x2, hés, s(xa, hgz))) + h? T, Opy (v (x2, hé2)) — 7).
Since v2 = ¢ > 0, we get
Opj; (h?b(x2. hé2. 5 (x2. h§2))) + h> Ty O}y ((v*(x2. hé2)) —11)
> Op} (b (x2. hEz. 5(x2. hE2))) + 5ch? T
We deduce the upper bound (4-10) by separation of variables and the min-max principle. O
The following proposition deals with the microlocal properties of the eigenfunctions of ‘J_TEII]’ﬂ.

Proposition 4.4. Letn € (0,1), § € (0, %n), and C > 0. Let y be a smooth cutoff function that is 0 on
{b(x2,8,5(x2,&2)) < Bo} and 1 on the set {b(x2, &2, 5(x2,82)) = Bo + &}, with & > 0. Let also 1 be a
smooth cutoff function on R? that is 0 in a neighborhood of 0.

If A is an eigenvalue of ’l’(gll]’ﬁ such that A < Boh? and if V is an associated eigenfunction, we have

OpY (x(x2, h&2)) ¥ = O(h™®) |y || (4-11)

and if A is an eigenvalue of ‘ltgll]’ﬂ such that A < boh? + Ch?>*" and if v is an associated eigenfunction,
we have

OpY (x1(h7% (x3,&))) ¥ = Oh™®)|v|. (4-12)

Proof. The estimate (4-11) is a consequence of Proposition 4.2. Then, let us write the symbol of ‘l‘(g]’ﬁ,

NP = h202 (g, hE2) (B2 + x2) + h2b(x2. hEa. s(x2. hE2) + 1, (x2. ha. x3.hE3).
We write
(RUF Opl (1 (178 (x5, £3))) ¥, OPY (1 (A% (x3, 3))))
= A 0pp (1 (W8 (x3, &) ¥ || > + ([ Op (1 (h P (x5, E3))) ], OPY (1 (h % (x3.E3))) ¥).
We get
(90 0pY (11 (h (x3,£3)))]. OPY (x1(h % (x3.£3)))¥) < Ch | OpY (1 (h 8 (x3.83))) v/ |

where we have used (4-11). Then, we use that

2

b(x2, héz, s(x2,hE2)) = bo, v2(x2,hE2) = co >0, A< boh?+Ch*t7,
and the Garding inequality to deduce

h2(Ch? — Ch)||OpY (x1(h =% (x3.E3))) ¥ ||* < Ch*|OpY (1 (P (x5, &) v |2

The desired estimate follows by an iteration argument. O
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In the same way we can deal with 9.7(2

Proposition 4.5. Let n € (0,1), § € (O, %n), and C > 0. Let y be a smooth cutoff function that is 0
on {b(xa,&2,5(x2,82)) < Bo} and 1 on the set {b(x2,&2,5(x2,82)) = Bo + &}, withe > 0. If A is an
eigenvalue of Emi such that A < Boh? and if V is an associated eigenfunction, we have

OpY (x(x2, hE2)) ¥ = Oh™®) |y || (4-13)

and if A is an eigenvalue of 93?2 such that & < boh? + Ch?>*™" and if ¥ is an associated eigenfunction,
we have

OpY (x1(h™%(x3,83)))¥ = O(h*™) ||y |I. (4-14)

Proof. In order to get (4-13), it is enough to go back to the representation with semiclassical #, that
is, imi = Mg Indeed the microlocal estimate follows by the same arguments as in Propositions 3.12
and 3.13. Then, (4-14) follows as in Proposition 4.4. O

Propositions 4.4 and 4.5 and Theorem 2.11 standardly imply Corollary 2.13(a).

4B3. From imi to S)J?Ell]’ﬁ. Let us now prove Corollary 2.13(b). Note that part (c) is just a reformulation
of (b).
Let us consider the Hilbertian decomposition mh = D1 sm}f]’ﬁ, where the symbol Mg(]’ﬂ of im%k]’ﬂ is

h2b(x2, héa, s(x2, hé2)) + (2k — 1)h3v2 (x2, héz) + h2g* (h, 2k — 1)h, x2, hé,).
There exists /g > 0 such that for all k = 1 and & € (0, hy),
(R y ) = (0p (h2b(x2, ha, s (x2, hE2)) + (2k — DI (VP (x2, ha) — ) ¥, ).

Since each eigenfunction of zm[ I associated with an eigenvalue less than Boh? provides an eigenfunction
of smﬂ we infer that the elgenfunctlons of sm[ M are uniformly microlocalized in an (x5, £2)-neighborhood
of (0, 0) as small as we want. Therefore, on the range of 1(_o, bOhZ)Cm[ l ﬁ) we have

k s
(IR g ) = (Op (Kb (x2, ha, s (x2. hE2)) + (2k — DR (b3(0,0) — 26)) ¥, ),
and, with the Garding inequality in the A-quantization, we get
k1,
LRy ) = (Opl (h2bo + (2k — 1R (b3(0,0) — &) — Ch*)y, ).
This implies Corollary 2.13(b).
5. Third Birkhoff normal form

5A. Birkhoff analysis of the first level. In this section we prove Theorem 2.15.
We consider M;[;]’ﬁ = Opy’ (M;EI]’ﬁ), with

3 L1
M = hb(xa. 62, 5(x2. £2)) + h2v2(x2.82) + hg* (2, 72, x2, £2).
By using a Taylor expansion, we get,

[1].4 1 3 2 3 3 L 3
Mh =hbo+5hHess(O,O)l_9(x2,Ez,s(xz,sz))—l—hw (0,0)+cxph2+d&xh2+hO((h2,22)7), (5-1)
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where ¢ = 0 X2v2(0, 0)and d = 3521)2(0, 0), and we have identified the Hessian with its quadratic form
in (XZ, %’2)

Then, there exists a linear symplectic change of variables that diagonalizes the Hessian, so that, if Ly
is the associated unitary transform,

LMLy, = opp (11,1),
Wlth 3 3 A 3 1
M"Y = hbo + 1862 + £2) + h202(0,0) + éx2h + dExh +hO((h2,22)%),
where

6= \/det Hess(,0)b (X2, 62, 5(x2,§2)).

Since (dx,b)(x2,&2,5(x2,&2)) = 0 and (0, 0) is a critical point of s, we notice that 3§2x3b(0, 0,0) =
agmb(o, 0,0) = 0. Thus
det Hess(g,0,0)b (0.0, 0) = 679%,5(0,0,0).
Using that b is identified with b o y (see Remarks 2.2 and 3.1), this provides the expression given in (1-15).
Note that ¢2 4+ d2 = ||(Vy
we have

), gzvz)(O, 0)||? since the symplectic transform is in fact a rotation. Moreover,

A%\ 2 G212 22 52
N h dh > d
9(x%+s§)+éxzh%+dézhi=9((x2—‘92) +(52—72) )—h‘ St

Thus, there exists a unitary transform ﬁhl /2, which is in fact an A-Fourier integral operator whose phase

. . 1
admits a Taylor expansion in powers of 72, such that

0% o LEMYVYE L, 0o = Fiy = OpY (Fp),
where
1(Vx,,£,1%)(0,0)[1
20

Now we perform a semiclassical Birkhoff normal form in the space of formal series R[[x2, &2, h%]]
equipped with the degree such that xg Eé”h% is £ +m + n and endowed with the Moyal product. Let F ;
be the full Taylor series of F'z. We find a formal series t(x2, &3, h%) with a valuation at least 3 such that

Fy = hbo +h2v2(0,0) —

12 + (160|222 + O((h2 . 2)%)).

ihlad; oT _ T
el a Eh — Fh ,
where FhT is a formal series of the form
(Vs ,£,v2)(0,0) |1
260

and k7 is a formal series in [R[[h%, |z2|?]] (and that can be also written as a formal series in Moyal power
of |z2|2 say (kT)*).
Let T(x2, &2, ) be a compactly supported function whose Taylor expansion at (0, 0, 0) is equal to

FT = hbo + 13v%(0,0) — %+ L0h)2)2 + 1k T (2, |22 ),

T(x2, &, ). By the Egorov theorem (Theorem A.2), uniformly with respect to the parameter j, we obtain

e~ih P (@) Opy (E/,Vz)eih_l Op (D) —: Op¥ (F),)
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is an A-pseudodifferential operator depending smoothly on . Expanding F, w in powers of u in the S(1)
topology, and letting u = Vi, we see that F Nk Fy + @h, where

1(Vi,,£,v2)(0,0) ||
20

with k£ a smooth function with support as small as desired with respect to its second variable, and

Gy = hO(|z2|*°). It remains to notice that Op;’ (k(h%, |22|2)) can be written as k*(h%,lC;,) modulo

Op;’ (O(|z2]*°)). This achieves the proof of Theorem 2.15.

Fy, = hbo + 13 v2(0,0) —

2+ L0h| 252 + hk(h7, |22)?),

5B. Spectral reduction to the third normal form. Corollary 2.16 is a consequence of the following
lemma and proposition.

Lemma 5.1. We have
N(ME],’#, IBOh) = O(h_z)’ N(fh,b()h + Ch1+7]) — O(h_l_i_n)‘

Proof. The first estimate follows from Lemma 4.3 and the second one from a comparison with the
harmonic oscillator in x5. O

The last proposition concerns the microlocalization of the eigenfunctions.

Proposition 5.2. Let n <€ (0,1), § € (0, %n), and C > 0. Let y be a smooth cutoff function that is 0 in a
bounded neighborhood of (0,0) and 1 outside a bounded neighborhood of (0,0). If A is an eigenvalue of
/\/l;[}ll]"i or of Fy, such that A < boh + Ch'™" and if  is an associated eigenfunction, we have

OpY (x(h 8 (x2, £2))) ¥ = O(h™).

Proof. The proof is similar to that of Proposition 4.4. O

Appendix: Egorov theorems

We start with the classical result (see, for instance, [Zworski 2012, Theorem 11.1; Robert 1987,
Théoréeme IV.10]).

Theorem A.1 [Zworski 2012, Theorem 11.1, Remark (ii) on p. 251]. Let P and Q be h-pseudodifferential
operators on R4, with P € Op;/ (S(1)) and Q € Op; (S(1)). Then the operator eilPe 72 isa
pseudodifferential operator in Op;’ (S(1)), and

e;l;QPe_%Q —OPZ)(pOK) € hOphw(S(l))-

Here p is the Weyl symbol of P, and the canonical transformation k is the time-1 Hamiltonian flow
associated with principal symbol of Q.

From this classical version of Egorov’s theorem, one can deduce the following refinement that is useful
when p does not belong to S(1) (as is the case in this paper).
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Theorem A.2. Let P and Q be h-pseudodifferential operators on R%, with P € Op;, (S(m)) and Q €
Opj’ (S(m")), where m and m’ are order functions such that
m' =01), mm' =0(). (A-1)
Then the operator ei2Pe 7% isa pseudodifferential whose symbol is in S(m), and e QPe 2 —
Op;, (pok) € hOpy (S(1)).

Proof. The proof is based on the following observation. In order to compare Op;’(p ok!)and e TOpe Q
we consider the derivative

d /it —gy —it itg (i - d —z) —it
E(ehQOp;f(poxt e hQ)=eh (E[Q,Op,’f(pmct I)]—FEOPZ)(pOKt r)).e n Q.
From hypothesis (A-1), the term [Q, Op}’(p o k'~7)] belongs to Opj; (S(1)); moreover, if we denote

by ¢o the principal symbol of O, we have

d _ _
EOpZ’(pOKt ) = —Op} ({90, po k'),

which implies that this term is also in Op;’ (S(1)). By symbolic calculus, we see that

£10.0p} (p ok )] + < Op¥ (p o' ~7) € h Op} (S(1) (A2)

uniformly for ¢, T in compact sets. It follows by integration from O to ¢ that
4 . t . .
e 2pe= i@ :Opf(po;c’)—}—h/ e QP i(s)e 12 ds (A-3)
0
for some Py (s) € Op;’ (S(1)), uniformly for s € [0, ¢]. Applying Theorem A.1 to the integrand, we see
that e # € Pe=% 2 —Op¥ (p ok’) € h OpY (S(1)). O

In order to quantize the formal Birkhoff procedure of Section 4A4, one needs to consider symbols
in a class C stable under the Moyal product. For that purpose we first define the families of symbols
S(m; [0, 1] x (0, 1]), that is, of smooth functions a : R24 x [0, 1] x (0, 1] — C such that, for any o € N2,
there exists Cy such that, for all (z; u, h) € R24 x [0,1] x (0, 1],

|0%a(z; p, h)| < Cqm(z)

and where m is an order function on R24. The pair (i, h) is considered as a parameter.
Then, let (¢1),.e[0,1] be a smooth family of linear maps R24 > R24 and define the following families
of symbols on R2d by

C(m) = {a € S(m; [0, 1] x (0, 1]) | a(z;p,h) =aleu(z); w, h) with a € S(m; [0, 1] x (0, 1])}. (A-4)

Theorem A.3. Let P and Q be h-pseudodifferential operators on R4, with P € Opj, (C(m)) and Q €
Op;, (C(m")), where m and m’ are order functions such that

m=1, m'=0(1), mm =0(Q).

Then eh @ Pe=52 = P + R, where P € Opj’ (C(m)), R € h™ Opy (S(1)), and with ﬁ—Opf (pok) €
h Opy, (C(1)).
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Proof. Since ¢, is linear, one can see (using, for instance, [Zworski 2012, Theorem 4.17]) that C is stable
under the formal Moyal product, i.e., for all order functions m; and my, we have

(C(m1)) * (C(m2)) C C(myimz) +h*S(1).

Let k be the canonical transformation associated with Q. Then, since m = 1, we have p ok € C(m);
indeed, if we write the Hamiltonian flow of Q in terms of the variable Z = ¢, (z), we see from the
linearity of ¢, that the components of the transformed vector field belong to C(m’). Therefore ¢, ok is
of the form k, o ¢, for some diffeomorphism «,, depending smoothly on .

Therefore, both terms in (A-2) belong to Op;’ (C(1)). Applying this argument inductively in (A-3), we
may write, for any k > 0,

ehQPe=hQ —OpP (pok)— (hPy + k2 Py + -+ ik Br) € 1 0pP (5(1)),
vi/\ith 13J € Op; (C(1)). By a Borel summation in &, parametrized by Z = ¢, (z), we can find a symbol
P € Opy’(C(1)) such that we have the asymptotic expansion in Op;’ (S(1))
P~hP +h?Py+---.
We conclude by letting P = Op; (pok) + P. O

We will also need to examine how the Egorov theorem behaves with respect to taking formal power
series of symbols. For this, it is convenient to introduce a filtration of S(m).

Theorem A.4. Let m be an order function on R24 and let (O))jen be a filtration of S(m), i.e.,
Op = S(m), Oj+1 CO;.

Let P = Op;’ p and Q = Op}’ q be h-pseudodifferential operators on R4, with p € S(m) and q € S(m’),
where m’ is an order function such that m’ and mm'’ are bounded.
Assume that )
’Eadq(oj) COj41 Vj=0. (A-5)

Then for any k = 0, the Weyl symbol of the pseudodifferential operator
. . k 1 . .
el pemi? — Z F(% adg)’ P
Jj=0

belongs to Opy’ (Ok11). In other words, the series of exp(,% adQ)P converges to ehQPeHQ for the
filtration (Oj) jen.

Proof. By the Taylor formula, we can write

. . k 1 . 1 1 ” ”
eiQpe Q= Z —(ad;p—19)’ P + ——(ad;p-1 Q)k'"1 / (1 —t)keWQPe_WQ dt.
Jj=0

By Theorem A.2, we see that the integral belongs to Opj’ (S(m)) = Op;’ (Oq). Therefore, by assump-
tion (A-5), the remainder in the Taylor formula lies in Opj, (O 41). O
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AN ANALYTICAL AND NUMERICAL STUDY
OF STEADY PATCHES IN THE DISC

FRANCISCO DE LA HOz, ZINEB HASSAINIA, TAOUFIK HMIDI AND JOAN MATEU

We prove the existence of m-fold rotating patches for the Euler equations in the disc, for the simply
connected and doubly connected cases. Compared to the planar case, the rigid boundary introduces rich
dynamics for the lowest symmetries m = 1 and m = 2. We also discuss some numerical experiments
highlighting the interaction between the boundary of the patch and the rigid one.
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In this paper, we shall discuss some aspects of the vortex motion for the Euler system in the unit disc D

of the Euclidean space R”. That system is described by the equations
hv+v-Vv+Vp =0,

divv =0,
v-v=0
V|s=0 = vp.
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Here, v = (v', v?) is the velocity field, and the pressure p is a scalar potential that can be related to the
velocity using the incompressibility condition. The boundary equation means that there is no matter flow
through the rigid boundary 0D = T; the vector v is the outer unitary vector orthogonal to the boundary.
The main feature of two-dimensional flows is that they can be illustrated through their vorticity structure;
this can be identified with the scalar function w = d;v, — drv;, and its evolution is governed by the
nonlinear transport equation

osw+v-Vo=0. (2)

To recover the velocity from the vorticity, we use the stream function W, which is defined as the unique
solution of the Dirichlet problem on the unit disc:

{ AV =@,

Vlon = 0.
Therefore, the velocity is given by

v=Vh, V= (=i, ).

By using the Green function of the unit disc, we get the expression
1 z—

Y(z) = —f log‘ S_

4 Jp 1—z&

with d A being the planar Lebesgue measure. In what follows, we shall identify the Euclidean and the

2

w(§)dA(E), 3)

complex planes, so the velocity field is identified with the complex function
v(z) = vi(xr, x2) Hiva(x1, x2),  z=Xx1+ixa.
Therefore, we get the compact formula

v(t, z) =2id;W(¢, 2)

i L S
=— | ———owl(,
2 Jp (z-86)(Ez-1)
i [ ot?) i / §
= — dAE)+ — —w(t,&)dAE). 4
pr ) - &) o7 Jo T £ (1,§)dA(E) “4)
We recognize in the first part of the last formula the structure of the Biot—Savart law in the plane R?,
which is given by
I w(t,
v(t,z):—/ _( §) dA¢), zeC. (5)
27 Jo 7 — &

The second term of (4) is absent in the planar case. It describes the contribution of the rigid boundary T,
and our main task is to investigate the boundary effects on the dynamics of special long-lived vortex
structures. Before going further into details, we recall first that, from the equivalent formulation (2)—(4)
of the Euler system (1), Yudovich [1963] was able to construct a unique global solution in the weak sense,
provided that the initial vorticity wq is compactly supported and bounded. This result is very important
because it allows one to deal rigorously with vortex patches, which are vortices uniformly distributed in a
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bounded region D, i.e., wyp = xp. These structures are preserved by the evolution, and at each time ¢,
the vorticity is given by xp,, with D; = (¢, D) being the image of D by the flow. As we shall see later
in (16), the contour dynamics equation of the boundary 90 D; is described by the following nonlinear
integral equation. Let y; : T — 9 D, be the Lagrangian parametrization of the boundary; then

N 1 £
= ——/ togly —€lds+ o | B,

aD; Vi
We point out that, when the initial boundary is smooth enough, roughly speaking more regular than C!,
then the regularity is propagated for long times without any loss. This was first achieved by Chemin
[1998] in the plane and extended in bounded domains by Depauw [1999]. Note also that we can find in
[Bertozzi and Constantin 1993] another proof of Chemin’s result. It appears that the boundary dynamics
of the patch is very complicate to tackle and, to our knowledge, the only known explicit example is
the stationary one given by a small disc centered at the origin. Even though explicit solutions form a
poor class, one can try to find implicit patches with prescribed dynamics, such as rotating patches, also
known as V-states. These patches are subject to perpetual rotation around some fixed point that we can
assume to be the origin and with uniform angular velocity €2; this means that D; = ¢!’* D. We shall see
in Section 2.3 that the V -states equation, when D is symmetric with respect to the real axis, is given by

74 =0, zel£HD, (6)
rz—=§& l—zfi

with 7’ being a tangent vector to the boundary d Dy at the point z; note that we have used the notation
fr = (1/2im) fr' In the flat case, the boundary equation (6) becomes

Re{(ZQZ—I— %z—s ds)z/} =0, zel. (7)
rz—=¢&

Note that circular patches are stationary solutions for (7); however, elliptical vortex patches perform a

steady rotation about their centers without changing shape. This latter fact was discovered by Kirchhoff
[1876], who proved that, when D is an ellipse centered at zero, D; = ¢/’ D, where the angular velocity Q
is determined by the semiaxes a and b through the formula Q = ab/(a + b)?. These ellipses are often
referred to in the literature as the Kirchhoff elliptic vortices; see for instance [Majda and Bertozzi 2002,
p- 304] or [Lamb 1945, p. 232].

One century later, several examples of rotating patches were obtained by Deem and Zabusky [1978],
using contour dynamics simulations. Burbea [1982] gave an analytical proof and showed the existence
of V-states with m-fold symmetry for each integer m > 2. In this countable family, the case m = 2
corresponds to the Kirchhoff elliptic vortices. Burbea’s approach consists of using complex analysis tools,
combined with bifurcation theory. It should be noted that, from this standpoint, the rotating patches are
arranged in a collection of countable curves bifurcating from Rankine vortices (trivial disc solution) at
the discrete angular velocities set {(m — 1)/2m : m > 2}. The numerical analysis of limiting V -states
which are the ends of each branch is done in [Overman 1986; Wu et al. 1984] and reveals interesting
behavior: the boundary develops corners at right angles. Recently, the C* regularity and the convexity
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of the patches near the trivial solutions have been investigated in [Hmidi et al. 2013]. More recently, this
result has been improved by Castro, Cérdoba and Gémez-Serrano [Castro et al. 2016b], who showed the
analyticity of the V -states close to the disc. We point out that similar research has been carried out in
the past few years for more singular nonlinear transport equations arising in geophysical flows, such as
the surface quasigeostrophic equations or the quasigeostrophic shallow-water equations; see for instance
[Castro et al. 2016a; 2016b; Hassainia and Hmidi 2015; Ptotka and Dritschel 2012]. It should be noted
that the angular velocities of the bifurcating V -states for (7) are contained in the interval ]0, %[. However,
it is not clear whether we can find a V-state when €2 does not lie in this range. Fraenkel [2000] proved,
always in the simply connected case, that the solutions associated with €2 = 0 are trivial and reduced to
Rankine patches. This was established by using the moving plane method, which seems to be flexible
and has been recently adapted in [Hmidi 2015] to 2 < 0 but with a convexity restriction. The case 2 = %
was also solved in that paper, using the maximum principle for harmonic functions.

Another related subject is to see whether a second bifurcation occurs at the branches discovered by
Deem and Zabusky. This has been explored for the branch of the ellipses corresponding to m = 2. Kamm
[1987] gave numerical evidence of the existence of some branches bifurcating from the ellipses; see also
[Saffman 1992]. In [Luzzatto-Fegiz and Williamson 2010], one can find more details about the diagram
for the first bifurcations and some illustrations of the limiting V -states. The proof of the existence and
analyticity of the boundary has been recently investigated in [Castro et al. 2016b; Hmidi and Mateu 2016].
Another interesting topic which has been studied since the pioneering work of Love [1893] is the linear
and nonlinear stability of the m-folds. For the ellipses, we mention [Guo et al. 2004; Tang 1987], and
for the general case of the m-fold symmetric V -states, we refer to [Burbea and Landau 1982; Wan 1986].
For further numerical discussions, see also [Cerretelli and Williamson 2003; Dritschel 1986; Mitchell
and Rossi 2008]. Recently [Hmidi et al. 2015; de la Hoz et al. 2016b] have shown a special interest in
the study of doubly connected V -states which are bounded patches and delimited by two disjoint Jordan
curves. For example, an annulus is doubly connected, and by rotation invariance, it is a stationary V -state.
No other explicit doubly connected V -state is known in the literature. In [Hmidi et al. 2015], a full
characterization of the V-states (with nonzero magnitude in the interior domain) with at least one elliptical
interface has been achieved, complementing the results of Polvani and Flierl [1986]. As a byproduct, it
is shown that the domain between two ellipses is a V -state only if it is an annulus. The proof of existence
of nonradial doubly connected V -states has been achieved very recently in [de la Hoz et al. 2016b] by
using bifurcation theory. More precisely, we get the following result. Let 0 < b < 1 and m > 3, such that

2

14+ — m < 0.

Then there exist two curves of m-fold symmetric doubly connected V -states bifurcating from the annulus
{z € C:b < |z| < 1} at each of the angular velocities

1-p2 1 1—b2 2
Qf = PRl o Wt )
4 " 2m 2

The main goal of the current paper is to explore the existence of rotating patches (6) for Euler equations



AN ANALYTICAL AND NUMERICAL STUDY OF STEADY PATCHES IN THE DISC 1613

posed on the unit disc ). We shall focus on the simply connected and doubly connected cases and study
the influence of the rigid boundary on these structures. Before stating our main results, we define the
set D, = {z € C: |z| < b}. Our first result dealing with the simply connected V -states is:

Theorem 1. Let b € 10, 1[ and m be a positive integer. Then there exists a family of m-fold symmetric
V-states (Vi) m=1 for (6) bifurcating from the trivial solution wy = xp, at the angular velocity
m—14b>"
D

The proof of this theorem is done in the spirit of [Burbea 1980; de la Hoz et al. 2016b], using the
conformal mapping parametrization ¢ : T — 9D of the V-states, combined with bifurcation theory. As
we shall see later in (17), the function ¢ satisfies the following nonlinear equation, for all w € T:
Pw) —¢(@) |6(0)P¢'(7)

RSt 5 dr— fp 277
s -0 P T s

Denote by F(£2, ¢) the term in the left-hand side of the preceding equality. Then the linearized operator

Im{ [quw) + dr] w¢’(w>} =0.

around the trivial solution ¢ = b1d can be explicitly computed and is given by the following Fourier

multiplier: for h(w) =), .\ an ",

1
— ZQ)an_len, e, = —(w"—w").
i

n—1+b*"
=3;

n

s F (2, b1d)h(w) = b Zn(
n>1

Therefore, the nonlinear eigenvalues leading to nontrivial kernels of dimension 1 are explicitly described
by the quantity €2, appearing in Theorem 1. Later on, we check that all the assumptions of the Crandall—
Rabinowitz theorem stated in Section 2.2 are satisfied, and our result follows easily. In Section 5.1,
we implement some numerical experiments concerning the limiting V -states. We observe two regimes
depending on the size of b: b small and b close to 1. In the first case, as expected, corners do appear as in
the planar case. However, for b close to 1, the effect of the rigid boundary is not negligible. We observe
that the limiting V -states are tangentially touching the unit circle; see Figure 5. Some remarks are in order.

Remark 2. For the Euler equations in the plane, there are no curves of 1-fold V -states close to Rankine
vortices. However, we deduce from our main theorem that this mode appears for spherical bounded
domains. Its existence is the result of the interaction between the patch and the rigid boundary T. Moreover,
according to the numerical experiments, these V -states are not necessarily centered at the origin, and this
fact is completely new. For the symmetry m > 2, all the discovered V -states are necessarily centered at
zero because they have at least two axes of symmetry passing through zero.

Remark 3. By a scaling argument, when the domain of the fluid is the ball B(0, R), with R > 1, then
from the preceding theorem, the bifurcation from the unit disc occurs at the angular velocities
Am—14+R2M

Q =
m R 2m

Therefore, we obtain Burbea’s result [1980] by letting R tend to +oc0.
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Remark 4. From the numerical experiments done in [de la Hoz et al. 2016b], we note that, in the plane,
the bifurcation is pitchfork and occurs to the left of €2,,. Furthermore, the branches of bifurcation are
“monotonic” with respect to the angular velocity. In particular, this means that, for each value of €2, we
have at most only one V-state with that angular velocity. This behavior is no longer true in the disc as
will be discussed later in the numerical experiments; see Figure 3.

Remark 5. Due to the boundary effects, the ellipses are no longer solutions for the rotating patch
equation (6). Whether explicit solutions can be found for this model is an interesting problem. However,
we believe that the conformal mapping of any nontrivial V -state has a necessary infinite expansion. Note
that Burbea [1982] proved that, in the planar case when the conformal mapping associated to the V -state
has a finite expansion, it is necessarily an ellipse. His approach is based on Faber polynomials, and this
could give insight to solving the same problem in the disc.

The second part of this paper deals with the existence of doubly connected V -states for the system (1),
governed by (6). Note that the annular patches centered at zero, which are given by

Ap b, ={z€C:by <|z| <b2}, b1 <by<],

are indeed stationary solutions. Our main task is to study the bifurcation of the V-states from these trivial
solutions in the spirit of the recent works [de la Hoz et al. 2016a; 2016b]. We shall first start by studying
the existence with the symmetry m > 2, followed by the special case m = 1.

Theorem 6. Let O < by < by < 1, and set b = by/by. Let m > 2, such that
2420 — (b} + D52
1 —b2 ’

Then there exist two curves of m-fold symmetric doubly connected V -states bifurcating from the annulus

m >

Ay, », at the angular velocities

L0 b b

+
Q= 1 ym” + 3V A,
with
A 1=b 2-b"—b" Z_me 1—b2m\?
" 2 2m m )

Before outlining the ideas of the proof, a few remarks are necessary.

Remark 7. As was discussed in Remark 3, one can use a scaling argument and obtain the result previously
established in [de la Hoz et al. 2016b] for the planar case. Indeed, when the domain of the fluid is the
ball B(0, R), with R > 1, then the bifurcation from the annulus A, ; amounts to making the changes
by =1/R and b, = b/R in Theorem 6. Thus, by letting R tend to infinity, we get exactly the nonlinear
eigenvalues of the Euler equations in the plane (8).

Remark 8. Unlike in the plane, where the frequency m is assumed to be larger than 3, we can reach
m =2 in the case of the disc. This can be checked for b, small with respect to by. This illustrates once
again the interaction between the rigid boundary and the V -states.
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Now we shall sketch the proof of Theorem 6, which follows along the lines of [de la Hoz et al.
2016b] and stems from bifurcation theory. The first step is to write down the analytical equations of
the boundaries of the V -states. This can be done for example through the conformal parametrization of
the domains D; and D, which are close to the discs 51D and b, D, respectively. Set ¢; : D — D;, the
conformal mappings which have the expansions,

az n

aln
=L ) =bw+)

.\ . . N . N .
In addition, we assume that the Fourier coefficients are real, which means thaf we are looking only for

forall jw|>1, ¢(w)=

V -states that are symmetric with respect to the real axis. As we shall see later in Section 4.1, the conformal
mappings are subject to two coupled nonlinear equations defined as follows: for j € {1,2} and w € T,

Fi(k, g1, ¢2)(w) = Im{((1 = 1) (w) + 1 (¢ (w)) — J (¢ (w)))we;(w)} =0

with
e 7[ —5®
I d
(@)= 7[ o ©ds— f B eds .
11 (8) 7[ (), '
J = d _ d&,
@ f A€ de — 12 206 ds

In order to apply bifurcation theory, we should understand the structure of the linearized operator around
the trivial solution (¢, ¢») = (b1 1d, b; Id) corresponding to the annulus with radii », and b, and identify
the range of €2 where this operator has a one-dimensional kernel. The computations of the linear operator
DF (L2, by 1d, by 1d) with F = (F}, F>) in terms of the Fourier coefficients are fairly lengthy, and we find
that it acts as a Fourier multiplier matrix. More precisely, for

ai, an,
mw) =3 " )=

n>1 n>1

we obtain the formula

1
DF (., b 1d, by 1) (1, o) =) My (3) (“; 1) en,  enw) £ - (" —w"),

n>1
where the matrix M, is given by

bilna — 1+ b2 —n(by/b1)*] bal(ba/br)" — (blb2)n])

M"(“:( bil(b2/b)" — (1b)"] balnk—n 41— b2

Therefore, the values of Q2 associated with nontrivial kernels are the solutions of a second-degree
polynomial in A,
P,(A) £ det M, (L) = 9)

The polynomial P, has real roots when the discriminant A, (¢, b) introduced in Theorem 6 is positive. The
calculation of the dimension of the kernel is significantly more complicated than the cases considered before
in [Burbea 1980; de la Hoz et al. 2016b]. The matter reduces to counting, for a given A, the discrete set

(n>2:P,(2) =0}.
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Note that, in [Burbea 1980; de la Hoz et al. 2016b], this set has only one element, and therefore, the
kernel is one-dimensional. This follows from the monotonicity of the roots of P, with respect to n. In
the current situation, we get similar results but with a more refined analysis.

Now we shall move on to the existence of 1-fold symmetries, which are completely absent in the plane.
The study in the general case is slightly subtler, and we have only carried out partial results, so some
other cases are left open and deserve to be explored. Before stating our main result, we need to do some
preparation. As we shall see in Section 4.4.3, the equation P;()) = 0 admits exactly two solutions

AL =(ba/b))* or A =1+b3—b7.

Similarly to the planar case [de la Hoz et al. 2016b], there is no hope of bifurcating from the first
eigenvalue A| because the range of the linearized operator around the trivial solution has an infinite
codimension, and thus, the Crandall-Rabinowitz theorem stated in Section 2.2 is useless. However, for
the second eigenvalue AT, the range is at most of codimension 2, and in order to bifurcate, we should
avoid a special set of b; and b, that we shall describe now. Fix b; in ]0, 1[, and set

€p, 2 {by €10, by[ : there exists n > 2 such that P, (1 + b3 — b}) =0},

where P, is defined in (9). As we shall see in Proposition 20, this set is countable and composed of a
strictly increasing sequence (x,,),;>1 converging to b1. Now we state our result.

Theorem 9. Given by € 10, 1[, then for any by ¢ €p,, there exists a curve of nontrivial 1-fold doubly
connected V -states bifurcating from the annulus Ay, p, at the angular velocity

-1

Q=
! 2

The proof is done in the spirit of Theorem 6. When b, ¢ €,,, then all the conditions of the Crandall—
Rabinowitz theorem are satisfied. However, when b, € €,,, then the range of the linearized operator has
codimension 2. Whether the bifurcation occurs in this special case is an interesting problem which is left
open here.

Notation. We need to collect some useful notation that will be frequently used along this paper. We shall
use the symbol £ to define an object. The unit disc is denoted by D and its boundary, the unit circle,
by T. For a given continuous complex function f : T — C, we set

ff(r)dfé.iff(f)dr,
T 2im Jy

where dt stands for complex integration.

Let X and Y be two normed spaces. We denote by £(X, Y) the space of all continuous linear maps
T : X — Y endowed with its usual strong topology. We denote by Ker 7" and R(T) the null space and the
range of T, respectively. Finally, if F is a subspace of Y, then Y/ F denotes the quotient space.
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2. Preliminaries and background

In this introductory section, we shall collect some basic facts on Holder spaces and bifurcation theory
and shall recall how to use conformal mappings to obtain the equations of V -states.

2.1. Function spaces. In this paper as well as in the preceding ones [Hmidi et al. 2013; de la Hoz et al.
2016b], we find it more convenient to think of a 27 -periodic function g : R — C as a function of the
complex variable w = ¢’?. To be more precise, let f : T — R? be a smooth function; then it can be
assimilated to a 2-periodic function g : R — R? via the relation

fw)y=gm, w=e".
By Fourier expansion, there exist complex numbers (c,),<z such that

fw) =Y cuu",

neZ
and the differentiation with respect to w is understood in the complex sense. Now we shall introduce
Holder spaces on the unit circle T.

Definition. Let 0 < y < 1. We denote by C” (T) the space of continuous functions f such that

|f (@) — fw)l
Iflleran = 1 f lzecr + sup <0
t£weT [T — W]
For any nonnegative integer n, the space C"*7 (T) stands for the set of functions f of class C" whose
n-th order derivatives are Holder continuous with exponent y. It is equipped with the usual norm

n

dk f d'f
I fllenmer ry £ — ' )
g dkw L®(T) d"w cr(T)
Recall that the Lipschitz seminorm is defined by
|f () — f(w)]
I fllLipry = sup —————.
t#weT T —w|

Now we list some classical properties that will be useful later.
(i) Forn e N and y €10, 1[, the space C"*7(T) is an algebra.
(ii) For K € L'(T) and f € C"*7(T), we have the convolution inequality

1K fllcra < Kol fllertr (-

2.2. Elements of bifurcation theory. We shall now recall an important theorem of bifurcation theory
which plays a central role in the proofs of our main results. This theorem was established by Crandall and
Rabinowitz [1971]. Consider a continuous function F : Rx X — Y with X and Y being two Banach spaces.
Assume that F (A, 0) =0 for any A belonging to nontrivial interval /. The Crandall-Rabinowitz theorem
gives sufficient conditions for the existence of branches of nontrivial solutions to the equation F (A, x) =0
bifurcating at some point (Ag, 0). For more general results, we refer the reader to [Kielhofer 2012].
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Theorem 10. Let X and Y be two Banach spaces and V a neighborhood of 0 in X, andlet F :RxV — Y.
Set £ = 3, F (0, 0); then the following properties are satisfied.
(i) F(A,0)=0forany » € R.
(i1) The partial derivatives F,, F, and F, exist and are continuous.
(iii) The spaces N(¥£y) and Y/ R(&Ly) are one-dimensional.
(iv) The transversality assumption 9, 9, F'(0, 0)xg ¢ R(Zo) holds, where

N (£p) = span{xg}.

If Z is any complement of N(¥y) in X, then there is a neighborhood U of (0, 0) in R x X, an interval
1—a, al and continuous functions ¢ : 1—a, al - R and { : 1—a, a[ — Z such that ¢(0) =0, ¥ (0) =0 and

FTHO)NU ={(9(®), Exo+ ¥ () : 1§l <a} U{(1, 0) : (3, 0) € U).

Before proceeding further with the consideration of the V-states, we shall recall the Riemann mapping
theorem, a central result in complex analysis. To restate this result, we need to recall the definition of
simply connected domains. Let C2cu {oo} denote the Riemann sphere. We say that a domain €2 C c
is simply connected if the set C \ Q is connected. Let D denote the unit open disc and 2 C C be a
simply connected bounded domain. Then according to the Riemann mapping theorem, there is a unique
biholomorphic map ® : C\ D — C\ Q taking the form

a
<D(z)=az+ZZ—Z, a>0.
neN

In this theorem, the regularity of the boundary has no effect on the existence of the conformal mapping,
but it plays a role in determining the boundary behavior of the conformal mapping. See for instance
[Pommerenke 1992; Warschawski 1935]. Here, we shall recall the following result.

Kellogg and Warschawski’s theorem ([Warschawski 1935] or [Pommerenke 1992, Theorem 3.6]). If
the conformal map ® : C\ D — C\ Q has a continuous extension to C\ D which is of class C"P, with
neNand0 < B < 1, then the boundary ®(T) is of class C"+P.

2.3. Boundary equations. Our next task is to write down the equations of V -states using the conformal
parametrization. First recall that the vorticity @ = d1vy — dv; satisfies the transport equation

oyw+v-Vo=0

and the associated velocity is related to the vorticity through the stream function W as

v=2i82\11,
with
1 z—E& 2
@ = [ 1og Sl a) dace)
T JD 11—
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When the vorticity is a patch of the form w = xp with D a bounded domain strictly contained in D, then

W(z) 1/1 S
=— | lo
¢ 4 D gl

For a complex function ¢ : C — C of class C! in the Euclidean variables (as a function of R?), we define

1/dp ¢ 1 (3¢ ¢
0,p=—-——i—, 0:0=— — — 1.
a4 2<8x ’ay) 34 2<ax+’ay

As we have seen in the introduction, a rotating patch or V-state is a special solution of the vorticity

2
S| aae.

equation (2) with initial data wg = xp and such that
w(t)=xp, D:i= D,

In this definition and for simplicity, we have only considered patches rotating around zero. According to
[Burbea 1980; Hmidi et al. 2013; de la Hoz et al. 2016b], the boundary equation of the rotating patches is

Re{(Q7 —20.¥)7'} =0, zel£9D, (10)

where 7' denotes a tangent vector to the boundary at the point z. We point out that the existence of a
rigid boundary does not alter this equation which in fact was established in the planar case. The purpose
now is to transform (10) into an equation involving only the boundary d D of the V -state. To do so, we
need to write 9,V as an integral on the boundary d D based on the use of the Cauchy—Pompeiu formula.
Consider a finitely connected domain D bounded by finitely many smooth Jordan curves, and let I" be
the boundary 9 D endowed with the positive orientation; then

— 1 dA
for all z € C, fwdg=——/ agw(g)ﬁ. (11)
r z—§ b4 z—§&
Differentiating (3) with respect to the variable z yields
9 W (2) 1 / ] dAE) + ! / 1 dA(§) (12)
) =—— = — | — .
: 4 Jp 1—zE dr Jpz—¢
Applying the Cauchy—Pompeiu formula with ¢(z) = z, we find
1 1 7—& _
— [ —dA(¢)=— dé¢ forallze D.
T Jpz—§ rz—

Using the change of variable £ — £ which keeps the Lebesgue measure invariant,

1[ ; dA@):L/ S aA@)
wJpl—z€ nz Jp1/z—§

with D being the image of D by complex conjugation. A second application of the Cauchy—Pompeiu

formula, using that 1/z ¢ D for z € D, yields

1 d dA(g):f &1° dé¢ forallze D, T =2aD.
nz Jp1/z—& 71—z ’
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Using once again the change of variable & — & which reverses the orientation,

P [ R _
ﬁl—zéds_ frl—zédé forall z € D.

[P [i-E
49,0 (z) = 7[r1—z§d§ frz_sdg. (13)

Inserting the last identity in (10), we get an equation involving only the boundary

- % 2
Re{(zszer][Z §d$+7[ 1 dg) }:o forall z € T
rz—=§& rl—z&

It is more convenient in the formulas to replace the angular velocity €2 in the preceding equation by the

Therefore, we obtain

parameter A = 1 — 2€2, leading to the V-states equation

& €] B
{((1—@ +7[ E 7[ _ngg> }_o forall z € T. (14)

It is worth pointing out that (14) characterizes V-states among domains with C! boundary, regardless of

the number of boundary components. If the domain is simply connected, then there is only one boundary
component and so only one equation. However, if the domain is doubly connected, then (14) gives
rise to two coupled equations, one for each boundary component. We note that all the V-states that we
shall consider admit at least one axis of symmetry passing through zero and without loss of generality
it can be supposed to be the real axis. This implies that the boundary d D is invariant by the reflection
symmetry & — £. Therefore, using this change of variables, which reverses orientation, in the last integral
term of the equation (14), we obtain

2
{((1—x) +7[ de — 7[1|flzg )’}:o forall z € T. (15)

To end this section, we mention that in the general framework the dynamics of any vortex patch can be

described by its Lagrangian parametrization y; : T — 9D, £ T, as

atyt = U(t’ yt)
Since W is a real-valued function,
;¥ =0,¥,

which implies according to (13)

v(t, z) =2i0;V(¢, 2)

1 1 517
=—— 1 —&|°d d&.
o ) loglz =P dE+ o /F e
Consequently, we find that the Lagrangian parametrization satisfies the nonlinear ODE
9 : logly: —&I” d€ + — 1 / Lk d§ (16)
=—— 0 .
tVt ar I, glyr — yp 1—y,¢
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The ultimate goal of this section is to relate the V-states described above to stationary solutions for Euler
equations when the rigid boundary rotates at some specific angular velocity. To do so, suppose that the
disc D rotates with a constant angular velocity €2; then the equations (1) written in the frame of the
rotating disc take the form

8,u+u-Vu—QyL-Vu+Qul+Vq=0

with

y=e "%, v, x)=e¢"Put,y),  qt,y)=p, x).

For more details about the derivation of this equation, we refer the reader for instance to [Farwig and
Hishida 2011]. Here the variable in the rotating frame is denoted by y. Applying the curl operator to the
equation of u#, we find that the vorticity of u, which still denoted by w, is governed by the transport equation

dw+ w—Qyt) - Vo =0.

Consequently, any stationary solution in the patch form is actually a V -state rotating with the angular
velocity €2. Relating this observation to Theorems 1 and 6, we deduce that rotating the disc at some
suitable angular velocities creates stationary patches with m-fold symmetry.

3. Simply connected V -states

In this section, we shall gather all the pieces needed for the proof of Theorem 1. The strategy is analogous
to [Burbea 1980; Hmidi et al. 2013; de la Hoz et al. 2016b]. It consists of first writing down the V -states
equation through the conformal parametrization and second applying the Crandall-Rabinowitz theorem.
As can be noted from Theorem 1, the result is local meaning that we are looking for V -states which are
smooth and cause a small perturbation of the Rankine patch xp, with D, = bD. We also assume that the
patch is symmetric with respect to the real axis, and this fact has been crucial in deriving (15). Note that
as D € D the exterior conformal mapping ¢ : D° — D¢ has the expansion

by
pw)=bw+) —. b eR

n>0

and satisfies O < b < 1. This latter fact follows from the Schwarz lemma. Indeed, let

then ¥ : D — D is conformal, with D the image of D by the map z+— 1/z. Clearly D C D, and therefore,
the restriction ¢ ~! : D — D is well defined and holomorphic and satisfies ¥ (0) = 0. From the Schwarz
lemma, we deduce that |(¥~')'(0)| < 1; otherwise D will coincide with . It suffices now to use that
(¥~ (0) =b.

Now we shall transform (15) into an equation on the unit circle T. For this purpose, we make the
change of variables z = ¢ (w) and & = ¢ (7). Note that for w € T a tangent vector at the point z = ¢ (w)
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is given by
7 =iwg'(w)
and thus (15) becomes
—— [ow) =9 () , | (0)I*¢'(x) ] , }
Im{ | (1—2 Y ()dr— f—————d =0. (17
m{[( WOF T s e T T gwem MM 4

Set ¢ £ b1d + f; then the foregoing functional can be split into three parts
Fi(f)(w) = Im{g (w)we' (w)},

A m_m / /
B () (w) = Im{ o) — () _¢(t)¢ (r)dt we (w)},
¢ (0)1*¢'(x)

F3(f)(w) élm{ dt w(lﬁ’(w)}, (18)

71 =@ W)e(7)

and consequently, (17) becomes

F(, f)=0, F@&, )EA-VF(f)+ F(f)— F(f). (19)

Observe that we can decompose F into two parts F (A, f) = G(A, f) — F3(f) where G(A, f) is the
functional appearing in the flat space R? and the new term F3 describes the interaction between the patch
and the rigid boundary T. Now it is easy from the complex formulation to check that the disc Dy, is a
rotating patch for any € R. Indeed, as the disc is a trivial solution for the full space R?, G(, 0) = 0.
Moreover,

1-b2wrt

A { 4 dr }
F3(0)(w) = Im{b wf— =0
T

because the integrand is analytic in the open disc (1/b?)D and therefore we apply residue theorem.

3.1. Regularity of the functional F. This section is devoted to the study of the regularity assumptions
stated in the Crandall-Rabinowitz theorem for the functional F introduced in (19). The application of
this theorem at this stage of the presentation requires one to fix the function spaces X and Y. We should
look for Banach spaces X and Y of Holder type in the spirit of [Hmidi et al. 2013; de la Hoz et al. 2016b],
and they are given by

X= {feC1+“(T):f(w)=Zanw”, an € R, weT},

n>0

1
Y = {g eC*(T): g(w) = anena b, eR, w E—ﬂ—}, €n £ Z(wn —w"),

n>1

with « € ]0, 1[. For r € ]0, 1[, we denote by B, the open ball of X with center 0 and radius r
B, ={feX:|flcie =r}.

It is straightforward to see that for any f € B, the function w +— ¢ (w) = bw + f(w) is conformal on



AN ANALYTICAL AND NUMERICAL STUDY OF STEADY PATCHES IN THE DISC 1623

C\ D provided that » < b. Moreover, according to the Kellogg—Warshawski result [Warschawski 1935],
the boundary of ¢(C \ D) is a Jordan curve of class C'*%. We propose to prove the following result
concerning the regularity of F.

Proposition 11. Let b € |0, 1] and 0 < r < min(b, 1 — b); then the following hold true:
(i) F:Rx B, = Y is C! (it is in fact C™).
(ii) The partial derivative 0,07 F : R x B, — £(X, Y) exists and is continuous (it is in fact C™).

Proof. (1) We shall only sketch the proof because most of the details are done in [Hmidi et al. 2013; de la
Hoz et al. 2016b]. First recall from (19) the decomposition

F, =0 -MFi(f)+ F(f) — F3(f).

The part (1 — L) F1(f) + F2(f) coincides with the nonlinear functional appearing in the plane, and its
regularity was studied in [Hmidi et al. 2013; de la Hoz et al. 2016b]. Therefore, it remains to check the
regularity assumptions for the term F3 given in (18). Since C*(T) is an algebra, it suffices to prove that
the mapping Fy : ¢ € bId +B, — C* defined by

_ 9 (D)*¢' (7)
Fy(¢p(w)) = o) (1) drt (20)

is C! and admits real Fourier coefficients. Observe that this functional is well defined and is given by the
series expansion

Fi@w) =Y ¢"(w) ﬁ¢"<r>|¢<r>|2¢’<r> dr.
neN

This sum is defined pointwisely because ||¢| .~ < b +r < 1. This series converges absolutely in C*(T).
To get this, we use the law product which can be proved by induction

-1
1¢" lcx <nliplz= llice.

and therefore, we obtain

[F4(P)llc« = anl¢ll'£;lll¢llca

neN

2n+1
<l1¢'ll~ligllce Y nldl7

neN

= ||¢/||L°°||¢I|Ca Zn(b+r)2n+l < 00,

neN

ﬁ¢"<r>|¢<r>|2¢’(r>dr

From the completeness of C*(T), we obtain that F4(¢) belongs to this space. Again from the series
expansion, we can check that ¢ > F4(¢) is not only C! but also C*°. To end the proof, we need to check
that all the Fourier coefficients of F4(¢) are real, and this fact is equivalent to showing that

Fi(p(w)) = F4(¢p(w)) forallweT.



1624 FRANCISCO DE LA HOZ, ZINEB HASSAINIA, TAOUFIK HMIDI AND JOAN MATEU
As ¢ (w) = ¢(w) and ¢’ (w) = ¢’'(w), we may write successively

____ 6 (E)2¢ (D)

F = — —d

@) —p@e@

_ [P

= — "~ dT
T T—pw)é(x)

where in the last equality we have used the change of variable 7 +— 7.

(i1) Following the arguments developed in [Hmidi et al. 2013; de la Hoz et al. 2016b], we get what is
expected formally, that is

0.0rF(A, f)h =—0drF1(f)
= Im{¢ (w)wh'(w) + h(w)we' (w)},

from which we deduce that 9,07 F (A, f) € (X, Y) and the mapping f +> 0,07 F (A, f) is in fact C*,
which is clearly better than the statement of the proposition. (|

3.2. Spectral study. This part is crucial for implementing the Crandall-Rabinowitz theorem. We shall in
particular compute the linearized operator 9 F' (A, 0) around the trivial solution and look for the values
of A associated with the nontrivial kernel. For these values of A, we shall see that the linearized operator
has a one-dimensional kernel and is in fact of Fredholm type with zero index. Before giving the main
result of this subsection, we recall the notation e, = (w" — w")/2i.

Proposition 12. Let h € X take the form h(w) =Y _,a,/w". Then the following hold true:

n>0

(1) The structure of 3¢ F (X, 0) is given by

n

1_b2n
afF(x,O)h(w)zbZn(x— )an_len.

n>1
(ii) The kernel of 97 F (A, 0) is nontrivial if and only if there exists m € N* such that

A 1=0 .
A=Ap= , meN~*,
m

and in this case, the kernel is one-dimensional and generated by v, (w) = w" .

(iii) The range of 9y F (Ay, 0) is of codimension 1.

@iv) The transversality condition holds: for m € N*,

9,01 F G, 0y & RO F (A, 0).
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Proof. (i) The computations of the terms 97 F; (A, 0)h were almost done in [de la Hoz et al. 2016b], and
we shall only give some details. By straightforward computations, we obtain

37 F1(0, 0 (w) = Im{bh(w)w + bk’ (w)}

= bIm{Zanw”+] - Znanw’”] }

n>0 n>1
b _
— _Z ;(l’l 4 l)an(w"+1 _ wl’l-‘rl)
=—b) (n+Dapeps1. 1)

n>0

Concerning 9 F>(0, 0), one may write

Ao = hw) dr+b7[—h(r)_h(w)fdr—b
T

T—Ww T—w

3, F>(0, 0)h(w) = Im{bw% j[h’(r)f dr —bh’(w)}.
T T

Therefore, using the residue theorem at infinity,

h(T) —h(w)

T—w

07 F2(0,0)h(w) = Im{bwj[
T

= —Im{bh'(w)},

dt — bh/(w)}

where we have used in the last line the fact

7[h(r) — h(w)
T

=Y a

neN
=0.
Consequently, we obtain

37 F2(0,0)h(w) =b Y naneny1. (22)

n>1
As for the third term 9 F3(0, 0)h, we get by plain computation

dt h(t)dr
afF3(0,0)h(w)=Im{b3 j[Wh (w) +bw f—l_bzwf

Re{h(1)7) wh(z) + th(w)
W f ST gy Sy, J 2D T T
+ wﬁl—bzwr ERRly STy T}

2 Im{l; (w) + L(w) + L(w) + Ly(w)). (23)
By once again invoking the residue theorem,

Ii(w)=0. (24)
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To compute the second term I, (w), we use the Taylor series of 1/(1 — ¢), leading to

L(w) = b3w7[—h () de

1—-b2wrt

_Zb2n+3 n+l][ nh/(f)df.

n>0

From the Fourier expansions of &, we infer that

j[r”h/(r) dt = —na,,
s

L(w) = — Z na, b w1, (25)

n>1

which implies that

In regard to the third term /3(w), it may be written in the form
h Th
Lw) = b3wft—(r) dr +b3wj[f—(r) dr.
Tl—bzwr Tl—bzwr

The first integral term is zero due to the fact that the integrand is analytic in the open unit disc and
continuous up to the boundary. Therefore, we get similarly to I (w)

L(w) = b%%ﬂ dt

1-b2wrt
_ Zb2n+3 n+17[ nflh(t) dT.
n>0
Note that
fr"lh(r) dt = a,,
T
which implies in turn that
Lw) =" a,b"Puwt!, (26)

n>0

Now we come back to the last term I4(w), and one may write using again the residue theorem

h(t)dr Tdrt
I =bw? f———— +bwh 7[—
) = b e T ) e
w2 h(t)drt
T(1 —b2wr)?
Using the Taylor expansion
Z ogl<, 27)

§)2
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we deduce that

Ii(w) =Y np> P! ][t"_lh(t) dt

n>1 T
— § :nanb2n+3wn+l‘
n>1

Inserting the identities (24), (25), (26) and (28) into (23), we find

35 F3(0, 0)h(w) = Im{z a,b* 3w }

n>0

2n+3
= — Zanb enti-

n>0

Hence, by plugging (21), (22) and (29) into (19), we obtain

1 _b2n+2
0 FOn Oh(w) =b ) " (n+ 1>(A - —)anem

=0 n+1
1_b2n
=b — _16y.
Zn(k " )an 1€n
n>1

This finishes the proof of the first part (i).
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(28)

(29)

(30)

(i1) From (30), we immediately deduce that the kernel of 94 F (A, 0) is nontrivial if and only if there exists

m > 1 such that
P i

m

A=A

We shall prove that the sequence n +— 1, is strictly decreasing, from which we conclude immediately

that the kernel is one-dimensional. Assume that for two integers n > m > 1 one has

1_b2m 1_b2n

m n
This implies that

1 —b>n n

1—p2m  m’
Set @ =n/m and x = b*"; then the preceding equality becomes

1 —x“

oS

= .

If we prove that this equation has no solution x € ]0, 1[ for any o > 1, then the result follows without

difficulty. To do so, we get after differentiating f

£y = (¢ — Dx® —ax* 141 a g(x)
(1—x)? (1-x)%
Now we note that

g =al@—Dx*2(x—-1)<0.
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As g(1) =0, then we deduce
g(x) >0 forall x €]0,1[.

Thus, f is strictly increasing. Furthermore,

Iim f(x) =c.
x—1
This implies that,
forall x €10, 1[, f(x) <a.

Therefore, we get the strict monotonicity of the “eigenvalues”, and consequently, the kernel of 9 ¢ F (A, 0)

is a one-dimensional vector space generated by the function v,, (w) = w™ .

(iii) We shall prove that the range of 97 F (4,,, 0) is described by

RO F(Ap, 0) = {g eY:g(w)= anen} L oop
n>1

n#Em

Combining Propositions 11 and 12(i), we conclude that the range is contained in the right space. So what
is left is to prove the converse. Let g € %; we will solve in X the equation

O F o, O =g, h=>)_ a,w"
n>0
By virtue of (30), this equation is equivalent to

by

-7 a1, .
G —2y)’ MEL AT

an—1
Thus, the problem reduces to showing that
by
h:wrs — @ tect ().
v gbn(km—kn)w D
n#m
Observe that

inf [A;, — Am| 2 co > 0,
n#Em

and thus, we deduce by Cauchy—Schwarz

1 |bn|
h o < — -

n>1
n#m
1 bl
~ cob ~ n
n#m

Sleglz Slglee.
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To finish the proof, we shall check that " € C*(T) or equivalently (wh)" € C*(T). It is obvious that

by

@h(w)) == )  ————u"*"!
; b()\m _)Ln)
n#£m
1 1 A
=—— Y puw"t + > bt
biy e biy, e A — A
n#m n#Em

We shall write the preceding expression with the Szeg6 projection

w w
m: " ", (@hw) =—>——T K+ Tlg)(w),
2_anw" = ) aw”s  (@h(w)) = =3 = Tlg(w) + 2o — (K + Tlg)(w)
nez ne—N
with
K2 Y
An_)&m .
n>1
n#Em
Notice that
An - _11

—_— C,
— %0 ’
[An — Aml n

and therefore, K € L?(T) which implies in particular that K € L'(T). Now to complete the proof
of (wh) € C*(T), it suffices to use the continuity of the Szeg6 projection on C*(T) combined with
L'xC%(T) c C*(T).

(iv) To check the transversality assumption, we differentiate (30) with respect to A:

0,07 F (A, b =b > " nay_je,.

n>1

Therefore,

0007 F(Ap, 0)vy, = bme,, ¢ R F(Ap, 0)).
This completes the proof of the proposition. U

3.3. Proof of Theorem 1. According to Propositions 14 and 11, all the assumptions of the Crandall-
Rabinowitz theorem are satisfied, and therefore, we conclude for each m > 1 the existence of only one
nontrivial curve bifurcating from the trivial one at the angular velocity

1—Am  m—14b™"
2 2m '

To complete the proof, it remains to check the m-fold symmetry of the V-states. This can be done by
including the required symmetry in the function spaces. More precisely, instead of dealing with X and Y,
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we should work with the spaces

Xm = if eC™* M) : fw) = a, @™, a, € R},
n=1

Y, = {g eC'(M:g(w) = anenm, b, € R}, e, =—W"—w").

n>1

The conformal mapping describing the V -state takes the form

o0
¢ (w) =bw+ Zanw"’"—l,

n=1

and the m-fold symmetry of the V-state means that
(¥ M) = *T/Mp(w) forall we T.

The ball B, is changed to B = {f € X, : | fl|c1+« < r}. Then Proposition 11 holds true according to
this adaptation, and the only point that one must check is the stability of the spaces; that is, for f € B},
we have F'(A, f) € Y,,,. This result was checked in [de la Hoz et al. 2016b] for the terms F) and F,, and

it remains to check that F3(f) belongs to Y,,. Recall that
F3(f(w) = Im{Fa(¢p(w))we' (w)},  ¢(w) =bw + f(w),
where F; is defined in (20). By change of variables and using the symmetry of ¢,

o |6 )¢’ ()
P ")) = ﬁl —o @@
L G A o
_ ,—i2m/m
—¢ 1= g e ng) 4
_ ,—i2n/m Mdt
Tl—¢W)e(r)
= e_izn/mF4(¢(w))-

Consequently, we obtain
F5(f (" w)) = F3(f (w)),
and this shows the stability result.

4. Doubly connected V -states

In this section, we shall establish all the ingredients required for the proofs of Theorems 6 and 9, and this
will be carried out in several steps. First we shall write the equations governing the doubly connected
V -states which are described by two coupled nonlinear equations. Second we briefly discuss the regularity
of the functionals and compute the linearized operator around the trivial solution. The delicate part to
which we will pay careful attention is the computation of the kernel dimension. This will be implemented
through the study of the monotonicity of the nonlinear eigenvalues. As we shall see, the fact that we have
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multiple parameters introduces many more complications to this study compared to the result of [de la
Hoz et al. 2016b]. Finally, we shall prove Theorem 6 in Section 4.5.2.

4.1. Boundary equations. Let D be a doubly connected domain of the form D = D\ D, with D, C D,
two simply connected domains. Denote by I'; the boundary of the domain D;. In this case, the V-states
equation (15) reduces to two coupled equations, one for each boundary component I";. More precisely,

Re{((1—M)i+1(z)—J ()7} =0 forallzeljUT,, 31)
with
7—& 7—§&
1(z) = dé&,
N 7[ i S
[ R [ gP
J(z)—frll_zgdé; le_zgdg.

As for the simply connected case, we prefer using the conformal parametrization of the boundaries. Let
¢; : D — Dj satisfy

ajn
$jw)=bjw+Y -

n>0

with 0 < b; <1, j =1,2 and b, < b;. We assume moreover that all the Fourier coefficients are real
because we shall look for V-states which are symmetric with respect to the real axis. Then by change of
variables, we obtain

()= f 2=0® g - 7[ 22020 o1 o 4,

“ 0 ®) ~6:)
16152 7[ 628 2

J = d&.

@ 7[ P ds — 1 06 ds

Setting ¢; = b; Id + £, (31) becomes,

forallweT, GG fi, )w)=0, j=1,2,
where
G fi, f)(w) £ Im{((1 —2)dj(w) + 1 (¢j(w)) — J (¢;(w)))we';(w)}.
Note that one can easily check that

G(,0,00=0 forall A eR.

This is consistent with the fact that the annulus is a stationary solution and therefore rotates with any
angular velocity since the shape is rotational invariant.
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4.2. Regularity of the functional G. In this short subsection, we shall quickly state the regularity result
of the functional G £ (G, G») needed in the Crandall-Rabinowitz theorem. Following the simply
connected case, the spaces X and Y involved in the bifurcation will be chosen in a similar way: set

X= {f e(C M) fw) =) A", Ay R, w ewr},

n>0

Y:{ge(C“(T))z:g(w):ZBnen, B, € R?, weT}, en 2 — (W —w"),

n>1

with « € ]0, 1[. For r € (0, 1), we denote by B, the open ball of X with center O and radius r,

B ={feX:|flcie=r}

Similarly to Proposition 11, one can establish the regularity assumptions needed for the Crandall—-
Rabinowitz theorem. Compared to the simply connected case, the only terms that one should care about
are those describing the interaction between the boundaries of the patches which are supposed to be
disjoint. Therefore, the involved kernels are sufficiently smooth and actually do not cause significant
difficulties in their treatment. For this reason, we prefer skip the details and restrict ourselves to the
following statement.

Proposition 13. Let b € |0, 1[ and 0 < r < min(b, 1 — b); then the following hold true:
(i) G:Rx B, — Y is C! (it is in fact C*).
(ii) The partial derivative 0,07G : R x B, — £(X, Y) exists and is continuous (it is in fact C).

4.3. Structure of the linearized operator. In this subsection, we shall compute the linearized operator
d7G (A, 0) around the annulus Ay, ;, of radii by and b,. The study of the eigenvalues is postponed to the
next subsections. From the regularity assumptions of G, we assert that the Fréchet derivative and Gateaux
derivatives coincide and 4

DG(A,0,0)(hy, hy) = EG(A, thy, thy)|i=0.

Note that DG (A, 0, 0) is nothing but the partial derivative d G (A, 0, 0). Our main result reads as follows.
Proposition 14. Let h = (hy, hy) € X take the form h;j(w) = ano ajn/w". Then

600,001 = T (47
n>1 Lo

where the matrix M, is given by

bi[nk — 1+ b3 —n(b2/b1)?] bal(ba/b1)" — (b1b2)"]

1 —n n
—b[(b2/b))" — (b1b2)"] bz[nx—n+1—b§"]) and en(w) = o7 (W' —w".

M,(A) = (

Proof. Since G = (G, G3), for a given couple of functions (h1, h;) € X,

0,G1(A,0,00h +037,G1(A, 0, O)hz)

DG, 0,0)(h1, h2) = (afl Ga(1, 0,001 4 3,,Ga(%, 0, 0)hy
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We shall split G into three terms

G fi, f2) =G, )+ G3(f1, f) + G (f1, fa),

where

&) — 6,0 .,
- - "¢ d
o ) =g, T

[ 19D (T)
- %d] f }
ey ﬁl_‘ﬁj(w)(ﬁj(l’) T |we;w)
vm%(f)dfwfﬁj(w)}, "

1 (T) 2/ (1) , o
ﬂ—@(w)@(z)d’w%(w)}’ Sl

G, fw) = Im{ [(1 — )W) + (=17

G (fi, f) = (=1)) Im{

GI(fi f) & (—1)I*! Im{

withg; =b;ld+f;, j=1,2.
 Computation of 9, G}(A, 0,0)h ;. First observe that

— $1(w) — i (1) |1 (0)1>¢ (7)
GI(A, )(w):Im{[(l—A) w)+ f————¢1(1)dr — f——————d7 |we (W) }.
1 S 4 prw — 1) 1= g1 (w)i (1) !
This functional is exactly the defining function in the simply connected case, and thus, using merely (30),
307, G100, 0V =b1 Y (M + 1) — 1+ 57" D)ay neq1. (32)
n>0

In regard to G; (A, f2), we get from the definition

¢2(U)) - ¢2(T) , |¢2(T)|2¢é(l') :| / }
) a0 T T g 7

It is easy to check the algebraic relation Gé(k, )= —Gi(Z — A, f2), and thus, by applying (32),

Gy (h, f)(w) = Im{ [(1 —N)da(w) —

37,Gy(0, 00y =by Y (M +1) —2n— 1 = b3")az ey 1. (33)

n>0

» Computation of 9, G% (A, 0,0)h;. This quantity is given by

- d b;w — b;T +thj(w)
35,G3(0, O)hj:(—l)falm{biw% ! !

dt (b; +th',
Tbjw—b,-t—f—thj(w) T(]+ j(w))}

t=0
Straightforward computations yield
bjw—

bwb

G(O 0)hj = (=1)7b; Im{h (w)w][ bjw—b;t

dt+b wh ; (w)j[

bjw—b;T
—bjwhj(w)

'ﬂ'(b w — b‘[)z
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According to the residue theorem,

dt dt
T S -0 forallweT,
/1rb1w—bzr /wr(blw—bzr)z orafwe

and therefore,

8f.G%<0,0>h1<w>=—b§1m{_7[ whiw) dr [ whiw) d_r}

biw—bt t  Jrbiw—bat)? T
=—b§1m{ —h\(w)+ — whl(w)}

Z(n + Darnensr. (34)

n>0

Now using the vanishing integrals

Tdrt Tdrt dt
L 7. S (S
T bow —bit 7 (bow — by 7)? 7 (bow — by 7)?

we may obtain

8f262(0 0)hy(w) = by Im{bzhz(w)j[m +b2wh2(w)7[m}
b
=bllm{ Zhh(w) — = th(w)}
=by Y (n+ Daznent1. (35)

n>0

o Computation of 9y, G?(k, 0,0)h;, i # j. By straightforward computations, we obtain

er N 1N (bjw—bit) , L 7[ hi(7)
3£G5(0, 0)hi(w) = ( 1)’bJImiw T—bjw—b,-r hi(v)dt — bjw —b-w—b-rdt
(bjw—b;T)hi(r)dt
+bw7[ by } (36)

As h; is holomorphic inside the open unit disc, by the residue theorem, we deduce that
h.
der =0, weT.
Tblw — bz‘L’
It follows that
S (T) Thy(t)
37,G1(0,0)hy(w) = —by Im{ by 4 —2——dr —b le—d
G20, 0)hy(w) 1m{ lﬁb e by f S

hy(z)dt —bzwj[ Thy(t)dt }
T

T (biw — by7)? (biw — by7)?

2 by Im{Jy + Jo + J3 + J4}. (37
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To compute the first term J; (w), we write after using the series expansion of 1/(1 — (b/b;)wT)

J——f—h/(f) d
e A

_Z< )—"+17[f"h/2(r)dr.
T

n>0

Note that
f‘["h/z(‘[) dt = —nay ,,
T

which us enables to get
b2 n—n+1
Ji==) nay, o) (38)
1

As for the term J>(w), we write in a similar way

b2 ‘l_,’h/z(‘l,’)
by Jy1—(b2/b1)wt

= Z<_) " %r”_lh’z(t) dr.
ps by T

Since th_kh’z(r) dt =0 for k € {0, 1}, the preceding sum starts at n = 2 and by shifting the summation
index

J=—

b2 n+2
J=— Z(b_l) w" ! ﬁr"h’z(t) dt
b n+2
:Znaz,n(b—z) w" (39)

1

Concerning the third term J3, we write by virtue of (27)

bz 27[ ha () a4
(1 — (ba/b))wT)?

= Zn(—z) ot ft"_lhz(r) dr.
e by T

Js= Znazn( )—"H. (40)

n>1

Therefore, we find
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_ b2 2_ fhz(‘()
= ‘(E) v ﬁ 10— o/
<b2>n+l_n s
=—Zn —= w /r hy(t)dt
n>1 b T

n+2
——Z(n+1)a2n< ) w1 (41)

n>0

Similarly, we get

Inserting the identities (38), (39), (40) and (41) into (37), we find

37,G1(0, 0)ha(w) = bllm{ZaZn(Z?) —n—H}

n>0

n+2
=b, Zaz ( ) ens1(w). (42)

Next, we shall move to the computation of 9, G%(O, 0)A1. In view of (36),

(b — b T) 7[ hi(7)
3 G2(0.0)hy(w) = by I () dT — b d
7 G30, 0k (w) = b m{w T byw — bt (o) de = buw Thow —biT i

+bw

(bpw —biT)h(r)dT
T (bhyw—bi7)?

The residue theorem at infinity enables us to get rid of the first and third integrals in the right-hand side,
and thus,

37,G3(0,0)h (w) = —b1 by Im{wjlﬂ dr}.

szw —bl‘E

A second application of the residue theorem in the disc yields
97,G5(0, 0)h 1 (w) = by Imywh B

b n
— b, Zal,n<b—f> ens1 (W), (43)

e Computation of 9y, G;’. (X, 0,0)h;. The diagonal terms i = j can be easily computed:
. hi(w)dt tdt

37,G3(0,0)h;(w) = (—1 ’+1b-3lm{ 7[ + wh; 7[ }

G0, 0k (w) = (~1)"*'b; e CF ST

=0. (44)
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Let us now calculate 9, G? (X, 0,0)h; fori # j. One can check with difficulty that
n Re{th;
(7) Je +2w7[ e{th;(7)} gt
T

8;,G3(0, 0)h; (w) = (—1)/'b;h?T 7[—

7G50, 00hi(w) = (=1)’""b;b; Imjw T 1—bibjwt 1 —bibjwt
hi(t)d

T (1 — b,-b.,-wr)z

Invoking once again the residue theorem, we find
37,G (0, 0)hi(w) = (=1)/1b;b7 Im{— > nain(bib)" w T+ a;(bby)" w" !

n>0 n>0
+) " naia(bjb)"w™t! }
, n>0
=(=1)7bi Y ain(bjbi)" ey (45)

n>0

The details are left to the reader because most of them were done previously. Now putting together the
identities (32), (34) and (44),

b 2
37,G1(,0,0)h; = > by [(n +DA=14+6"2 —(n41) (b—z) }al,nenﬂ. (46)
1

n>0

From (33), (35) and (44), one obtains
37,G2(, 0,00k, = > " bo((n+ DA —n—b3"Pag nenr. (47)

n>0
On the other hand, we observe that for i # j

35,G L, 0)hi(w) =0. (48)

Gathering the identities (48), (42) and (45) yields

5,G1(2, 0, 0)h2=2b2 (b_2> — (b1b2)" ! @z nen 1.
1
n>0 -

Furthermore, combining (48), (43) and (45), we can assert that

- b l’l+1'
97,G2(2,0,0)h; = Zbl (b1by)"! — (i) aipenyl-
n>0 - =

Consequently, we get in view of the last two expressions combined with (47) and (48)

a
DG(%,0,0)(hy, hy) =Y Myyi (é) entls (49)
N/

n>0
where the matrix M, is given for each n > 1 by
oA (bl[nx — 1+ 57" — n(by/b1)?] ba[(ba/b1)" — (blbz)"])
" —bi[(b2/b1)" — (b1b)"]  balnh—n+1-53"1 )"

This completes the proof of Proposition 14. O

(50)
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4.4. Eigenvalues study. The current subsection will be devoted to the study of the structure of the
nonlinear eigenvalues which are the values A such that the linearized operator DG (A, 0, 0) given by (49)
has a nontrivial kernel. Note that these eigenvalues correspond exactly to matrices M,, which are not
invertible for some integer n > 1. In other words, A is an eigenvalue if and only if there exists n > 1 such
that det M,, = 0, that is,

b\ b\
det M, (%) =b1b2[n2x2—n(n+b§" —b%"+n(b—2> )H(n— 1)(1 —b%"+n(b—2) )

1 1
0 +<bl) i (b1 ?

This is equivalent to

oG-
pe [ (2) - (2]

b\ 1= (ba/b)? 1= (ba/by)> b — b3 (by/b1)? b} —b3"
+(2) - + = +
by n? n n n?

=0. 61y

The reduced discriminant of this second-degree polynomial in A is given by

o (1= Ba/b)? 20 BN b\ (1B 52)
" 2 2n by n '

Thereby P, admits two real roots if and only if A, > 0, and they are given by

1 by /b 2 bZn_bZn
)»,T: + (b2/D1) _(12n2>:|: hAn'

2

To understand the structure of the eigenvalues and their dependence on the involved parameters, it would
be better to fix the radius b and to vary n and b; € ]0, b{[. We shall distinguish the cases n > 2 fromn =1,
which is very special. For given n > 2, we wish to draw the curves b, — )L,jf(bz). As we shall see in
Proposition 19, the maximal domains of existence of these curves are a common connected set of the
form [0, b;;] and b} is defined as the unique b, € ]0, b;[ such that A, = 0. We introduce the graphs %;-L
of AE(by):

CEL (b2, AE () b2 €[0, B3]}, 6, =6, UGS, n>2. (53)

It is not hard to check that €, intersects ¢, at only one point whose abscissa is b}, that is, when the
discriminant vanishes. Furthermore, and this is not trivial, we shall see that the domain enclosed by the
curve 6,, and located in the first quadrant of the plane is a strictly increasing set on n. This will give in
particular the monotonicity of the eigenvalues with respect to n. Nevertheless, the dynamics of the first
eigenvalues corresponding to n = 1 is completely different from the preceding ones. Indeed, according to
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Figure 1. ki as a function of b, € [0, b},], form =2, ..., 20, together with the case
m = 1 (black), for b =0.75.

Section 4.4.3, we find for n = 1 two eigenvalues given explicitly by
AL =(ba/b))* or AT =1+b3—b7.

It turns out that for the first one the range of the linearized operator has an infinite codimension, and
therefore, there is no hope to bifurcate using only the classical results of bifurcation theory. However, for
the second eigenvalue, the range is “almost everywhere” of codimension 1 and the bifurcation is likely to
happen. As for the structure of this eigenvalue, it is strictly increasing with respect to b,, and by working
more, we prove that the curve (Gf of b, € 10, bi[ —~ )Lf intersects €, if and only if n > bl_z. We can now
make precise statements of these results, and for the complete ones, we refer the reader to Lemma 18 and
Propositions 19 and 20.

Proposition 15. Let b € 10, 1[; then the following hold true:
(i) The sequence n > 2 > b}, is strictly increasing.
(i1) Let2 <n <m and by € [0, b};[; then
Ay <Ay <Af <At

(iii) The curve (GT intersects €, if and only if n > l/b%. In this case, we have a single point (x,,, )»T (x1)),
with x, € 10, b1 being the only solution b, of the equation

Py(1+b3 —b}) =0,
where P, is defined in (51).
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The properties mentioned in the preceding proposition can be illustrated by Figure 1. Further illustrations
will be given in Figure 7.

For the proof of Proposition 15, it appears to be more convenient to work with a continuous variable
instead of the discrete one n. This is advantageous especially in the study of the variations of the
eigenvalues with respect to n and the radius b, for b; fixed. To do so, we extend in a natural way (A;),>1
to a smooth function defined on [1, +00[ as

1= (ba/b))?  2—bF =2\ (\¥ (1 b2
Ax=< (22/ - 22x 1)_(1?_?>< xl), x €1, +ool.

It is easy to see that Ay is positive if and only if

—(=) Jx—@=-bF - —2(=) 1 =¥ >0 (54)
b] b]

A by ? 2 2 by ! 2
E, = (1 — (b_) )x — (2—b2x —bl)‘) +2<b—) (1 —blx) < 0.
1 1

We shall prove that the last possibility E, < 0 is excluded for x > 2. Indeed,
Ex = (1= (b2/b)*)x = 2(1 = (b2/b1)") + (b5 — b})?
1 — ((ba/b1)*)*/?

or

=m1—wymf{§— ]+w;_wf

1 — (by/b1)?
> (b3 —b7)* > 0,
where we have used the classical inequality,
1—b*
forallb € (0,1) and x > 1, T~ <x.

Thus, for x > 2, the condition A, > 0 is equivalent to the first one of (54) or, in other words,

2+2(by/by)* — (b7 +Db3)*
vz T 2 g b (55)

In this case, the roots of the polynomial P, can also be continuously extended as

1+ (by/br)? (b7 — b3
At = _ 1 2 +J/A,,

. 2 2x
1+ (b2/b1)* (b7 —Db3" —
)»; _ +( 2/ 1) _ 1 2 —_JA..
2 2x

4.4.1. Monotonicity for n > 2. To settle the proof of the second point (ii) of Proposition 15, we should
look for the variations of the eigenvalues with respect to x but with fixed radii b; and b,. For this purpose,
we need to first understand the topological structure of the domain of definition of x > AT

Ipiby Z{x =21 A, > 0}

and see in particular whether this set is connected. We shall establish the following:
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Lemma 16. Let 0 < by < by < 1 be two fixed numbers; then the following hold true:
(1) The set $p, b, is connected and of the form |ip, b,, 0Ol.
(ii) The map x € $p, p, > Ay is strictly increasing.

Remark 17. If the discriminant A, admits a zero, then it is unique and coincides with the value pp, p,.
Otherwise, wp, », Will be equal to 2.

Proof. To get this result, it suffices to check the following: for any a € $, p,.
[a, +o0[ C 951’172.

By the continuity of the discriminant, there exists n > a such that [a, n[ C $p, »,, and let [a, n*[ be the
maximal interval contained in $, ;,. If n* is finite, then necessarily A+ = 0. If we could show that the
discriminant is strictly increasing in this interval, then this will contradict the preceding assumption. To
see this, observe that A, can be rewritten in the form

Ay =1 b2 b b ’ bzzxzb 56
x—Z<fl<b_l)_fx( 1) — fx( 2)) _<b_1) fr(by) (56)

with the notation
_ t2x

fe(@) =

Differentiating A, with respect to x,

b
0 Ay = =5 (0c fe(b1) + axfx(bZ))<fl <b_j) — fx(b1) — fx(b2)>

by \** b
—2fx<b1>(b—f) (fx(bl)log(b—f)+axfx(b1)). (57)

We shall prove that, for all ¢ € ]0, 1[, the mapping x € [2, oo[ — f(¢) is strictly decreasing. It is clear that

(1 —2xlogt) —1 , g.(t)
00 fu() = s

X2 ( )
TO Study t]le Variati()]l ()f[ = gx(t)7 note that
g/ (t) = —4x2t2 11()gf >0 for alltE](), 1[

and therefore g, is strictly increasing, which implies that

3, fo(t) < g);_(;) —0.

Using this fact, we deduce that the last term of (57) is positive and consequently
b
Ox Ay > _%(axfx (bl) + axfx (bZ)) <f1 (b_?) - fx (bl) - fx (b2)> .

Hence, to get 9, A, > 0 it suffices to establish that

b
S (i) — fa(b1) = fx(b2) > 0, (59)
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which is equivalent to

2 2
x>—2_b1x_b2x b
1—-52

=
Note that we have already seen that the positivity of A, for x > 2 is equivalent to the condition (55)
which actually implies the preceding one owing to the strict inequality

b* — (b1by)* > 0.
This shows that (59) is true and consequently,
forall x € [a, n*[, 09;A, > 0.

This shows that the discriminant, which is positive, is strictly increasing in [a, n*[, and this excludes the
fact that A, vanishes. Therefore, n* = oo, and thus, (i) and (ii) are simultaneously proved. Il

The next goal is to establish the monotonicity of the eigenvalues.
Lemma 18. Let O < by < by < 1. Then:

(i) The mapping x € $p, p, —> A7 is strictly increasing.
(i1) The mapping x € $p, b, —> A, is strictly decreasing.
(iii) Forany x <y € $p, by,

x;</\;<xj</\;.

Proof. (i) Note that

1+b% b* by
A= 5 —~§¢xm+¢Am b=t

We have already seen in the proof of Lemma 16 that for any ¢ € ]0, 1[ the mapping x € [2, co[ — fi(?) is
strictly decreasing, and therefore, x — b%x fr(ba/by) is also strictly decreasing. To get the strict increasing
of x — A, it suffices to combine this last fact with the increasing property of x > A,.
(i1) It is clear that
1+b? b)) — fe(b
_H L0 fiG) i

= . A,.

The derivative of A~ with respect to x is given by

Ox Ay
2JA,

By virtue of (57), we can split the preceding function into three parts:

dehy = 205 fr(b1) — 30 fr (Do) —

oA, =1+114+110,
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e J1(B) — fx(b1) — fi(b2)
Al 1 — fx(b1) — fx (D2
I= zaxfx(bl)<1+ 2\/A_x >,
o1 L AB) = fib) = fi(by)
H—28xfx(b2)< 1+ P /A, )

B> [ (b)) (fx (b1) log(b) + 8 £ (b1))

JA .
Keeping in mind the inequality (59) and 0, fy(t) < O for any ¢ € ]0, 1[, we can see that I is negative. To
prove that the term II is also negative, it suffices to check that

H1®) = fe(b) = fx(B2)
2JAx

From (59), we can deduce by squaring that the last expression is actually equivalent to

! by b b ’ A
Z(f1<b_1)_fX( 1) — fal 2)) > Ay

£

1.

From (56), we immediately conclude that the last inequality is always verified.
In regard to the negativity of the third term III, we just use the fact that 0 < b < 1 and the decreasing
of the function x — f,(¢).

(iii) This follows easily from (i), (ii) and the obvious fact,
for all x € $p, 1, A, <A O

4.4.2. Lifespan of the eigenvalues with respect to by. We shall study in this section some properties of
the eigenvalue functions b — A for n > 2 and b; fixed. This will be crucial for studying the dynamics
of the first eigenvalue )»;r and especially in counting the intersections between the curves ‘Gf and 6,
which has been the subject of the part (iii) of Proposition 15. Note that in this paragraph we shall give up
using the continuous version kf of the roots )»,jf as it has been done in the preceding section. The results
that we shall state can actually be proved with the continuous parameter; however, this does not matter a
lot for our final purpose. We define the following set: for n > 2 and b; € ]0, 1],

2+ 2(by/by)" — (B} + by)? }
1 — (ba/b1)? .

R {bz €l0,b[:n>

We shall prove the following:

Proposition 19. Let by € 0, 1] fixed and n > 2; then the following hold true:
(i) The set $,p, is an interval of the form [0, b} ], with b}; € 10, by[.
(i1) The eigenvalues by —> Kf are defined together in [0, b} ].

(iii) The sequence n — b}, is strictly increasing, and we have the asymptotics

by =bi(1—a/n)+o(/n), e *+1=a, a~1.27846.
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(iv) The function by € [0, by ] +— A, (b2) — b% is strictly increasing.

(V) The function by € [0, b1+ A} (by) — b% is strictly decreasing.

Proof. (1) This follows from studying the function 4 : [0, ;] — R, defined by
h(x) =n(1 — (x/b1)*) —2 —2(x/b)" + (b} +x")%.

We claim that 4 is strictly decreasing. Indeed, by differentiating,

2nx"]

-1 b2n
b (=1+b1")

2nx
W (x) = 7(_1 +b2x2 %) 4
1
< 0.

Ash(Q)=n—2+ bf” >0and h(by) =4(—1+ b%") < 0, we deduce from the intermediate value theorem
that the set $, p, is in fact an interval of the form [0, b} ]. The number b} € [0, b;[ is defined by the unique
solution of the equation

h(b%) = 0. (60)

(ii) Observe that the domain of definition of the eigenvalues Aff coincides with the domain of the
discriminant A,,, which is in turn given by $, 5, according to (55). Therefore, (60) implies the vanishing
of A, at the point b}, and consequently both eigenvalues coincide.

(iii) Recall from (53) the definitions of the curves 6 and 6, = 6, U%. Since the eigenvalues A, (b?)
and A, (by) coincide, curves €, and €, end at the same point which is a turning point for ¢,,. Furthermore,
we can see that 6, lies on the left side of the vertical axis x = b;. Now let m > n > 2, and we intend
to check by some elementary geometric considerations that b}, > b). From the monotonicity of the
eigenvalues n — A%,

X, (0) < A, (0), AE0) > AF(0).

If b}, < b}, then the curve 6, will intersect €,, at some point and this contradicts the strict monotonicity
of the eigenvalues with respect to n. Thus, we deduce that n — b}, is strictly increasing and therefore
should converge to some value b* < b;. Assume that b* < by; then from (60) and the continuity of &, we
find by letting n — +o0 that

lim h(b;) =0.

n— 400
On the other hand,
lim h(®) = lim n(l—®%/b)% -2
n—+o0o

n——+00

- +OO,

which is clearly a contradiction, and thus, b* = b;. For the asymptotic behavior of b}, which is a marginal
part here, we shall settle for a formal reasoning by taking a first-order Taylor expansion of 1/n. We shall
look for & such that

by =bi(1—a/n)+o(1/n).
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At the first order of A,
hd))=a—a/n)—2—-2(1 —a/n)" +o(1).
By taking the limit as n — oo, we find that o must satisfy
e +1l=0.

This equation admits a unique solution lying in the interval ]1, 2[ and can be given explicitly by the
Lambert W function:

a=W(eH)+1~1.27846.

@iv) Set x = (by/b )2 and define the functions

*2

+ 1+x b%n n bn
Se(x) =24, (b2) = 5 +E(x —DEVAx), xe€]0, EaE
1

with

l—x 2=-b"(1+x\ |, [(1-0"Y
An(x):< 7~ 12n )—x( n1>'

Differentiating with respect to x yields

l—x 2-b"(1+x" 1 —b2\?
Al (x)=— * O (1=b2x""Y —px"! L.
2 2n n

Note from the assumption (55), by switching the parameters n and x, that

1— 2— b2 (1 4 x"
x 1(—i—x)>0

2 2n ’
and therefore,
b*Z
Al (x) <0 forallx e [0, ”2 ] c [0, 1.
by

Coming back to the function fi and taking the derivative, we find

PP S C)
SR I W

Using the definition of A, and (54), one has

2n n
(1;)6_2—[’)1 14+x )> >\/m

2n

and consequently

Al (x) <_(1—x)/2—(2—bf"(1+x"))/2n
VARX) VAR (X)

< —(1=b"x".

a1-— b%nxnfl)
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Therefore, we obtain that for all x € [0, b;Z / b%]

flx)>1,

fi) <bPx"! < bt

This shows that the function g_ : x — f_(x) — b%x is strictly increasing; however, g4 : x — fi(x) — blzx
is strictly decreasing. This finishes the proof of the desired result. O

4.4.3. Dynamics of the first eigenvalue. We shall in this paragraph discuss the behavior of the first
eigenvalues corresponding to n = 1. Note from (51) that these eigenvalues are in fact the solutions of the
polynomial

Pi(}) =A% = (1+03 = bi + (ba/b)" YA+ (b2/b1)* + b3 (b2 /b1)* = b3,
which vanishes exactly at the points
AL =(ba/b))* or A =1+b3—b7.
Recall from the preceding sections the definition
€y 2 {(b2, Ay (02) 1 b2 €10, B3]}, 6, =6, UG,
and the graph of the first eigenvalue )»T is given by
€52 ((ba, 1463 —b}) 1 by €10, by]).

As we have already mentioned, it is not clear whether the bifurcation occurs with A" because the range
of the linearized operator has an infinite codimension. The main result reads as follows.

Proposition 20. Let by € 10, 1[ and n > 2. Then the following hold true:
(i) Forany 0 < by < by, we have A| < )\ff.
(ii) Ifn < by?, then
€, Ne =2.
(iii) Ifn > b2, then €, N ‘6? is a single point, that is, there exists x, € [0, b};] such that
CnNCT = {(xn, A ()}
(iv) If by ¢ (X :m > by %}, then for alln > 2, AT # AF.
(V) The sequence {x},, . b2 is increasing and converges to b;.

Proof. (i) This follows easily from the monotonicity of the eigenvalue n — A and the fact that A, < AF.
Indeed, for all n > 2,

Ay = (bo/b)? = lim A <d <A
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(ii) In view of (v) from Proposition 19, the mapping b, € [0, b}]1+> A (b2) — )»T(bz) is strictly decreasing,
and therefore, for b, € 10, b} ],

1
I (b2) =2 (b2) < 47 (0) = 2§ (0) = b} — .

Therefore, for n < bl’z, the last term in the right-hand side is negative and consequently

A, (b2) < AF(by) <A (by) forall by €10, b1

(iii) When n > b;?, then A} (0) — AT (0) > 0, and since b, € [0, b3] > A} (b)) — A] (by) is strictly
decreasing, the equation )L,J[ (by) — kf (b2) = 0 has at most one solution in [0, b} ]. We shall distinguish
three cases. The first one is when k;’ (b)) — )»T(b,*l) < 0, in which case the foregoing equation admits a
unique solution denoted by x,,. This implies that €;" N %f is a single point whose abscissa is x,,, and the
next step is to check that €, N <6T is empty. Thus,

AR — AT B)) < A () — A (x) = 0.

Combining the last inequality with the fact that 1,7 (b}) = A, (b}) and the monotonicity of the mapping
by € 10,01 — A, (by) — Af(bz), which follows from (iv) of Proposition 19, we conclude that for all
by €10, b;]
A (b2) = A (b2) < A (b)) — A (b))
S B ()
< 0.

Therefore, €, N %T = ¢ and the set €, N %T reduces to a single point. The second case is when
AF(br) — A (by) > 0; then 6" N C}" is empty, and we shall prove that 6, N6 is a single point. Observe
first that

A, (b)) — AT (b)) =AF b)) — AT B)) > 0.

Moreover,
- + 1 _b%n 2
A, (0) — A (0) = —(1-57)<0 foraln=>2.
n

Since by — A, (b2) — Af (by) is strictly increasing, by the intermediate value theorem, there exists only
one solution x, € ]0, b}[ of the equation A, (b2) — )\T(bg) = 0. The third and last case to analyze is when
Ay — )LT(b;) = 0. This means that all the curves €, ¢, and ‘éf meet each other at the single point
of abscissa b .

(iv) It follows immediately from (ii) and (iii).

(v) Letn > bfl, and define the set enclosed by %,, and located at the first quadrant of the plane:

@2 {(x,y) eR?:x €[0,b%], A, (x) <y <AT(x)).
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From the monotonicity of the eigenvalues n +— A,jl[ seen in Lemma 18, we note that,

forall (x,y) € €y, Ay (x) <Ay (1) <y <AF(x) <Ab,, ().

Hence,

Cp €Cpit, G NG, =02. (61)

Now, from (iii) and the monotonicity of the mappings b, +— )»,jf (by) — )»f(bz) stated in Proposition 19,
we deduce that,

forall x € [0, x,[, A, (x) < A](x) < Af(x).
Then we have the inclusion

@, 2 {0, Af () 1 x €[0, 1,1} C @,

It follows from (61) that €, N C@Tn = ¢ and consequently the abscissa of the single point intersection
€nt1 ﬂ%f must satisfy x,4+1 > x,. This proves that {xn}nzb;z is strictly increasing, and thereby this
sequence converges to some value x, < b;. Assume that x, < by, and define the subsequences

o hump2 2 (o 057 () = A7 ().

Clearly one of the two sequences is infinite. Assume first that {x} is infinite and up to an extraction this

sequence converges also to x,, and for simplicity, we still denote this sequence by {x,} 2. Then from

n>by
the definition of kj, we can easily check that

. 1+ (x,/b1)?* | 1= (x./b1)?
+ _
ngl—l}-loo )‘n (xp) = ) + >
=1.
On the other hand,
. 2 2

ngr}rloo )»T(xn) =1+x; —by.

This is possible only if x, = by, which is a contradiction, and thus, x, = b;. Now in the case where only

the sequence {x, } is infinite, then we follow the same reasoning as before. We suppose that x, < by, and
one can verify that

Jim A () = (/)
Jim A Go) = 1+x2 - b7
By equating these numbers, we obtain
(1= b7)(x; = b7) =0,

which is impossible since b; < 1 and consequently x, = b;. Hence, the proof of (v) is finished. O
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4.5. Bifurcation for m > 1. Now we shall see how to implement the preceding results to prove Theorems 6
and 9 by using the Crandall-Rabinowitz theorem. The proofs will be broken into several steps. First,
we introduce the spaces of bifurcation which capture the m-fold symmetry, and they are of Holderian
type. Second, we rewrite Proposition 13 dealing with the regularity of the nonlinear functional defining
the V-states in the new setting. We end this section with the proofs of the properties of the linearized
operator around the annulus required by the Crandall-Rabinowitz theorem.

4.5.1. Function spaces. We shall make use of the same spaces as [de la Hoz et al. 2016b]. For m > 1,
we introduce the spaces X, and Y,, as follows:

X = Cp (1) x C,t(T),
where C%(T) is the space of the 27 -periodic functions f € C'**(T) whose Fourier series is given by

o0
fa) =Y "a,@™, weT, a, ek

n=1

This space is equipped with the usual strong topology of C!'*%(T). We can easily see that X,,, is identified
as

[o,0)
Xy = {fe<C‘+"ar>>2:f(w)=ZAnw"m—‘, AneRZ}. (62)
n=1
We define the ball of radius r € (0, 1) by

B ={f e (Cp (M fllcrem <7}

Take (f1, f2) € B}"*; then the expansions of the associated conformal mappings ¢ and ¢, in the exterior
unit disc {w € C: |w| > 1} are given by

w nm

o1(w) =biw+ fi(w) = w(bl +Z . ),
n=1

wnm

(W) =byw+ fr(w) = w(bz + Z 2 )
n=1

This captures the m-fold symmetry of the associated boundaries ¢ (T) and ¢»(T) via the relation

G (™ Mw) =2 Mmp(w), j=1,2, weT. (63)
Set
sz{ge(C“(D)Z:g:chenm, cneu%z}. (64)
n>1

With the help of Proposition 13, we deduce that the functional G = (G, G) is well defined and smooth
from R x B)" to Y,, with r small enough. The only thing that one should care about, which has already
been discussed in the simply connected case, is the persistence of the symmetry which comes from the
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rotational invariance of the functional G. As the proofs are very close to the simply connected case
without any substantial difficulties, we prefer to skip them and only state the desired results.

Proposition 21. Let b € |0, 1[ and 0 < r < min(b, 1 — b); then the following hold true:
(i) G:RxB" = Y, is C! (it is in fact C*).
(ii) The partial derivative 9, DG : R x B — £(X,, Y,,) exists and is continuous (it is in fact C*).

Now using (49) and (50), we deduce that the restriction of DG (X, 0) to the space X,, leads to a well
defined continuous operator DG (X, 0) : X,, = Y,,,. It takes the form

DG, 0)(h1, hy) =Y Myum(X) (Z;) Enm» (65)
n>1 N

with (A1, hy) € X, having the expansion
hjw)=>"a;,w"""
n>1
and the matrix M, given for n > 1 by

bilna — 1+ b2 —n(by/b1)*] bal(ba/br)" — (blbz)"]> ‘

66
—bil(ba/b1)" — (1b)"] bk —n+1—b2"] (66)

M,(0) £ (

4.5.2. Proof of Theorem 6. The main goal of this paragraph is to prove Theorem 6. This will be an
immediate consequence of the Crandall-Rabinowitz theorem as soon as we check its conditions, which
require a careful study. Concerning the regularity assumptions, they were discussed in Proposition 21. As
to the properties required for the linearized operator, they are the object of following proposition.

Proposition 22. Let 0 < by < by < 1, and set b =S by/b\. Let m > 2 satisfy

- 242b™ — (b —|—bg1)2.
- 1—5b2
Then the following results hold true:

(1) The kernel of DG(A%, 0) is one-dimensional and generated by the vector

_(bamAE —m+1—=b3"T\ i
”’"“‘”‘( bilb™ — (b1b2)"] )“’ ‘

(ii) The range of DG (), 0) is closed and of codimension 1.
(iii) The transversality assumption holds: the condition
3 DGOE, 0, ¢ R(IDG(LE, 0))

is satisfied if and only if
242" — (b + b2

m > 1_b2
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Proof. (i) According to (55), the positivity of the discriminant A, that guarantees the existence of real
eigenvalues is equivalent for m > 2 to

242b" — (b + by)?
= .

"= 1= 52

To prove that the kernel of DG()\f;, 0) is one-dimensional, it suffices to check that for n > 2 the matrix
M (Ai) defined in (66) is invertible. This follows from Lemma 18, which asserts that Af #~ )\,j,; forn>2

m

and therefore

det M, (A5) #0.

To get a generator for the kernel, it suffices to take a vector orthogonal to the second row of M,,(A).

(ii) We are going to show that for any m > 2 the range R(DG (A2, 0)) coincides with the subspace
% 2 {g €Yp:gW) =Y Cptum. C € R(My), C, € R*foralln > 2}. (67)
n>1

Assume for now this result; then it is easy to check that R(DG(A%, 0)) is closed in Y,, and is of
codimension 1. Now to get the description of the range, we first observe that from (65) and (66) the range
is included in the space #,,. Therefore, what is left is to check is the inclusion %, C R(DG(A%, 0)).
Take g = (g1, g2) € %, with the form

gj(w) = ch,nenm,

n>1

and let us prove that the equation
DG(AE,0h=¢g
admits a solution & = (hy, h2) in the space X,,. Note that /; has the structure
hj(w) = Zaj,nw"m—l.
n>1

According to (65), the preceding equation is equivalent to

M, (“1’") — <Cl’") foralln > 1.
arn Cn

For n =1, this equation is satisfied because from the definition of %, we assume that the vector C, S (2”)
belongs to the range of the matrix M,,. With regard to n > 2, we use the fact that M,,, is invertible, and

therefore, the sequences (a; ,),>2 are uniquely determined by

<‘”~"> =M_] (Clv") , n>2. (68)
ajz n Con
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By computing the matrix M| (A,j,j), we deduce that for all n > 2

mn

bolnm(AE —1) + 1 —b3"™] ba[(b2/b)"™ — (b1b2)""]
ain = I l,n — I C2ns (69)
det(M,,, (Am)) det(Mym ()
bil[(b2/b)"™ — (bi1by)"™] bilnm(AE — (by/b1)) — 1+ b7"™]
axn = I Cl,n I Con-
det(Myn () det(Myp (Am))

Hence, the proof of (h, hy) € X,,, amounts to showing that

h o —m—1
w > (hézg —Z;;’H) e C*Fe(T) x (.

We shall develop the computations only for the first component, and the second one can be done in a

similar way. Notice that det(M,,, (A,ﬂ,j)) does not vanish for n > 2 and behaves for large n like

det(My, (A5)) = bibam* (A5 — DA — (ba/b1)In* + bibam(1 — (ba/b1)*)n — 1+ o(1).

Since )ﬁ ¢ {1, (ba/b1)?}, by Taylor expansion,

1 Cl,n
- —+ Cin+ c
bimOE — (ba/by)?) m | VLl Y22

al.n
with

. < —.
|V],n| — I’l2

Set hy(w) = h(w) — ap w™', and define the functions

— ~ Cin
Kj(w)=znyj,nwnm» gj:Z j’l €nm-

n>2 n>2

Then one can check that

_ . 1 Cln —pm ~ ~
why(w) = b1 GE — (ba/b1)?) ; el +{K1» (TIgD)}(w) + {Kz * (TTg2) }w).  (70)

The convolution is understood to be the usual one: for two continuous functions f, g : T — C, we define,

forallweT T, fxg(w)= %f(r)g(rw) dTT
T

The notation IT is used for the Szegd projection defined by

H(chw") = Z cpw'”,
nez ne—N
which acts continuously on C 1+2(T). One can easily see that the first term in the right-hand side of (70)
belongs to C'7%(T). With regard to the last two terms, note that K; € L2(T) € L'(T) and g; € C'*%(T);
then using the classical convolution law L!(T)x C'*%(T) — C'*%(T) combined with the continuity of IT,
we deduce that those terms belong to C!'*%(T) and the function w +> wh (w) belongs to this space too.
This finishes the proof of the range of DG (AL, 0).
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(ii1) Recall from part (i) that the kernel of DG(A,j;, 0) is one-dimensional and generated by the vector v,,
defined by
bolmit —m+1— bz’"]> 1
weTrH v, (w)= " 2 ) w™
m () <b1[(b2/b1)m—(b1b2)m]
We shall prove that

»DG(AE, 0)v, ¢ RIDG(AE,0))
if and only if A} # A, which is equivalent to

220" — (b} + bY')?
1—p? '

m >

Let (h1, hy) € X,, with the expansion
hjw)=Y_aj,w"".
n>1

Then differentiating (65) with respect to A,

8, DG, 0)(hy hy) =m Y n (b‘“lv”) enm. (71)
bray
n>1
Hence,

+ _ K2m
3, DG (AE, 0)v,, = mbybs <m’\m m+1-b >em

(b2/b1)™ — (b1b2)™
£ mb bW, e,,.

This pair of functions is in the range of DG (A, 0) if and only if the vector W, is a scalar multiple of
the second column of the matrix M,, (1) defined by (66). This happens if and only if

b \" 2
(mrz —m+1—b")% — ((b—?) - (blbz)m> =0. (72)
Combining this equation with det M, =0, we find
+ 2m 2 + 2 + 2 by ’
(mA,, —m~+1—5b5")"+ (mx;, —m—l—l—bzm)(m)»m —1+b" _m<b_) ) =0,
1

which is equivalent to

b 2
(mk—m+1—b§m)(2mk—m(l+(b—?> ) —b%’“-ﬁ-bf’") =0.

Thus, we find that
+ 2 + by ’ 2 2
mhi, —m~+1—-b5"=0 or 2m)»m—m<1+ (b_) ) —-by" +b7" =0.
1

The first possibility is excluded by (72), and the second one corresponds to a multiple eigenvalue condition:
AL =2, thatis, A, = 0. This completes the proof of Proposition 22. O
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4.5.3. Proof of Theorem 9. Our next task is to study the bifurcation of 1-fold rotating patches. Recall
from Section 4.4.3 that for m = 1 there are two different eigenvalues given by

A = (ba/b1)?, AT =1+b3-07.

In that paragraph, we observed significant differences in their behaviors, and we shall see next how this
fact does affect the bifurcation problem. It appears that the bifurcation with A is very complicate due to
the range of the linearized operator which is of infinite codimension. Nevertheless, with ., the situation
is actually more tractable and the bifurcation occurs frequently. Before stating the basic results of this
section, we need to define some notation. Let by € ]O, 1] be a fixed real number, and define the set

€p, = {by €10, by[ : there exists m > 2 such that P, (A]) = 0}.

The polynomial P,, was defined in (51), which is up to a factor the characteristic polynomial of the matrix
M, (A). The set €,, corresponds to the abscissa of the points of intersection between the collection of

each m > 2 there is at most one value x,, of b, such that P, (Af) = 0. Moreover, the sequence (x,),,- b2

is strictly increasing and converges to 1. Now we will prove the following result.
Proposition 23. The following assertions hold true.
(1) The range of DG (A , 0) has an infinite codimension.
(i) If by € €p,, then the kernel of DG ()", 0) is two-dimensional and generated by the vectors v = (%)

and vy, of Proposition 22, with m > 2 being the only integer such that Py, (Xf) = 0. In addition, the
range of DG(AT, 0) is closed and has codimension 2.

(iii) If by ¢ €p,, then the kernel of DG (AT, 0) is one-dimensional and is generated by the vector v| seen
before. Furthermore, the range of DG (AT, 0) has codimension 1 and the transversality assumption
is satisfied:

8, DG(L],0)v; ¢ RIDG(AT,0)).

Proof. (i) According to (66), we obtain

bi[—1+b3"] b2[(D2/b1)" — (b1b2)"] ) '

M, () 2
) <—b1[(b2/b1)" — (b1b2)"] ba[n((b2/b1)" — 1) + 1 —b3"]

In this case, we get that the determinant of M, (1) behaves for large n like b1bon. Consequently, we
deduce from (69) the existence of o 7~ 0 such that

aln =0C1n +0(1)7

which means that the preimage of an element of Y,, by DG (A, 0) is not in general better than C*(T).
This implies that the range of the linearized operator is of infinite codimension. It follows that one
important condition of the Crandall-Rabinowitz theorem is violated, and therefore, the bifurcation in this
special case still unsolved.
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(ii) Let by € €5,. Then by definition, there exists m > 2 such that P, ()LT) = 0. This means that
kf coincides with one of the two numbers A, Therefore, the kernel of DG (A}, 0) is given by the
two-dimensional vector space

Ker DG(A[, 0) = Ker M, (A]) ® Ker M, W H)w™ ™"

Easy computations give the expression

MyGF) = br(1 = bY) (‘bz/bl bz/bl) |

-1 1

Obviously the kernel of M, (kf) is spanned by the vector v; = (}) However, we know that Ker M,, (AT)
is spanned by the vector v,, already seen in Proposition 22. To prove that the range is of codimension 2,
we follow the same arguments of Proposition 22 bearing in mind that the determinant of M, ()LT) behaves
for large n like cn® with ¢ # 0. We skip the details which are left to the reader.

(iii) Let by ¢ €,,; then Py, (kf) does not vanish for any m > 2. This means that the matrix M, ()»;r) is
invertible, and therefore, the kernel of DG(A+, 0) is one-dimensional and given by

Ker DG(A, 0) = Ker M (A]) = (v1).

Similarly to Proposition 22, we get that the range is of codimension 1. In addition, the transversality
condition is satisfied since the eigenvalue AT is simple ()\T # A ) as has been discussed in the proof of
Proposition 22(iii). The proof of Proposition 23 is now finished, and the result of Theorem 9 follows. [

5. Numerical experiments

In order to obtain the V-states, we follow a similar procedure to that in [de la Hoz et al. 2016a; 2016b];
therefore, we shall omit some details, which can be consulted in those references.

5.1. Simply connected V -states.

5.1.1. Numerical derivation. Given a simply connected domain D with boundary z(6), where 8 € [0, 27|
is the Lagrangian parameter and z is counterclockwise parametrized, the condition of D being a V -state
rotating with angular velocity €2 is given by (15), i.e.,

— 1 (27 2(0) —z2(9) 1 [7 |z _
Re{ (291(9) + ﬁ/o m&b(@ de — e /o TQ)Z(@Z(’)(@ d¢)29(9)} =0. (73)

As in [de la Hoz et al. 2016a; 2016b], we use a pseudospectral method to find m-fold V-states from (73).

We discretize 6 € [0, 27[ in N equally spaced nodes 6; =2mi/N,i =0, 1,..., N — 1. Observe that the
integrand in the first integral in (73) satisfies

2(0) —z(¢)

26(0)
1m =
¢—0 2(0) — z2(P)

0=¢ N 20 (0) ‘

(74)
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Therefore, bearing in mind (74), we can evaluate numerically with spectral accuracy the integrals in (73)
at a node 0 = 6; by means of the trapezoidal rule, provided that N is large enough:

1 Zﬂ? Oi
L [T =29)) o(P)) dep ~ — (29(9)+ZZ() y (¢j))’

o 20 —28) @) —2($))
J#l (75)

127 jz(e)) — P

— = d .

2n/o =202 ¢ DI Z 1—z2(6)2(¢)) 2(9)

In order to obtain m-fold V -states, we approximate the boundary z as

M
2(0) = €' [b + Z ar cos(mke)], (76)
k=1

where the mean radius is b, and we are imposing that z(—6) = z(0); i.e., we are looking for V -states
symmetric with respect to the x-axis. For sampling purposes, N has to be chosen such that N >2mM +1;
additionally, it is convenient to take N a multiple of m, in order to be able to reduce the N-element
discrete Fourier transforms to N /m-element discrete Fourier transforms. If we write N = m?2", then
M=|m2 —1)/Q2m)] =2""1-1

We introduce (76) into (73) and approximate the error in (73) by an M-term sine expansion:

7 2(0) —2(9) L7 Jz@))?
/0 z<9>—z(¢>z¢(¢)d¢_%/o 1—2(0)z(¢)

2mi

1
{(29z(9) L 26(9) dqb)zQ(e)}

M
~ Z by sin(mk®). (77)

k=1

This last expression can be represented in a very compact way as

Fpalar,...,apy) =(0b1,...,by) (78)

for a certain Fj g : RM — RM. Remark that, for any Q and any b € 10, 1[, we trivially have Fp.a(0)=0,
i.e., the circumference of radius b is a solution of the problem. Therefore, obtaining a simply connected
V -state is reduced to numerically finding a nontrivial root (ay, ..., ay) of (78). To do so, we discretize
the (M x M)-dimensional Jacobian matrix $ of %, o using first-order approximations. Fixing || < 1
(we have chosen & = 10719), we have that

0Fp.alai,....,an) _ Fpalar+h,...,an) —Fpalar,...,am)

79
3611 h ( )

Hence, the first M coefficients of the sine expansion of (79) form the first row of ¢, and so on. Therefore,
if the n-th iteration is denoted by (ay, ..., ay)®™, then the (n + 1)-th iteration is given by

(at,...,ap)" ™V = (a1, ...,a)" = Fpaay, ..., ay)™) - [$™]
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Figure 2. ),, as a function of b, form =1, ..., 20.

where [}(")]_1 denotes the inverse of the Jacobian matrix at (aj, ..., ay) . This iteration converges in

a small number of steps to a nontrivial root for a large variety of initial data (ay, . .., ay)©. In particular,

it is usually enough to perturb the unit circumference by assigning a small value to aio) and leave the

other coefficients equal to zero. Our stopping criterion is

max < tol,

M
Z by sin(mko)

k=1

where tol = 10713, For the sake of coherence, we eventually change the sign of all the coefficients {ay},
in order for, without loss of generality, a; > 0.

5.1.2. Numerical discussion. Given m and b, Proposition 14 defines the value A,, at which we bifurcate
from the circumference of radius b. Let us recall that 1, = 1 — 2%,,. Although working with X is more
convenient from an analytical point of view, we use €2 = (1 — A)/2 in the graphical representations of the
V -states that follow because €2 is a more natural parameter from a physical point of view. Therefore, we
bifurcate at 2, = (m — 1 4+ b>™)/(2m).

In Figure 2, we have plotted A,, as a function of b, for m =1, ..., 20. Figure 2 suggests that there
are two different situations: b close to 1 and b not so close to 1. Note that, in the latter case, the curves
can be approximated by A,, ~ 1/m, i.e., Q,, = (m — 1)/(2m), which is in agreement with [Deem and
Zabusky 1978].

In order to illustrate how the shape of the simply connected V -states depends on b, we consider the
cases 1 <m <4; observe that everything said for m = 3 and m = 4 is valid for all m > 3. In general, fixing
m and b, we bifurcate from the circumference with radius b at €2,,,. During the bifurcation process, there
may be saddle-node bifurcation points [Kielhofer 2012] appearing; in that case, we use the techniques
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m=3;b=0.8 m=3,b=0.9
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o
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o

QS

-0.05

02

025 I I I I I I I | 045 L I I I |
0.3756 0.3758 0.376 0.3762 0.3764 0.3766 0.3768 0.377 0.3772 0.42 0.4205 0.421 0.4215 0.422 0.4225

Q Q

Figure 3. Bifurcation diagrams corresponding to m = 3 and b = 0.8 (left) and to m = 3
and b = 0.9 (right) with N = 384.

described in [de la Hoz et al. 2016a]. For instance, in Figure 3, we have plotted the bifurcation diagrams
of the coefficient a; in (76) against 2, for m = 3 and b = 0.8 (left) and for m = 3 and b = 0.9 (right).
Note that, in the bifurcation diagrams, when starting to bifurcate at €2,,,, we sometimes take 2 < €2,,, (left)
and other times Q > 2, (right) although the latter case may appear only when b is large enough. Note
also that we may have several saddle-node bifurcation points in the same bifurcation diagram, and hence
more than two V-states corresponding to the same €2, and in the same bifurcation branch. For instance,
the left-hand side of Figure 3 tells us that there are three V -states corresponding to m =3, b = 0.8 and
2 = 0.3765, which we have plotted in Figure 4.

m=3;b=0.8;Q=0.3765

0.6 - q

02 q

04 B

-0.6 q

-0.8 q

4 I I ! I I
-1 -0.5 0 0.5 1

Figure 4. V-states from the same bifurcation branch (left side of Figure 3) corresponding
tom =3, b=0.8 and 2 =0.3765 with N = 768.
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—b=07]

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

-1 -0.8 -0.6 -0.4 -0.2 0

Figure 5. Approximations to the limiting V -states corresponding to 1 < m < 4, for
different b with N =256 x m. The values of €2 corresponding to the plots are given in

Table 1.

We have approximated the limiting V-states occurring for 1 < m <4, which are depicted in Figure 5.
Figure 5 confirms the observation on the size of » made from Figure 2. Loosely speaking, when b is
far enough from 1, the rigid boundary does not have any remarkable effect on the shape of the V-states.
Take for instance the cases m =1 withb =04, m =2 withb =04, m =3 withb=0.6 and m =4
with b = 0.7: the approximations to the respective limiting V -states are clearly far away from the unit
circumference whereas, in all the other cases, the distance to the unit circumference is smaller than 1072,
In fact, Figure 5 suggests that, from a certain b on, we can obtain V-states arbitrarily close to the unit
circumference and that the limiting V -state is precisely the one whose distance to the unit circumference
is zero in the limit. Moreover, as b grows towards 1, the limiting V -states tend to cover an increasingly

larger part of the unit circumference.
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by m— 1 2 3 1
0.9 0.3749 0.4057 0.4199 0.4283
0.8 0.3251 0.3589 0.3755 0.3859
0.7 0.2900 0.3163 0.3321 0.3650
0.6 02640 0.2731 03144 0.3572
0.5 0.2459 0.2363

0.4 0.1964 0.2018

Table 1. Values of 2 for the V -states plotted in Figure 5.

Continuing with Figure 5, the cases m = 1 and m = 2 are pretty different from the other cases. Indeed,
when m > 3 and b is small enough, the limiting V-states very closely resemble those in [Deem and
Zabusky 1978] and corner-shaped singularities seem to develop. It is remarkable that the rigid boundary
only affects the shape of the V-states for b pretty close to 1; furthermore, the larger m is, the larger b has
to be, in order for the influence of the rigid boundary to become noticeable. On the other hand, when
m =2 and b is small enough, the limiting V -states are lemniscate-shaped; whether some self-intersection
actually occurs deserves further study. Finally, when m = 1 and b is small enough, the limiting V -states
seem to resemble an asymmetrical oval.

5.2. Doubly connected V -states.

5.2.1. Numerical derivation. Given a doubly connected domain D with outer boundary z;(0) and inner
boundary z,(6), where 6 € [0, 27 [ is the Lagrangian parameter and z; and z, are parametrized, D is a
V -state if and only if its boundaries satisfy

— 1 T —u@) lfzﬂzme)—m(qs)
R 2Q71(0) + — _— dp — — _—— d
e{( Zl(”zm'/o 2@ -a@ P T |y w@ — e P
1 2w 2
LI (e 71C)l S

2wi Jo  1—z21(0)z1(d)

1 (7 ) B
+% A m22,¢(¢)d¢)21,6(9)}—0, (80)
— 1 [T 20) -2 1 f2"22(9)—zz(¢)
R 2Q7-,(6 —_— _ dp — — _ d
e{( 2@+ o [ G @O0 [ DG e
1 (7 |z

Tami)y 1= n@n@ P9

1 (7 |z

+ 2_7'[l A m@,zp(ﬁw d¢)22,0(9)} =0. (8

As in the simply connected case, we use a pseudospectral method to find V -states. We discretize 6 € [0, 2|
in N equally spaced nodes 6; =27i/N,i=0,1,..., N—1, where N has to be large enough. Then since
z1 and z» never intersect, all the integrals in (80) and (81) can be evaluated numerically with spectral
accuracy at a node € = 6; by means of the trapezoidal rule, exactly as in (75).
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In order to obtain doubly connected m-fold V-states, we approximate z; and z; as in (76):

M M
z1(0) = €'® [bl +) aik cos(mke)], 22(0) = €'’ |:b2 +> cos(mk@)}, (82)

k=1 k=1

where the mean outer and inner radii are b; and b,, respectively, and we are imposing that z1(—6) = z,(0)
and z2(—6) =27,(0), i.e., looking for V-states symmetric with respect to the x-axis. Again, if we choose N
of the form N = m?2", then M = |(m2" —1)/2m)| =2""" — 1.

We introduce (82) into (80) and (81), and as in (77), we approximate the errors in (80) and (81) by
their M-term sine expansions, which are respectively Z,’c”: 1 b1,k sin(mk6) and Z,](”: 1 b2,k sin(mk®). Then
as in (78), the resulting systems of equations can be represented in a very compact way as

Fpim@i 1, .. atm, a1, ... a2m) = b1, ., b, o, o bo ) (83)

for a certain Fy, p, o : R*M — R*M | Remark that, for any Q and any 0 < b, <b; < 1, we have Fp, 5, 0(0) =0
trivially; i.e., any circular annulus is a solution of the problem. Therefore, obtaining a doubly connected
V -state is reduced to numerically finding {a; x} and {a2 x} such that (a; 1, ...,a1.m,a2.1, ..., a2, ) 15 a
nontrivial root of (83). To do so, we discretize the (2M x 2M)-dimensional Jacobian matrix $ of Fj, 5,.0
as in (79), taking h = 1072:

0Fp, by (@115 .. a1, M, Q2,15 -+, A2 M)
dai
_ Fbpalathain, ... am, a0, .., a2m) — Fpy py@i1s .., 1M, Q215 -2 2 M) (84)
. .
Then the sine expansion of (84) gives us the first row of $, and so on. Hence, if the n-th iteration is
denoted by (a1.1,....a1.m,02.1, - ., az,M)(’”, then the (n + 1)-th iteration is given by
+1
@115 s @iy, @1, - az )™
-1
=@y @M @1y e @)™ = Fpy by (@1, s aim, a2t e ar ) ™) [P0
where [;ﬁ(")]_1 denotes the inverse of the Jacobian matrix at (aj,1,...,a1,m,a2,1, -- -, az,M)(”). To make

this iteration converge, it is usually enough to perturb the annulus by assigning a small value to aioi
or aéof and leave the other coefficients equal to zero. Our stopping criterion is

(max < tol) A (max < tol),

where tol = 10713, As in [de la Hoz et al. 2016a; 2016b], a1 -az,1 <0, so for the sake of coherence, we
eventually change the sign of all the coefficients {a; x} and {a2 ¢}, in order for, without loss of generality,

M
> by i sin(mk6)
k=1

M
> by i sin(mk6)
k=1

a;1>0andap; <O.
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Figure 6. b}, as a function of by, form =2, ..., 20.

5.2.2. Numerical discussion. Proposition 19 states that, given by € ]0, 1[ and m > 2, there is a certain b},
such that b, € [0, b}, ]. Let us recall that b}, is the only solution of

_2420x/by)" — (b +x™)?

1 —(x/by)?
In Figure 6, we have plotted b}, as a function of by, form =2, ..., 20.
If we make b, = b}, then the discriminant A, defined in Theorem 6 is equal to zero, and in that case,

Qf = Q. or, equivalently, A = A~. Note that the relation between Q* and A is given by

Qf =1a-ah).

In Figure 7, we plotted )ﬁ as a function of b, € [0, b}, ], form =2, ..., 20 and by € {0.25, 0.5, 0.75, 0.99}.
We have also plotted in black the special case m = 1, where b, € [0, b], AT = 1+b§—b% and | = (bz/bl)z.
Observe that, whereas the curves )»j,; and A, are disjoint for m > 2, )»f may intersect A$ or A,,. Itis
particularly interesting to see what happens when b is close to 1; indeed, when b; = 0.99, the curves A,
become practically indistinguishable.

Although Figure 7 gives a fairly good idea of the structure of A, it may be clarifying to show globally
how the curves in Figure 7 behave as by changes, for a fixed m. In Figure 8, we have plotted AZ as a
function of by € [0, b}, ], for m =2, 3, 4 and for all b; € ]0, 1[, in such a way that, for a given b, the
intersection between z = b and the resulting surfaces yields curves equivalent to those in Figure 8. In
general, the surfaces corresponding to m > 3 are very similar. On the other hand, Figure 8 shows that, when
m =2 and b is not too large, the size of the curves (b;, )Léc) is very small; indeed, in Figure 7, (b;, )éc)
is hardly visible when b1 = 0.25. A similar observation can be made with respect to the case m =2 in
Figure 6, which is markedly different from the others.
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Figure 7. )\,ﬂ; as a function of b, € [0, b},], for m =2, ..., 20, together with the case
m =1 (black), for b; € {0.25, 0.5, 0.75, 0.99}. We have marked with a small black dots
the intersections happening between the case m = 1 and the other cases.

0.9

As in the simply connected case, we use 2 = (1 — A)/2 as our bifurcation parameter. In order to treat

the saddle-node bifurcation points [Kielhofer 2012] that may appear during the bifurcation process, we

again use the techniques described in [de la Hoz et al. 2016a].

Before illustrating the shape of the doubly connected V -states, let us mention that the situation is much

more involved than in the simply connected case, where there were roughly two situations for all m:

b close to 1 and b not so close to 1. Indeed, we have to play now with both the proximity of by to 1 and

that of b, to b};,. Furthermore, we can start the bifurcation from the annulus of radii b; and b, at two
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m=2 m=3 m=4

b,cl01

o b,c[0b;]

o b,e[0.b;] 0 b,c[0.b;]

Figure 8. ki as a function of b, € [0, b}, ], for m =2, 3, 4 and for all b; € 10, 1[.

different values of , i.e., Qj; and €2, . Finally, the case m = 1 needs to be studied individually. All in
all, we have detected the following scenarios.

When m > 3, there are roughly three cases when starting to bifurcate at Q' and two cases when
starting to bifurcate at ;. More precisely, if we start to bifurcate at ", we have to distinguish between
the following:

e by is very close to bY,. In that case, it seems possible to obtain V-states for all 2 € ]2, F [, very
much like in [de la Hoz et al. 2016b], irrespective of the size of b;. For example, in Figure 9, we have
calculated the V-states corresponding to m =4, by =0.8 and b, = 0.53. Observe that b; =0.5407. . .,
i.e., we have chosen b, close enough to b;. On the right-hand side, we have plotted the bifurcation
diagram of the coefficients a; 1 and ay ; in (82) against §2, which shows that there is indeed a
continuous bifurcation branch that joins ,, and ;, where ; =0.1335... and Q} =0.1671....
On the left-hand side, we have plotted V -states for four different values of Q € 12, Q.

m=4;b, =0.8;b, = 0.53; 2€{0.134, 0.145, 0.156, 0.167} m=4;b, =08;b,=0.53
1 T T T T T 006

ary
az1

0.04 [
0.6 [

0.02 -

- -
B Q 2,

02

0.06 . . . . . . . . )
0.13 0.135 0.14 0.145 0.15 0.155 0.16 0.165 0.17 0.175
Q

Figure 9. Left: V-states corresponding to m =4, by = 0.8, b, = 0.53 and several values
of Q. Right: bifurcation diagram. Here N = 256.
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m=4; b1 =0.8; b2 =0.3;,2=0.31 m=4; b1 =0.8; b2 =0.3; 2=0.14611

-0.8

4 I I ! I I
-1 -0.5 0 0.5 1

Figure 10. Approximation to the limiting V -states corresponding to m =4, by = 0.8
and b, = 0.3. Left: we have started to bifurcate at QI = 0.3256..., taking Q < QI.
Right: we have started to bifurcate at 2, = 0.1250.. ., taking > ,". Here N = 1024.

e by is close to 1, and b, is small enough. There are limiting V -states, for which the distance between
the outer boundary z; and the unit circumference tends to zero, but the inner boundary z, does not
deviate greatly from the circumference of radius b,. On the left-hand side of Figure 10, we have
approximated the limiting V -state corresponding to m =4, by = 0.8 and b, = 0.3. The shape of z;
is not very far from the case m =4 and b = 0.8 of Figure 5.

m=4; b1 =0.8; b2 =0.4; Q2 =0.25433 m=4; b1 =0.6; b2 =0.3; 2 =0.22208

0.6 -

0.4 -

-08 1

I I I I I 4 I I ! I I

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1

Figure 11. Left: approximation to the limiting V -state corresponding to m =4, by =0.8
and by = 0.4, starting to bifurcate at 2 = 0.2706, taking Q < QI. Right: approximation
to the limiting V -state corresponding to m =4, by = 0.6 and b, = 0.3, starting to bifurcate
at ] = 0.2516, taking Q@ < €. Here N = 1024.
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m=4; b1 =0.72; b2 =0.32; 2 = 0.25341
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Figure 12. Approximation to the limiting V -state corresponding to m =4, by = 0.72
and b, = 0.32, starting to bifurcate at Q] = 0.2851, taking Q@ < Q. Here N = 2048.
The zoom shows that the boundaries are very close from each other, but there is no
intersection.

e by and b, do not fit in the previous two cases. In that case, there are also limiting V-states,
characterized by the appearance of corner-shaped singularities in z; or z,. In Figure 11, we have
approximated the limiting V-states corresponding to m = 4, by = 0.8 and b, = 0.4 (left) and to
m =4, b; = 0.6 and b, = 0.3 (right). Observe that the influence of the rigid boundary seems less
perceptible in the second example, which accordingly does not differ too much from those in [de la
Hoz et al. 2016b].

Although the distance between z; and the unit circumference is always strictly positive, the
distance between z; and z; is sometimes very small, and we cannot exclude in advance the existence
of limiting V -states where z; and z; actually touch each other. For instance, after playing with the
values of b; and b,, we have found that the choice of b; = 0.72 and b, = 0.32 enables us to find
a V-state such that the distance between z; and z; is of about 7 x 1073, This V -state is plotted in
Figure 12, together with a zoom of one apparent intersection of the boundaries that shows that there
is really no intersection and that the nodal resolution is adequate.

On the other hand, if we start to bifurcate at €2, we have to distinguish between the following:

by is very close to b},. This case has been explained above. In fact, it is irrelevant whether we start
to bifurcate at 2, or at Q.

* by is not close enough to b},,. In that case, there are limiting V -states, characterized by the appearance
of corner-shaped singularities in z, whereas the outer boundary z; does not deviate greatly from the
circumference of radius b;. On the right-hand side of Figure 10, we have approximated the limiting
V -state corresponding to m =4, by = 0.8 and b, = 0.3. We have not bothered to plot the V -states
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m=2; b1 =0.9; b2 =0.2; Q2 =0.3745 m=2; b1 =0.9; b2 =0.2; 2 =0.341

1667

0.8 [

0.6 -

0.4

0.2

q 0.2

02

-0.6

4 -06

-08 1 4 -08r

1 L

-1 -0.5 0 0.5 1

Figure 13. Left: approximation to the limiting V -states corresponding tom =2, b; =0.9
and b, = 0.2, starting to bifurcate at Q7 = 0.3892. .., taking Q < Q; Right: we have
started to bifurcate at 2, = 0.2497. .., taking > Q, . Here N =512.

corresponding to those in Figures 11 and 12 but starting to bifurcate at €2,, because they are virtually

identical, up to a scaling of z,. This case closely matches that in [de la Hoz et al. 2016b], and the

inner boundary resembles the simply connected V -states in [Deem and Zabusky 1978].

Summarizing, if we compare the doubly connected V -states just described with those in [de la Hoz et al.

2016b], we conclude that the truly unique case here is when by is close to 1 and b, is small enough.

m=1;b1 =O.9;b2=0.3;Q=0.37 m=1;b1 =0,9;b2=0_3;Q=o,3429
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Figure 14. Approximation to the limiting V-states corresponding to m =1, by = 0.9
and b, = 0.3. Left: we have started to bifurcate at Qf = g, taking Q2 < Qf Right: we
have started to bifurcate at 2, = 0.36, taking 2 > Q. Here N = 256.
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Regarding the case m = 2, everything said above is applicable. For example, in Figure 13, we have taken
b1 =0.9 and by =0.2, i.e., a value of b; close to 1 and a value of b, small enough. On the left-hand side,
we show an approximation to the limiting V-state appearing when starting to bifurcate at 1; note the
clear parallelism with the case m =2 and b = 0.9 of Figure 5 and with the left-hand side of Figure 10.
On the right-hand side, we show an approximation to the limiting V -state appearing when starting to
bifurcate at €25 ; as in the right-hand side of Figure 10, corner-shaped singularities seem to develop in z>
whereas z; has barely deviated from a circumference.

The case m =1 also deserves a comment. In Figure 14, we have approximated the limiting V -states
corresponding to m = 1, taking again a value of b; close to 1 and a value of by small enough, more
precisely, b; = 0.9 and b, = 0.3. On the left-hand side, we have started to bifurcate at Q, and on the
right-hand side, we have started to bifurcate at €2, . It is remarkable that, in both cases, the distance of z;
to the unit circumference is smaller than 10~2. Moreover, even if the V-state on the left-hand side is
roughly in agreement with Figure 5 and with the left-hand sides of Figures 10 and 13, the V -state on the
right-hand side exhibits a completely different, unexpected behavior.
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ISOLATED SINGULARITIES OF POSITIVE SOLUTIONS
OF ELLIPTIC EQUATIONS WITH WEIGHTED GRADIENT TERM

PHUOC-TAI NGUYEN

Let @ C RY (N > 2) be a C? bounded domain containing the origin 0. We study the behavior near 0 of
positive solutions of equation (E) —Au + |x|*u? + |x|#|Vu|? = 0in Q\ {0}, where &« > =2, B > —1,
p>1l,andg>1. Whenl < p < (N +a)/(N—-2)and 1 <g < (N + B)/(N — 1), we provide a full
classification of positive solutions of (E) vanishing on d€2. On the contrary, when p > (N +«)/(N —2)
or (N + B)/(N —1) <q <2+ B, we show that any isolated singularity at 0 is removable.
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1. Introduction

Let @ € RY (N > 2) be a C? bounded domain containing the origin 0. In this paper, we study isolated
singularities at O of nonnegative solutions of the quasilinear equation

—Au+ |x|%P + |x|B|Vul? =0 (1-1)

in Q\ {0} where « > -2, 8 > —1, p > 1, and ¢ > 1. By a nonnegative solution of (1-1) we mean a
nonnegative function u € C%(2\ {0}) which satisfies (1-1) in the classical sense.
Equation (1-1) consists of two mechanisms: the semilinear equation

—Au+|x|*u? =0 (1-2)
in Q2 \ {0} and the quasilinear equation
—Au+|x|B|Vul? =0 (1-3)
in © \ {0}. For the sake of simplicity, in the sequel, we use the notation
(Fou)(x) = [x[*u(x)? + |x|?|Vu(x)|. (1-4)

MSC2010: 35A20, 35J60.
Keywords: gradient terms, weak singularities, strong singularities, removability.
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In the literature, many results concerning isolated singularities for (1-2) with @ = 0 have been published,
among which we refer to [Brézis and Véron 1980/81; Vazquez and Véron 1985; Véron 1981; 1996;
Baras and Pierre 1984, Marcus 2013] and references therein. Marcus and Véron [2014] provided a full
description of isolated singularities of positive solutions of (1-2) (with « > —2) when 1 < p < p¢ o With

N +a
=—_— 1-5
Pe,a N—_2 (1-5)
More precisely, in this range, if v is a positive solution of (1-2) vanishing on d€2, then:
e cither v = v,? (k > 0), the solution of
—Av + |x|*v? = kb in Q, withv =0 o0n 9 (1-6)

(here 8 is the Dirac measure concentrated at the origin) and v(x) = kcy (14+0(1)) x>~V as [x| = 0
where cy = 1/(N(N —2)wy) with @y being the volume of the unit ball in RV ;

2ta
e orv= vf}o = limyg o v,? and v(x) = 3(1 4+ o(1))|x| »-T as |x| — 0 with

9 |:(2—|—(x)(2p+oz_ )}1’—1 (1-7)
p—1 p—1

When p > pe o, they showed that there is no positive solution of (1-2) vanishing on 0€2.

Classification of interior isolated singularities in the general framework (where the nonlinearity does not
depend on gradient term) was established in [Friedman and Véron 1986], in [Cirstea and Du 2010] (for the
p-laplacian), and in [Cirstea 2014] (for elliptic equations with inverse square potentials). A deep existence
and uniqueness result for a more general class of semilinear equations was given in [Marcus 2013].

Much less work concerning the behavior near the origin of positive solutions of equations with the
nonlinearity depending mostly on the gradient term has been investigated. See Serrin [1965] and, more
recently, Bidaut-Véron, Garcia-Huidobro, and Véron [Bidaut-Véron et al. 2014].

Recently, boundary trace problem for semilinear equation with gradient terms were studied by
P. T. Nguyen and L. Véron [2012] and by M. Marcus and Nguyen [2015].

When the nonlinearity is of the form (1-4), i.e., it depends on both ©# and Vu, as well as weights, one
encounters the following difficulties:
2ta 4 2+B—q

p—1 q—1 >
(1-1) admits no similarity transformation (see Section 2). Moreover, in this framework, the Keller—

(i) The first one stems from the competition of two terms |x|*u? and |x|#|Vu|9. When

Osserman estimate is no longer a sharp upper bound for solutions of (1-1).

(i1) The second one comes from the lack of monotonicity property of the nonlinearity. Furthermore, it is
noteworthy that in general the sum of two solution of (1-1) is not a supersolution.

(iii) The presence of the weights |x|% and |x|4, which may vanish or be singular at 0 according to the
value of @ and B, make the asymptotic behavior near 0 of solutions of (1-1) more intricate.
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Fix d; € (0, 1) such that B34, (0) € @ and put d, = diam(£2). Set
. {2+a 2+B—q
T = min
r—1 q-1

We first give sharp estimates on solutions of (1-1) and their gradient. These estimates are obtained due

} with ¢ <2+ B. (1-8)

to a combination of Bernstein’s method, Keller—Osserman estimates, and a transformation argument.

Proposition 1.1. Let o > -2, 8> —1, p > 1,and 1 < g <2+ B. There exists a positive constant
¢i =ci(a, B, N, p,q,dy,dy) (i =1,2)such that if u is a positive solution of (1-1) in Q \ {0} vanishing
on 0L, then
u(x) <ci|x|™* forall x € Q\{0}, (1-9)
and
|Vu(x)| < ca|x|7*"1 forall x € By, (0)\{0}. (1-10)

Estimates (1-9) and (1-10) give an upper bound of F o u but do not ensure that F ou € L'(2). While
investigating the integrability of F' ou we are led to the following definition.

Definition 1.2. A nonnegative solution u of (1-1) is called a weakly singular solution if Fou € L'(Bg)
for some ¢ > 0. Otherwise, u is called a strongly singular solution.

We next introduce the definition of solutions to

—Au+ Fou=k»35y in, (1-11)
u=20 on 0€2.
Definition 1.3. Let k£ > 0. A nonnegative function u is a solution of (1-11) if u € L' (Q), Fou € L'(Q),

and
/Q(—MAC + (Fou)t)dx =kt(0) forall { e CF(RQ). (1-12)

Remark. Clearly, if u is a solution of (1-11) then u is a weakly singular solution of (1-1).

Let Ty (N > 2) be the Newtonian kernel in RV defined by

1
I'ny(x):=c¢ xz—N:—xz—N’ xX#0 1-13
w0 = el = # (1-13)
with wpx the volume of the unit ball in RY. Denote by G the Green kernel of (—A) in Q and by G
the corresponding operator.
The study of (1-1) is strongly linked to that of (1-3). As we will see in the sequel there exists an

t
exponen N+ B

N —1
such that if 1 < ¢ < g, g, the problem (1-3) admits weakly and strongly singular solutions; while if

dep = (1-14)

de,p < g <2+ B, then such solutions don’t exist. When both equations (1-2) and (1-3) are combined
in (1-1), the existence result for (1-1) is valid in the range (p, q) € (1, pc,a) X (1, ¢, g). This is reflected
in the following theorems.
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Theorem A. Assume o > -2, B> —1, 1 < p < pcqy,and 1 < q <q.pg. For any k > 0, there exists a
unique solution u,? e C2(2\{0) NC(2\{0}) of (1-11). Moreover,

Ut (x) = kG2 (x,0) —G2[Foul|(x) forall x € Q\{0}, (1-15)
ut(x) = k(1 +o0(1)) Ty (x) asx — 0, (1-16)

: N-ly, @ ko x\ _
|)}TEO(|X| Vu©(x) + N—a)NM) =0. 1-17)

Due to (1-16) and the comparison principle [Gilbarg and Trudinger 2001, Theorem 9.2], the sequence
{u,?} is increasing. Denote u& = limg o0 u,iz The asymptotic behaviors of ugo and its gradient are
given in the following theorem.

Theorem B. Assume o > =2, B> —1, 1 < p < pcg,and 1 <q <q. g. Then ugzo is a strongly singular
solution of (1-1) vanishing on 2. Moreover,

lim |x|*u (x) =0, (1-18)
|x|]—0
lim (|x|f+1vug(x) i @ri) —0, (1-19)
|x|—0 |x|

where t is defined in (1-8) and © is a positive constant depending on N, «, B, p, .

Remark. The value of ® varies according to the relationship between the parameters «, 8, p, and g. For
simplicity, set

2 —1
p==t%, 4 with ¢ <2+ B. (1-20)
p—1 248—gq
In Theorem B, ® is the unique solution of
APl 1997 (t 42— N) =0, (1-21)

where j and A are given by

j=0andA=1 if D <1 (hence ® = ¢ defined in (1-7));

j=1land A =0 if D> 1(hence ® = 6, defined in (4-3));

j=ir=1 if D = 1 (hence ® = 6, the solution of g1(¢) =0,
where g, is defined defined in (4-2)).

(1-22)

Theorem B shows the competition between two terms |x|*u? and |x|# |Vu|?: if D < 1 then |x|*u?
plays a dominant role, otherwise |x|#|Vu|? plays a dominant role.

As a consequence of Theorems A and B, we obtain a description of nonnegative singular solutions
of (1-1) vanishing on 02.

Theorem C. Assume o> —2, B>—1, 1 <p<pcg,and1<q<q.p. Letue C2(Q\{0HNC(2\{0})

be a nonnegative solution of (1-1) in Q \ {0} vanishing on 0<2. Then either u =0, oru = u]? for some
Q

k>0, oru=uy.
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On the contrary, the next theorem states that when p > pc o or g. g < g <2+ B there exists no positive
singular solution.

Theorem D. Assume o > =2, B> —1, p>1,and 1 <q <2+ B. If p > pc.a 0r q = q¢ g then any
nonnegative solution u € C2(Q2\ {0}) N C(2\ {0}) of (1-1) in Q \ {0} vanishing on I must be zero.

The paper is organized as follows. In Section 2, we prove Proposition 1.1 by treating successively
the equations (1-3) and (1-1). Section 3 is devoted to the proof of Theorem A. Construction of weakly
singular solutions u,? is based on an approximation method and delicate estimates on approximating
solutions and on their gradient. In Section 4, the existence of a strongly singular solution ugo (Theorem B)
is obtained due to the monotonicity of the sequence {u,?} and a priori estimates established in Section 2.
In Section 5, by combining Harnack’s inequality, a scaling argument, and the asymptotic behavior of
weakly singular solutions and a strongly singular solution, we obtain a complete description of isolated
singularities (Theorem C). Finally, Theorem D is proved thanks to a nonexistence result for suitable

equations on the unit sphere SV ~1

Notation and terminology. Denote by B, (x,) the ball of center xo € R" and radius r. Henceforth, we
simply write B, for B,(0). Unless otherwise stated,  is a C? bounded domain containing the origin 0.
Fix d; € (0, 1) such that B34, € Q and put d, = diam(£2).

Define, for £ > 0 and x € Q; :=£71Q,

Ro[u](x) = €V 2u(tx),  Splul(x) = €7 u(tx),  Tofu](x) = £ 6T u(tx). (1-23)

If u is a solution of (1-2) (resp., (1-3)) in 2\ {0} then Sy[u] (resp., T¢[u]) is a solution of (1-2) (resp., (1-3))
in Qg \ {0}. If Q = Qy and u = Sy[u] (resp., u = Ty[u]) for every £ > 0, we say that Sy (resp., Ty) is a
similarity transformation and u is a self-similar solution of (1-2) (resp., (1-3)).

2. A priori estimates

2.1. A priori estimates on solutions of (1-3). Let us start this section by recalling the comparison
principle [Gilbarg and Trudinger 2001, Theorem 10.1].

Proposition 2.1. Let O be a bounded domain in RN. Assume H : O x Ry x RN — Ry is nondecreasing
with respect to u for any (x, £) € O xRY, continuously differentiable with respect to &, and H(x,0,0) = 0.
Letuy, uy € C*(0) N C(O) be two nonnegative functions satisfying

—Auqy+ H(x,uq1,Vuq) £ —Auy + H(x,up,Vuy) in O

and uy < up on 00. Then uy < u, in O.

We shall establish a priori estimates on solutions of (1-3) and on their gradients. By using Bernstein’s
method (see [Lasry and Lions 1989; Lions 1985]), we derive estimates on the gradients of solutions of (1-3).

Lemma 2.2. Assume B > —1 and q > 1. There exists c3 = c3(N, q, B) such that ifu € C>(Q\ {0}) is a
solution of (1-3) in Q \ {0} then

[Vu(x)| < C3|X|_31%€} forall x € Edl \ {0}. -1
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Proof. Pick an arbitrary point xq € B_dl \ {0} and denote po = |x¢|. Take n € C®°(RN) such that 0 <n <1,

. _ _ 1.1
suppn C By, and n=1in By /3. Put ¢ (x) =n(p, ' (x—x0)); then | D*¢| < ¢} py % and |Vp| < ¢} py ' 2
with ¢} = ¢§(N). Set w = ¢>™|Vu|? with m = ﬁ and define the operator

Llw] := —Aw + q|x|?|Vu|?"2Vu - V.
Due to (1-3) we get
Llw] = =2m@2m — 1)¢* " V|V |Vu|* — 2m¢>" ' Ag|Vu|* — 8me>™ 1> "¢ 0udju
L,J
—2¢%™|D%u|? —2B|x|F72¢>™|Vu|9x Vu + 2mq|x|P$>" | Vu|1V ¢ Vu.
By virtue of the inequality N |D?u|?> > (Au)? and the inequality 2ab < a® + b? for any a, b € R, we
obtain, in B/, (xo),

¢ x|*P|Vu|*
N

where ¢4 = c4(B, ¢, N). Denote by x* a maximizer of w then L[w](x*) > 0. In light of the relation
|Vu| = ¢_mw%, the fact that %,00 <|x| < %,00 with x € B, />(x¢) and (2-2), we deduce

— — — — 1
£lw) < ca(pg 20>~ [Vul + pf = 92" [Vl + pf 193 |Vu| 1+ ) (2-2)

— — q—1
w(x*)d! 505(,00 2(B+1) + oy (ﬂ+1)w(x*)qz )’

where ¢s5 = ¢5(f8, ¢, N). Consequently,

2(148)
max  (¢*"|Vu|?) < w(x*) < chpy a1 .
XGBDO/z(Xo)
_1+8
Therefore, |Vu(xg)| < cg|xo|” 4—T, where c¢ depends on N, ¢, and 3. |

Remark. From Lemma 2.2, one can verify that if u € C%(Q \ {0}) is a positive solution of (1-3) then,
for every x € By, \ {0},

—1 _2+8— _
u(x) < max{u(x) 1X E 8Bd1} —|—c32_zm(|x| P _dl—%>

ifg #2+ B, and
u(x) <max{u(x):x € 0By, } +c3(Ind; —In|x|) (2-3)

if ¢ =2 + B. Consequently, when ¢ > 2 4+ 8, we can conclude that # remains bounded. Therefore, in the
sequel, we consider the case ¢ <2+ 8.

We next derive an upper bound for subsolutions of (1-3) with 8 > 0.

Lemma 2.3. Assume K >0, B>0,and 1 <q <2+ B. If uc C*(Q\{0}) N C(Q\ {0}) is a positive

function such that
—Au+ K|x|P|Vul? <0 (2-4)
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in Q\ {0} and vanishing on 0S2, then

_2+4+B8—q
u(x) <cqlx| et (2-5)

for every x € Q\ {0}, where ¢ = K~ (1 + B)7~T (g — i1 2+ f—¢q)~"

Proof. Let € > 0 be small, and put ®.(x) = c7(|x| —6)‘%57‘1 + ¢ with x € BS. By a simple computation,
we get —A®, + K|x|B|VD|? > 0in Q\ Be. Since . dominates u on 32 U 9B, it follows from
Proposition 2.1 that ®¢ > u in Q \ Be. Letting € — 0 leads to (2-5). O

Combining Lemmas 2.2 and 2.3 we get:
Lemma 2.4. Let B > —1 and 1 < g <2+ B. There exists a constant cg = cg(N, ¢, B, d1, d>) such that if
ueC2(Q\{0})NC(Q\{0}) is a solution of (1-3) vanishing on dS2 then
u(x) < c8|x|_2té;q forall x € Q\ {0}. (2-6)
Proof. 1f B = 0 then (2-6) follows from (2-5). Next we consider 8 € (—1,0). Fix x € By, \ {0} and
pick z € 0By, such that |z — x| = d; —|x|. By Lemmas 2.2 and 2.3,

B— _ _248— _248—
u(x) < C7d1_2J5—1q +C3%|x| . < co|x| a1 forall x € By, \ {0}, (2-7)

. _ 248~
where cg = ¢9(N.q.B.dy.d>). Next put cg > max{cg,c7} so that the function x — cg|x]| a1

is a supersolution of (1-3) in © \ By, /, which dominates u on 92 U 0By, />. By Proposition 2.1,
2 —
u(x) < cqlx|” = for every x € Q \ By, /». This, together with (2-7), implies (2-6). |

By a similar argument, we obtain the following result.

Lemma 2.5. Let B > —1 and 1 < g <2+ B. There exist ¢; = ¢;(N, q, B) withi = 10, 11 such that if
u € C2(RN \ {0}) is a solution of (1-3) in RN \ {0} satisfying lim| |00 #(x) = 0 then
2+8— +8
U(xX) < crolx|T I and  |Vu(x)| < eqy|x|TT forall x e RN\ {0}, (2-8)
2.2. A priori estimates on solutions of (1-1). We recall that 7 is defined in (1-8). Due to the Keller—
Osserman estimate and the above result, we obtain a sharp upper bound for solutions of (1-1).

Lemma 2.6. Leta>—2, f>—1, p>1,and 1 <q <2+ B. There exists c1o =c12(ct, B, N, p,q,d1.d7)
such that if u is a positive solution of (1-1) in Q \ {0} vanishing on d<2 then

u(x) <cpz|x|”% forall x € Q\{0}. (2-9)

Proof. Since u is a positive subsolution of (1-2), due to Keller—Osserman estimate, there exists a constant

¢13 = ¢13(V, p, o) such that
24a

+
u(x) <cy3|x|” =1 forall x € 2\ {0}.

We consider two cases: D <1 and D > 1 where D is defined in (1-20).

Case 1: D < 1. In this case, T = ?T‘f and hence we obtain (2-9).
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Case 2: D > 1. Notice that in this case T = 22;#. For € € (0, d), let we be the solution of

— 0B,
—Aw+ |x|#|Vw|? =0 in Q\ B, suchthatw = woOn0e (2-10)
0 on d%.

By Proposition 2.1, u < we in Q \ Be. Therefore, u < we < we in Q \ Ber for 0 < € < €’. It can
be checked that the function x — cl4|x|_i+f7 (with ¢14 > cq3 large, depending on N, p, ¢, «, B,
and d;) is a supersolution of (1-3) which dominates we on 02 U dB¢. By the comparison principle,
We(x) < cl4|x|_2n+T‘f for x € @\ B¢. Consequently, the sequence {w,} is locally uniformly bounded in
@\ {0}. In light of local regularity results for elliptic equations [DiBenedetto 1983], for every compact
subset O € Q \ {0}, there exist constants M > 0 and u € (0, 1) depending on N, p, ¢, «, B, d», and
dist(0, O) such that ||we||¢1..(0y = M. Therefore, {we} converges to a function w in CI(I)C(Q \ {0}) which
is a solution of (1-3) in 2\ {0}, vanishing on 02, and satisfying w > u in 2\ {0}. By virtue of Lemma 2.4,
w < cﬂxﬁ% for every x € Q \ {0}. Consequently, u < cs|x|_?1_q for every x € Q \ {0}. This
completes the proof. O

We next establish a sharp estimate from above for the gradient of solutions of (1-1).

Proposition 2.7. Leta>—-2, B>—1, p>1,and 1 <q<2+pB. There exists c15s =ci5(c, B, N, p,q,d1, d7)
such that if u is a nonnegative solution of (1-1) in Q \ {0} vanishing on 02 then

|Vu(x)| < cps5lx|7CTY forall x € By, \ {0}. (2-11)
Proof. Let xq, po, 1, ¢, w, m, L]w], and x* as in the proof of Lemma 2.2. Then we get

Llw] = —2m2m — 1> D|Ve[* |Vu|* — 2m$> ™' Ap|Vu|* —8me>™ > "0; 9 d;ju

l’.]
—2¢*™|D%ul? = 2a|x|* 2> u® x Vu — 2 p|x|*¢>"uP | Vu |?

—28|x 722" |Vu |9 x Vu + 2mq|x P> [ Vu |1V Vu.

Case 1: D > 1. In this case, we have

(B+1)(1-29) _
g—1 B
where t is defined in (1-8). By Lemma 2.6 and Young’s inequality, proceeding as in the proof of

a—28—1—1p, (2-12)

Lemma 2.2, we obtain in B/ (Xo)
w772 < cr6(0y P w2 + i 2P 4 p By ()3, (2-13)
where ¢ = c16(, B, p, ¢, N, dy, d»). By Young’s inequality, we get

—2(B+1) 1o @+

—1 »+ba-—29
Po w(X*)z = 5/0() 1 a-1 !

w(x*)2 + T,ooi. (2-14)

From (2-12), (2-13), and (2-14), we deduce

w7 < e (g PPt 4oy ), (2-15)
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which implies

A W) T < e T w4 1), 2-16)
2 B

a+ps)

where ¢17 = ¢y7(a, B, p.q. N, dy, d3). Consequently, w(x*) <cygp, <=1 , and therefore
1+8
|Vu(x)| < cro|x| a1 forall x € By, \ {0}, 2-17)

where ¢; = ¢j(a, B, N, p,q,dy1,dy) withi = 18, 19. Notice that # = 7 + 1; hence we obtain (2-11).

Case 2: D < 1. Take xg € Bg, \ {0}. Put £ = |x¢| € (0, dy) then S¢[u] is a solution of

QC+B—q)—a(g—1)—g—28
CAv x| Y0P 4 PTEIRET B Vol = 0 in Q4 )\ {O). 2-18)

By the regularity result in [DiBenedetto 1983], there exists c39 = c20(e, B, p, ¢) such that

sup{ |V Se[u](x)| : x € B3z \ B3ja} =< c20.

Consequently,
1+p+a
¢ |Vu(tx)| < ¢yy forall x € B3/2\ Byya.

: _ . _l+4p+ : .
By choosing x = £~ !xq, we derive |Vu(xo)| < c22]x0] »=1 . This completes the proof since

l+p+a

T+ 1. O

p—1
Proof of Proposition 1.1. Estimates (1-9) and (1-10) follow directly from Lemmas 2.2, 2.4, and 2.6, as
well as Proposition 2.7. U

3. Weakly singular solutions

We start with the existence of weakly singular solutions of (1-1). The construction is based on approxi-
mation method.

Proof of Theorem A. We prove the theorem in five steps.
Step 1: Construction of solutions. Let k > 0. For every € > 0, let u,?e be the unique solution of
—Au+ |x|%P + |x|B|Vu|? =0 in Q\ B,
u=20 on 0€2, 3-1)
u=kIy(e) on dB..
The existence of ul?e can be obtained by using an argument similar to the proof of [Gilbarg and Trudinger

2001, Theorem 11.4] and the uniqueness follows from the comparison principle Proposition 2.1. Moreover,

by the comparison principle, 0 < u,?e <kTx in Q\ Be and u,?e < u,?e, in Q \ Be forevery 0 < e < €.

Therefore, u,? = lime ¢ uize satisfies

ut(x) <kTn(x) forall x € Q\{0}. (3-2)

By regularity results for elliptic equations, u,ﬁz is a solution of (1-1) in € \ {0} vanishing on 9€2.
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Fix an arbitrary point x¢ € Egl \ Be and put £ = |x¢| € (¢, d;]. Note that R, [u,?e] solves

_AU+EN+a—p(N—2)|x|avp +EN+5—’1(N—1)|x|ﬂ|Vv|‘1=O in Qe\@’
v=20 on 092y, (3-3)
V= kFN(%) on aBe/g.

Since 1 < p < peo and 1 < g < g, g, it follows that
(NFa=pP(N=2)| @ o max{1,3%} and (NFBIN=D || < max{1,3%} forall x € B;\ Bj.

By the maximum principle, Rg[ul?é] <kDnin Qg \ BT/@, which implies Rg[u,izé] <kI'ny(1)in B3\ B;.
Due to local regularity for elliptic equations (see, e.g., [DiBenedetto 1983]), there exist constants

H Rf[”lsc-z,e]”cl’u(Bs/z\zT/z) = C23.

Again by the regularity results (see [Lieberman 1988, Theorem 1] and [DiBenedetto 1983]), there exists
C24 = c24(a, B, N, p, q, k) such that

N supf{ |V (0x)] < |x] =1} < caa.
By choosing x = £~ !x(, we deduce |Vu,iz’€ (x0)| < ca24]x0|*™™. Thus
IV ((0)] < cas|x]'™N  forall x € Q\ Be (3-4)
with co5 = cp5(ct, B, N, p,q. k.,d,d>).
Step 2: Proof of (1-16). The solution u,sf’e can be written in the form
U (x) = kT () — GV Fe[F o u? J(x),
where G?\Be s the Green operator in Q \ B, [Marcus and Véron 2014, Theorem 1.2.2]. Hence, by (3-4),
kTN (%) 2 Ui (¥) 2 KTy (x) = 26 G| [*FPE7N 4 120" M)(x) - forall x € 2\ Be.

By letting ¢ — 0, we get

KTy (x) = uit(x) = kT (x) — G| - [¢F7PC=N) | |B+a0=N]() forall x € \{0}. (3-5)
It is classical (see [op. cit.]) that

G (x, y) ~min{|x — y >N, p(x)p()|x — yI7V}

for every x, y € Q, x # y, where p(x) = dist(x, dQ2). Therefore there exists cy7 = ¢27(V, ) such that,
for x near 0,

G| - |etP@=N) 4 |.|B+a(1=N)|(x)
I (x)

< cyq|x|V 2 /Q Ix — y[7N |y PNV |y PN D) gy (3-6)
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Choose o’ and B’ such that p(N —2) — N <o’ <minf{e, p(N —2)—2}and g(N —1)— N < ' <
min{fB, g(N — 1) —2}. Then by [Lieb and Loss 1997, Corollary 5.10],

/ |x _y|2—N |y|ot—P(N—2) dy < Cag dtzx—(x/lx|2+a/—p(N—2)’
Q

(3-7)
/Q|x PN B gy < ) B | N,
Combining (3-6) and (3-7) yields
GS[|.|@+tP2—N) 4 |.|B+q(1-N)
(N -] ) _ o)
x>0 Iy (x)
From (3-5) and (3-8), we obtain (1-16).
Step 3: Proof of (1-17). For £ € (0, 1), put vy = Rg[u,?] then vy is the solution of
—Av+ £N+a—p(N—2)|x|aUP +gN+ﬂ—q(N—1)|x|ﬁ Vvl =0, inQy )\ {0} (3.9)
v=0 ondQy.

Since 0 < ui® < kT in \ {0}, it follows that 0 < vy < kT in Q¢ \ {0}.

Since 1 < p < pco and 1 < g < g, g, by local regularity for elliptic equations [DiBenedetto 1983],
the Arzela—Ascoli theorem, and a standard diagonalization argument, there exists a subsequence {vy, }
converging to a positive harmonic function in CI(I)C(RN \ {0}) as £, — 0. On the other hand, from (1-16),
we deduce that {vg} converges to KI'y uniformly in B, \ Bj/; as £ — 0. Therefore, the whole sequence
{v¢} converges to k['x in Cl(l)c([RN \ {0}) as £ — 0. In particular, Vvy — kVIy in B, \ Bj/,, which
implies (1-17).

Step 4: u,? is a weak solution of (1-11). By a similar argument as in Step 1, we derive

IVu2(x)| < caok|x|"™N  forall x € Q\ {0} (3-10)

where ¢29 = ca9(ct, B, N, p.q.dy. d>). This, together with (3-2), implies u* € L' (Q) and Fouf* € L'(Q).
For every € > 0, by Green’s formula, one gets
dus? 9
/ (—ut AL+ (Foug)t) dx:—/ —kg“dS+/ u,?—g ds, (3-11)
Q\Be 2B, On 9B, © On
where n is the outward normal unit vector on dB¢. Due to (1-17), the right-hand side of (3-11) converges

to k¢ (0). Therefore, thanks to dominated convergence theorem, by letting ¢ — 0, we obtain (1-12).
Finally, by [Marcus and Véron 2014, Theorem 1.2.2], we get (1-15).

Step 5: Uniqueness. Assume u’ is a positive solutions of (1-1) satisfying (1-16); then

uP()

m =
|x|]—0 u/(x)

Hence, for every § > 0, there exists 7(§) > 0 such that (1 + S)MI? + 6 > u’ on 0B, (5. The function
1+ 8)u,§2 +§ is a supersolution of (1-1) which dominates " on 92U dB,.(5; therefore, by the comparison
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principle, (1 + 8)u,§2 +6>u'in Q\ B, ). Letting § — 0 yields u,iz >’ in Q \ {0}. By permuting u,?

and v/, we derive v’ = u,? O
If Q is replaced by RY, we have the following variant of Theorem A.

Proposition 3.1. Assume a > =2, B> —1, 1 < p < pc.o,and 1 < q < q. g. Then for any k > 0, there
exists a unique solution u,[SN € CERN \ {0}) of (1-1) in RN \ {0} satisfying

lim u® (x)=0 and ul (x)=k(1+o0(1))Tx(x) as|x| — 0. (3-12)

|x|—00

RN), Foul" e L

loc

Moreover, uEN elLl (RN), and there holds

loc
/ (—uf AL+ (Foul™ ) dx = k(0) forall ¢ e C2RM). (3-13)
RN

Proof. For each R > 0, let u,fR be the unique solution of (1-1) in Bg \ {0}, vanishing on dBg and
satisfying
uPrR(x)

w0 Ty(x)

(3-14)

By the comparison principle, u,fR < u,fR’ < kT in Bg\ {0} for every R < R’. In light of local regularity

[DiBenedetto 1983] and a standard argument,
RN . B 2 N
= lim ReC(R 0
U pm (R™\{0})

is a solution of (1-1) in RV \ {0}. By combining (3-14) and the fact that u’% < u,”fN <kTy in Bg \ {0}
for every R > 0, we derive (3-12). Uniqueness follows from the comparison principle. By proceeding as
in the proof of Theorem A, one can verify (3-13). O

By a similar, and more simpler, argument as in the proof of Theorem A, one can easily obtain the
existence of weakly singular solutions of (1-3).

Proposition 3.2. Assume B > —1 and 1 < q < q. g with q. g defined in (1-14). For any k > 0, there
exists a unique solution w,? e C2(Q\{0H)NC(Q\{0}) of

—Aw + [x|P|Vw|? =k8y in Q. withw =0o0n 0. (3-15)
Moreover,
wg =kG2(-,0) =G| 1P |Vw|“]; (3-16)
we(x) =k(1+o(1)Tn(x) as |x|—0; (3-17)
k x
li N=ly$ — ~)=o. 3-18
dm (v ) a1

Remark. In addition, by proceeding as in the proof of Proposition 3.1, we obtain the existence of the
weak singular solutions wEN of (1-3) in RN \ {0}.
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4. Strongly singular solutions

Denote by SV ~! the unit sphere in RV and let (r,0) € (0, 00) x SN~! be the spherical coordinates
in RV \ {0}. Let V/ and A’ denote respectively the covariant gradient and the Laplace—Beltrami operator

on SN~ In order to characterize strongly singular solutions of (1-1), we study the following quasilinear
equation on SN~1:
4q

a@=D+q+8 2
“No+ o TH-q +((—+ﬂ1q) +|V/a)|2) Aw =0, 4-1)
q_

where

2 —
2>0, and A=A(N,q,B):= +ﬂlq(q+f—N)
g-1 \gq-

We introduce an auxiliary function

Q@+e)g—1) 2 —q\?
&) = At tha + (ilq) VA, te€(0,00), A>0. (4-2)
q_

It is easy to see that if 1 < ¢ < g, g then A > 0; therefore, the algebraic equation g, (#) = 0 admits a
unique positive solution 6, . Obviously, 8y is a positive solution of (4-1), and 6y is explicitly given by

1

g—1 (q+5B T
0o = . q( N) : (4-3)

Proposition 4.1. Leta > =2, B> —1, 1 <gq <2+ B, and A > 0. Denote by &), the set of C? positive
solutions of (4-1) in SN~1,

) If g =qcp.then&) =

(i) If 1 <q <qc,p. then &, = {6y }.

Proof. (i) Suppose by contradiction that o is a positive solution of (4-1) and w(0max) = max gn—1 @ >0
with opax € SV1 From (4-1), we get

a 2 — q
3o (Oman) T (%) ©(On)? — A(Oar) <0. (4-4)

Since ¢ > q.,g, we know A < 0. Therefore, the left hand side is positive, which is a contradiction.

(i1) If w is a positive solution of (4-1), let Omax, Omin € S N—=1 gych that
®(Omax) = max gn—1 @ = Mingn—1 ® = ®(Omin) > 0.
Clearly, omax satisfies (4-4) and o, satisfies

a(@—D+a+8 2
Ao (i) TFEG 4 (m

—1 ) a)(amm)q Aa)(o—min) > 0. (4_5)

Consequently, g) (w(0max)) < 0 < g3 (@(0min))- Since g, is strictly increasing in (0, 00), it follows that
®(Omax) < 0) < @(Omin). Thus, w = 6;. This completes the proof. |

The next lemma states existence result for both equations (1-3) and (1-1).
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Lemma 4.2. Let Q be either a smooth bounded domain containing the origin 0 or RY.

(i) Assume B > —1and 1 <q <q.g. Then wgzo = limg_, o w,? is a nonnegative solution of (1-3) in
Q\ {0} satisfying either wgzo = 00n IR if Q is bounded or lim‘x|_>oo wgzo(x) =0if Q =RN

(ii) Assumea> =2, B>—1, 1 < p < pc,and 1 <q <{c,p- Then u =limg_ 00 uk isa nonnegative
solution of (1-1) in Q \ {0} satisfying either u =00ndQif Qis bounded or lim|y| o0 U (x) =0
if @ =RN

Proof. We only demonstrate (ii) since the proof of (i) is similar and simpler. It follows from Theorem A
and Proposition 3.1 that {u,?} is increasing and bounded from above by the function U (x) = ¢3¢ |x|~7-1
where ¢3¢ is a large positive constant depending on N, p, and «. Therefore, ug = limg 00 ul? is a

solution of (1-1) in 2 \ {0} and u?o <Uin Q\{0}. O
The asymptotic behavior of wgzo near the origin 0 is analyzed in the following result.

Proposition 4.3. Assume B > —1, 1 <q <q. g, and Q is either a smooth bounded domain containing

the origin 0 or RN. Let wS be the solution in Lemma 4.2(i). Then wS

of (1-3). Moreover, with 6y as in (4-3),

is a strongly singular solution

B_
lim x| 5T w (x) = b (4-6)
|x|]—0
1
8 a—T
lim (|x|2f1 Vs (x) + (‘”ﬁ N)q i) =0. 4-7)
|x|—=0 -1 | x|

Proof. The proof is based upon the similarity argument.

Case ] Q =RN. For k >0, recall that w$? % 1s the weakly singular solution of (1-3) in R¥. For every £ > 0,
Tg[wk ] is a solution of (1-3) in RV \ {0} which satisfies

N
Ty[w ™ 1(x) _ RN,
Ixl-0  I'n(x)

Due to the uniqueness,

R RN
Tf[wk 1= Wy24B8-q)/(q—D+2—N
By letting kK — oo, we deduce that T;[w%, ] = wRN ie., w&N is self-similar. Consequently, w&N can be
written in the form
24—
W&N (x) = |x|” T w(x/|x|) forall x #0, (4-8)

where  is a positive solution of (4-1) with A = 0. Since 1 < g < ¢, g, by Proposition 4.1, w = 0.
Therefore,

BV () =

the unique self-similar solution of (1-3) in RV \ {0}.

=: Wy(x) forall x #£0,
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Case 2: Q is a bounded smooth domain. Since Tj [w,?] = wfé +B-a)/a—D+2—N DY uniqueness, it follows

that 0
Tg[w ] = wad. (4-9)

24—
Since wézo(x) <cgl|x|” a1 “in Q \ {0}, wooe satisfies the same estimate in Q2 \ {0} for every £ € (0, 1).
By local regularity for elliptic equations and Arzela—Ascoli theorem, there exists a subsequence {wf,zo@"}

1OC(IRN \ {0}) to a function wo which is a solution of (1-3) in R™ \ {0}.
IfQis star—shaped with respect to the origin 0 then we get w’ ¢ < wQe foreveryk>0and0< ¥’ <l <1,

converging in

which 1mp11es that wC>o < woo " for every 0 < £’ < £ < 1. Therefore, the whole sequence {wC>o } converges

to wo in C! (RN \ {0}) as £ — 0. By (4-9), for any £, ¢’ > 0,

loc
Q. Qs
To| Ty [w]] = Telwes”] = wee' .
By letting ¢ — 0, we obtain Ty[wg] = wg for every £ > 0, namely wy is a self-similar solution of (1-3)
in RV \ {0}. Therefore, wy = w&N = W, and consequently,
+B—a

248—q 2
lim £ a—T w2 (€x) = G|x|~ a1
£—0

By putting y = £x with |x| = 1, we get (4-6).

In general, if €2 is not necessarily star-shaped with respect to the origin 0, since Ble CcQcC de, i
follows that woo?dl < wg2 < woo 92 As (4-6) holds for woo*dl (i.e., €2 is replaced by B34, ) and woo 9 we
derive (4-6). Consequently, for every x # 0,

246—q
wo(x) = lim_ w “1(x) = Jim £, T w2 (Lnx) = 6o |x

= Wo(x).

Hence the whole sequence {w “}¢ converges to Wy in IOC([RN \ {0}) as £ — 0. By using a similar
argument as in Step 3 of the proof of Theorem A, we obtain (4-7). This implies |x|# |ngzo|q & L'(Be)

Q

for every € > 0. Thus wg is a strongly singular solution of (1-3). ([

Note that (1-1) does not admit any similarity transformation, except when D = 1. However, due to the
asymptotic behavior of vf}o (the strongly singular solution of (1-2)) and of wgzo near 0, we can establish
the asymptotic behavior of uffo Put

Y ifD<l1,
©=16, ifD=1, (4-10)
0y if D> 1,

where 9 is as in (1-7) and 6y (A =0, 1) is given in (4-2).
Now we are ready to deal with strongly singular solution of (1-1).

Proposition 4.4. Assume o > =2, §>—1, 1 <p< pc asand 1 < q < q¢p. Let Q be either a smooth
bounded domain containing the origin 0 or RN and u be the solution of (1-1) defined in Lemma 4.2.
Then uoo is a strongly singular solution of (1-1). Moreover (1-18) and (1-19) hold.

Proof. We consider three cases.
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Case 1: D = 1. In this case, Sy is a similarity transformation for (1-1). Therefore, (1-18) and (1-19) can
be obtained by proceeding as in the proof of Proposition 4.3 and consequently usgo is a strongly singular
solution of (1-1). Notice that if @ = RV then Q; = R" and u = 0 on 92 is understood as u(x) — 0
as |x| — oo.

Case 2: D > 1. Forevery £ € (0,1), put Wy = Ty[u ] Then W, is a solution of

a(g=1)+q+B—pQ2+B—a)
A4 ! Ix|%? +|x|B|Vul? =0 in €, \{0}, withu =00ndQ,. (4-11)

By the regularity result [DiBenedetto 1983], for every R > 1 there exist M = M («, B, p,q,. N, R, d1, d>)
and u = u(a, B, p,q, N,dy, d>) € (0, 1) such that

IWellcr.wBg\Bg-1) <M.

Consequently, there exists a subsequence {Wj, } which converges to a function W in lOC([R{N \ {0})
as £, — 0. The function W is a solution of (1-3) in RY \ {0} satisfying lim| x| 00 W(x) = 0. By
Proposition 2.1, w& >W > ”k for every k > 0. Therefore, thanks to (3-12), we get

V() W (x)

liminf — liminf — liminf &)

> 1.
x—0 wl@cRN(x) x—0 kTn(x) x—0 uI[ERN(x) -

By using a similar argument as in the proof Proposition 3.1, together with the comparison principle, we
deduce that W > wk in RN \ {0} for every k > 0. It follows that = w in RN \ {0} and hence

W = wi N in RN \ {0}. Thus the whole sequence {W,} converges to w%, Yincl (RN \ {0}) as £ — 0.

loc

This leads to (1-18) and (1-19). Consequently = 1s a strongly singular solution.

Case 3: D < 1. Forevery £ € (0,1), put Vy =Sy [ug] Similarly, we can show that the sequence {V;}
converges to U&N (the strongly singular solution of (1-2)) in C L (RN \ {0}) as £ — 0. This yields the
desired result. O

Proof of Theorem B. The theorem follows from Lemma 4.2 and Proposition 4.4. O

5. Classification and removability of isolated singularities
5.1. Classification of isolated singularities. The following lemma plays an important role in proving
the classification result.

Lemma 5.1. Assume Q2 is a bounded domain containing the origin 0, « > =2, B> —1, 1 < p < p¢.a,
and 1 <q <gqcp. Letu € C2(Q\{0})NC(\{0}) be a nonnegative solution of (1-1) in Q \ {0} vanishing
on 02. Then there exists c31 = c31(N,a, B, p,q,d1,d,) such that for any § € (O, %dl), there holds

sup{u(x) : x € 0Bs} < c31 inf{u(x) : x € 0Bs}. (5-1)
Proof. Fix § € (0, %dl) and take xo € dBs \ {0}. Put ro = |xo[, y, = ro_lxo € dBy,

_[Splu] iD=,
T\ Tylu] if D> 1.
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It is easy to see that ¢, is a nonnegative solution of one of the following equations

—A(p + |X|a(pp + rop&-i—B—q);g(lq—l)—q—B |x|'3 |V(p|q —0 i D < 1’
—Ag+ rocx(q—l)—i—q-gfrp(Z—i-B—q) |x|[%p? + |x|/3 Vo9 =0 if D> 1,
—Ag +|x|ap? +|x|P|Vpl? =0 if D=1.

inQ, = rO_IQ. By Lemma 2.6, for every y € By /4(yo),

ro
Oro (V) =1qu(ryy) < ci2|y|™" <c122".

By Harnack’s inequality (see, e.g., [Trudinger 1980; 1967]) there exists ¢3, = ¢32(a, B, p.¢, N, d1.d>)
such that
sup{@ry(¥) 1 ¥ € Byys(yo)} < c3zinf{g, () : y € Byss(yo)}-

As dBg can be covered by a finite number (depending only on N) of balls of center on dBg and of
radius %5, we obtain (5-1). O

Proof of Theorem C. The proof is based on Lemma 5.1, scaling argument and asymptotic behavior of
weakly singular solutions and strongly singular solutions. Put

. u(x)
L :=limsup > 0. (5-2)
|x|—0 1_‘N(x)

Case 1: L = 0. Then for every € > 0, there exists § = 6(¢) > 0 such that § >0 ase — 0 and u <el'y
on dBjg. Thanks to Proposition 2.1, u < e[’y in Q \ Bg. Letting € — 0 yields u = 0.

Case 2: L = oco. By (5-1),
. Lou(x)
lim inf =
Ix|>0 T'n(x)

which along with (1-16) implies

liminf &)

) =oo forall k> 0.
x|=0 1, (x)

By the comparison principle, u > u,? in 2\ {0} for every k > 0. Hence u > ugzo in 2\ {0}. Consequently,
by Theorem B, we derive

liminf|x|Tu(x) > lim |x|7u$ (x) = ©. (5-3)
|x|—0 |x|—=0
We next prove that!
lim sup|x|*u(x) < ©. (5-4)
|x]—0

For any € > 0, it can be checked that there exists ®, > 0 with . — ® as € — 0 such that O,|x|~7"€ is
a supersolution of (1-1) in By, \ {0} when D =1 (respectively, of (1-2) in By, \ {0} when D < 1 and of

IThe proof of (5-4) was proposed by a referee.
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(1-3) in B4, \ {0} when D > 1). Then by (2-9) and the comparison principle, we find that
—T—€
u(x) < O¢|x| + maxX,p,
in By, \ {0} for every € > 0. Letting € — 0 for fixed x € By, \ {0}, then |x| — 0, we obtain (5-4).

Case 3: 0 < L < oco. Inlight of (5-1), there is a positive number & such that

liminf 20 _

=k>clL, (5-5)
xI—0 T (x) 34

here ¢34 = ¢34(N, «, B, p,q,dy,d>) > 1, which implies

o ou(x)
lim inf S =
IxI=0 ;% (x)

1. (5-6)

By Proposition 2.1, u > u,? in 2\ {0}. From (5-6), there exists a sequence {x,} converging to 0 such that

) u(xy)
lim =

=1.
n—00 ”/? (xn)

Put 1y = |xu|, vk n = Ry, [u,ﬁz] and v, = R, [u]in Q,, = rH_ISZ. Then both v, and vy, are solutions of
—Av  pNTemPN=D) | ey p o NEA=aN=D) 1B |yy)9 =0 in Q,, \{0}.

By the Arzela—Ascoli theorem, regularity theory of elliptic equations and a standard diagonalization
argument, up to subsequences, {vk ,} and {v,} converge respectively in CléC(IRN \ {0}) to nonnegative
harmonic functions V;* and V* in RN\ {0}. Since u > u]iz, it follows that V* > V/*. Put
u(x
Kp = sup{ Q( ) 1Xx € 8Brn} €[1, c34]
u
k

and y, = r,'x, € dBy. Therefore, up to subsequences, k, — « € [1,c34] and y, — y* € 9By.
Consequently, V*(y*) = V/*(y*). By the strong maximum principle, we deduce that V* = V;* in
RN\ {0}, which implies x = 1. Thus, for every € > 0, there exists 7¢ > 0 such that

n>ne — u,?fuf(l—}—e)u,? in 0B,,,.

The comparison principle implies u < (1 + 45)14,52 in Q\ B;,. Letting € — 0 yields u < u,iz in Q2 \ {0}.
Thus u = ul?. O

5.2. Removability. We shall treat successively two cases: ¢, g <q <2+ f and g =2+ f.

Proof of Theorem D with q. g < q < 2+ B. The proof is divided into three cases and strongly based upon
Proposition 4.1 and self-similarity arguments.
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Case I: If D =1then p> p¢y and g > g, g. For 0 <6 < %dl and R > d, = diam(£2), let us g be the
solution of

—Au+Fou=0 inBR\E;,
u=c336" ¢ ondBy, (5-7)
u=20 on 0Bp,

where ¢33 = max{cg,c12, ©}. By the comparison principle, u < ug g < ug g in Q \ By for every
0<8<§and0< R <R Putii:=limg_olims_ous g; then @ is a solution of (1-1) in RV \ {0}
and u < u in Q\ {0}. By uniqueness, T¢[us g] = us/¢,r/¢ for every £ > 0. Letting § — 0 and R — oo
successively implies T;[ii] = i for every £ > 0. Hence i is a self-similar solution of (1-1) in RV \ {0}
and can be represented in the form

- _2+B_q N
u(x)=|x|" a1 w(x/|x|) forall x eR"\ {0},

where  is a solution of (4-1). Since g. g < ¢ <2+ B, from Proposition 4.1 we deduce that w = 0. It
follows that & = 0 and thus u = 0.

Case 2: 1f D > 1 then we must have ¢ > g, g. For any 0 < § < R, let ws g be the solution of

—Aw + |x|B|Vw|? =0 in Bg \ Bs,
24—
w = c336 T on 0Bs, (5-8)
w = on 0BR.

By the comparison principle, u < ws g < wg g in Q\ By forevery 0 <§ <8 and 0 < R < R’. Put
W = limpg_, o limg_, o ws, g then w is a solution of (1-3) in RN\ {0} and u < in 2\ {0}. By uniqueness,
Ty[ws,r] = ws/g,g¢ for every £ > 0. Letting § — 0 and R — oo successively implies Ty[w] = w for
every £ > 0. Hence 0 is a self-similar solution of (1-3) in RV \ {0} and can be represented in the form

B(x) = x| w(x/|x]) forall x € RN\ {0},

where o is a solution of (4-1) with A = 0. Since ¢, g < g < 2+ B, from Proposition 4.1 we deduce
that @ = 0. It follows that w = 0 and thus u = 0.

Case 3: If D <1 then we must have p > p. 4. One can use an argument similar to the proof in Case 2
to obtain u = 0. |

Remark. Theorem D with ¢ < 2 4+ B can be obtained by a different way which is suggested by the
referee. The proof, that we present below, is more direct, independent of Proposition 4.1 and does not
require any self-similarity arguments.

Assume that either p > p¢ o Or ¢ > g g. We distinguish two cases:
Case 1: If D > 1 then we must have ¢ > g, g.
Case 2: If D < 1 then we must have p > p¢ q.

If ¢ > g pinCase 1 or p > pcq in Case 2, then by (1-13) and (2-9), we deduce that

m u(x) =
Ix|=0 T’y (x)
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Since u = 0 on €2, the comparison principle gives that u = 0 in Q \ {0}.
If ¢ =¢g. pin Case 1 or p = pcq in Case 2 then by (1-13) and (2-9), we deduce that

u(x)

m
Ix|—>0 I (x)

For every € > 0 small, it can be easily checked that there exists C¢ > 0 with C¢ — 0 as € — 0 such that
Se(x) := Ce|x|*N~¢ is a supersolution of (1-3) in By \ {0} when ¢ = gc,p in Case 1 (respectively, a
supersolution of (1-2) in By \ {0} when p = p. 4 in Case 2). Since

u(x) 0

|X|IEO Se(x) o

by the comparison principle, u(x) < Se¢(x) +maxyp, u in By, \{0}. Letting € — 0, we get u < maxyp, U.
Since u = 0 on IR \ {0}, we find that u = 0 in Q \ {0}.

In order to prove Theorem D in the case ¢ = 2 + 8 we need the following lemma.
Lemma 5.2. Let > —1. Ifw € C2(Q\ {0}) N C(Q \ {0}) is a nonnegative solution of
—Aw + [xB|[Vw? P =0 in Q\{0} (5-9)
which vanishes on 02 then w = 0.

Proof. By (2-3), there exists a positive constant ¢35 = ¢35(N, q, 8,d1, d>, ||U)||Loo(aBdl)) such that
w(x) <c35—c3In|x|in By, \ {0}. The constant ¢35 can be chosen such that ®(x) := ¢35 —c3 In|x|is a
positive superharmonic function in 2 \ {0}.

For € € (0,d;), let he be the harmonic function in Q \ B¢ such that i = w on dB¢ and A = 0
on 02. By the comparison principle, w < i in Q \ B¢ for every € € (0, dq). Consequently, /e < he for
0 < €’ < €. On the other hand, since ® is a positive superharmonic function in € \ B¢ which dominates /¢
on Q2 U dBe, by the comparison principle, he < ® in Q2 \ Be. Therefore, {/¢} converges, as € — 0, to a
harmonic function / in \ {0} which vanishes on 2 and satisfies w < h<®inQ \ {0}. Since N > 2,
we deduce that fz(x) = o0(['y(x)) as |x| — 0. Therefore h=0. Thus w = 0. O

Proof of Theorem D with g = 2 + B.

For € € (0, dy), let we be the solution of (2-10) with ¢ = 2+ . The sequence {w, } converges, as € — 0,
to a solution W of (5-9) in © \ {0} which vanishes on d2. Since u < w, for every € € (0, d;), it follows
that # < w. By Lemma 5.2, & = 0 and thus u = 0. |
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A SECOND ORDER ESTIMATE
FOR GENERAL COMPLEX HESSIAN EQUATIONS

DUONG H. PHONG, SEBASTIEN PICARD AND XIANGWEN ZHANG

We consider the general complex Hessian equations with right-hand sides depending on gradients, which
are motivated by the Fu—Yau equations arising from the study of Strominger systems. The second order
estimate for the solution is crucial to solving the equation by the method of continuity. We obtain such an
estimate for the y-plurisubharmonic solutions.

1. Introduction

Let (X, w) be a compact Kéhler manifold of dimension n > 2. Let u € C°°(X) and consider a (1, 1)-form
X (z, u) possibly depending on u and satisfying the positivity condition x > ew for some ¢ > 0. We define

g=x(z,u)+iddu, (1-1)

and u is called y-plurisubharmonic if g > 0 as a (1, 1) form. In this paper, we are concerned with the
complex Hessian equation

(x(z,u) +i30u)* A" * =y (z, Du, u) " (1-2)

for 1 <k <n, where ¥ (z, v, u) € C®(T0(X)* xR) is a given strictly positive function.

The complex Hessian equation can be viewed as an intermediate equation between the Laplace equation
and the complex Monge—Ampere equation. It encompasses the most natural invariants of the complex
Hessian matrix of a real valued function, namely the elementary symmetric polynomials of its eigenvalues.
When k£ = 1, the equation (1-2) is quasilinear, and the estimates follow from the classical theory of
quasilinear PDEs. The real counterparts of (1-2) for 1 < k < n, with ¢ not depending on the gradient
of u, have been studied extensively in the literature (see the survey paper [Wang 2009] and more recent
related work [Guan 2014]), as these equations appear naturally and play very important roles in both
classical and conformal geometry. When the right-hand side ¥ depends on the gradient of the solution,
even the real case has been a long-standing problem due to substantial difficulties in obtaining a priori C>
estimates. This problem has recently been solved by Guan, Ren and Wang [Guan et al. 2015] for convex
solutions of real Hessian equations.

In the complex case, equation (1-2) with ¥ = ¥/ (z, u) has been extensively studied in recent years,
due to its appearance in many geometric problems, including the J-flow [Song and Weinkove 2008] and

Work supported in part by the National Science Foundation under Grant DMS-1266033, DMS-1605968 and DMS-1308136.
MSC2010: 35115, 35J60, 58J05, 35J96.
Keywords: complex Hessian equation, second order estimate.
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quaternionic geometry [Alesker and Verbitsky 2010]. The related Dirichlet problem for (1-2) on domains
in C" has been studied by Li [2004] and Btocki [2005]. The corresponding problem on compact Kéhler
or Hermitian manifolds has also been studied extensively; see, for example, [Dinew and Kotodziej 2014;
Hou 2009; Kotodziej and Nguyen 2016; Lu and Nguyen 2015; Zhang 2010]. In particular, as a crucial
step in the continuity method, C? estimates for complex Hessian type equations have been studied in
various settings; see [Hou et al. 2010; Sun 2014; Székelyhidi 2015; Székelyhidi et al. 2015; Zhang 2015].

However, (1-2) with ¥ = ¥/ (z, Du, u) has been much less studied. An important case corresponding
to k =n = 2, so that it is actually a Monge—Ampere equation in two dimensions, is central to the solution
by Fu and Yau [2008; 2007] of a Strominger system on a toric fibration over a K3 surface. A natural
generalization of this case to general dimension n was suggested by Fu and Yau [2008] and can be

expressed as .
(" + fe ™ ™w+niddu)* A "2 =y (z, Du, u) ", (1-3)

where ¥ (z, v, 1) is a function on T10(X)* x R with a particular structure, and (X, w) is a compact Kdhler
manifold. A priori estimates for this equation were obtained by the authors in [Phong et al. 2015].

In this paper, motivated by our previous work [Phong et al. 2015], we study a priori C? estimates
for the equation (1-2) with general x(z, #) and general right-hand side 1 (z, Du, u). Building on the
techniques developed in [Guan et al. 2015] (see also [Li et al. 2016] for real Hessian equations), we can
prove the following theorem.

Theorem 1. Let (X, w) be a compact Kihler manifold of complex dimension n. Suppose u € C*(X) is
a solution of (1-2) with g = x +id9u > 0 and x(z,u) > ew. Let 0 < ¥ (z, v, u) € C(T0(X)* x R).
Then we have the uniform second order derivative estimate

|DDul,, < C, (1-4)

where C is a positive constant depending only on &, n, k, supy |u|, supy | Du|, and the C* norm of x as a
function of (u, z), the infimum of v, and the C? norm of ¥ as a function of (z, Du, u), all restricted to the
ranges in Du and u defined by the uniform upper bounds on |u| and | Du|.

We remark that the above estimate is stated for x -plurisubharmonic solutions, that is, g = x +i9du > 0.
Actually, we only need to assume that g is in the 'y cone (see (3-11) below for the definition of the
Garding cone I'y and also the discussion in Remark 2 at the end of the paper). However, a better condition
would be g € I'x, which is the natural cone for ellipticity. In fact, this is still an open problem even for
real Hessian equations when 2 < k < n. If k = 2, [Guan et al. 2015] removed the convexity assumption
by investigating the structure of the operator. A simpler argument was given recently by Spruck and Xiao
[2015]. However, the arguments are not applicable to the complex case due to the difference between the
terms | DDu|? and | DDu|? in the complex setting. When k = 2 in the complex setting, C? estimates for
(1-3) were obtained in [Phong et al. 2015] without the plurisubharmonicity assumption, but the techniques
rely on the specific right-hand side v (z, Du, u) studied there.

We also note that if k = n, the condition g = x 4+ i9du > 0 is the natural assumption for the ellipticity
of equation (1-2). Thus, our result implies the a priori C? estimate for complex Monge—Ampere equations
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with right-hand side depending on gradients:
(x(z, u) +iddu)" =¥ (z, Du, u) »".

This generalizes the C? estimate for the equation studied by Fu and Yau [2008; 2007] mentioned above,
which corresponds to n = 2 and a specific form x (z, u) as well as a specific right-hand side vy (z, Du, u).
For dimension n > 2 and k = n, the estimate was obtained by Guan and Ma, in unpublished notes, using
a different method where the structure of the Monge—Ampere operator plays an important role.
Compared to the estimates when ¥ = 1 (z, u), the dependence on the gradient of « in (1-2) creates
substantial new difficulties. The main obstacle is the appearance of terms such as |DDu|* and |DDu|?
when one differentiates the equation twice. We adapt the techniques used in [Guan et al. 2015] and [Li
et al. 2016] for real Hessian equations to overcome these difficulties. Furthermore, we also need to handle
properly some subtle issues when dealing with the third-order terms due to complex conjugacy.

2. Preliminaries
Let oy be the k-th elementary symmetric function; that is, for 1 <k <nand A = (A1, ..., 1) € R",
o) = Y ik hi,
I<ij<--<ig<n

Let A(aj;) denote the eigenvalues of a Hermitian symmetric matrix (aj;) with respect to the background
Kihler metric w. We define oy (aj;) = ox(A(aj;)). This definition can be naturally extended to complex
manifolds. Denoting by A'!(X) the space of smooth real (1, 1)-forms on a compact Kihler manifold
(X, w), we define, for any g € ALL(X),

k "

Using the above notation, we can rewrite (1-2) as follows:

k n—k
ox(g) = ()&

ox(g) = ox(x5i +uj) =¥ (z, Du,u). (2-1)

We use the notation
pq _ d0k(8) o PITS _ %01 (8)

o = —.
k v %%
98p 08p08sr
The symbol D indicates the covariant derivative with respect to the given metric w. All norms and inner
products are with respect to @ unless denoted otherwise. We denote by Aj, Ao, ..., A, the eigenvalues of

g7i = Xji +uj; with respect to w, and use the ordering A1 > A > --- > A, > 0. Our calculations are carried
out at a point z on the manifold X, and we use coordinates such that at this point w =i Y_ 8¢ dz* A dz*
and gj; is diagonal. We also use the notation

]-'=Za,fﬁ.
P

Differentiating (2-1) yields i
oy Djggp =Dy (2-2)
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Differentiating the equation a second time gives

o' DiDjggp +0{ """ DiggpDsgsr = DiDjy

> —C(1+|DDul*+ [DDul®) + > " Y,uezi + Y Vo utg;-

14 L

(2-3)

We denote by C a uniform constant which depends only on (X, w), n, k, || x || c2, inf i, |||l -1 and || || 2.

We now compute the operator o, ) p»Dg acting on g;7; = xj; +uj;. Recalling that x;; depends on u, we

estimate . ) }
ol"D,Dggji =0l D,DgD;Dju+ 0} D,Djxji

> akququDiD]-u —C+A)F.
Commuting derivatives
DquDiDJ‘M = Dl'DJ‘DquM - quj‘&uap + quj-‘_’uéi
= DiDjggp — DiDjxap — Rgij"wap + Rypj“uai-
Therefore, by (2-3),

o' D,Dsgji = —o/ """ DjggpDigs + Y _ Y gric+ ) Vi

—C(1+|DDul>+ |DDul* + (14 1) F).

We next compute the operator o,f iDp pDg acting on |Du |2, introducing the notation
\DDul?, =06 "&" D,DuuD;Dju, |DDul?, =00 D,DuD,D;u.
Then
ol |Dul?, = 0" (D, Dg DyuD™u + DyyuD,Dg D" u) +|DDul2,, +|DDul2,
= 0" (D (8gp — x3p) D"+ Dt D" (85 — Xgp)) + 0, Rgp™ gy
+|DDu|?, 4+ |DDul?,,.
Using the differentiated equation, we obtain

ol|Dul?, = 2Re(Du, D) — C(1 + F) +|DDul?,, + |DDul?,,

(2-4)

(2-5)

(2-6)

(2-7)

(2-8)

> 2Re<Z(DpouD1;u + Dpqu-Dmu)wvm) —C(1+F)+|DDul?, +|DDul*,.

p.m

To simplify the expression, we introduce the notation
(D|Dul, Dyyr) = (D DpuD?ur, + DpuDy DPu ).

We obtain
o/!|Dul}, = 2Re(D|Du|*, Dy} — C(1 + F) +|DDul}, +|DDul?,.

We also compute

—0ugp =0 (xqp — 83p) = 6F — k.

(2-9)

(2-10)

2-11)
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3. The C? estimate

In this section, we give the proof of the estimate stated in the theorem. When k£ = 1, (1-2) becomes
Awu+Ter(Za ”):nW(Z,DuJ/‘)v (3_1)

where A, and Tr,, are the Laplacian and trace with respect to the background metric w. It follows that
A u is bounded, and the desired estimate follows in turn from the positivity of the metric g. Henceforth,
we assume that k > 2. Motivated by the idea from [Guan et al. 2015] for real Hessian equations, we apply
the maximum principle to the test function

G =log P,, + mN|Du|*> —mMu, (3-2)

where P, = Y j )»71. Here, m, M and N are large positive constants to be determined later. We may
assume that the maximum of G is achieved at some point z € X. After rotating the coordinates, we may
assume that the matrix g;; = xj; +uj; is diagonal.

Recall that if F(A) = f(Aq, ..., A,) is a symmetric function of the eigenvalues of a Hermitian matrix
A = (aj;), then at a diagonal matrix A with distinct eigenvalues, we have

Fi] =8ijﬁ’ (3'3)
Fi.]_,rE - _ SV _ fp_fq 2 3.4
wz]kwrgk—X:J[l]wukwjjk‘i‘Z:)L ) |wqu| ) (3-4)
p#q P T
where
2
Fi]_: a_F’ Fi]_rr§: a—F’
8aj-,- aaﬁaa;,

and w;jx is an arbitrary tensor; see [Ball 1984]. Using these identities to differentiate G, we first obtain
the critical equation

m

+mND|Du|* —mMDu = 0. (3-5)
Py

Differentiating G a second time and contracting with akp 7 yields

m 5 DP,|? _ _
0> _(Z)‘?_lff,prpDﬁgjO _| Pm"’ —i—mNa,prDu%p —mMol us,
J

2
m m

_ _ Al pm=l
m m—
+ 5 ((m—l)Z)»j 20" 1Dy 0" Y~ |ng,-l~|2). (3-6)
" j i#j L

Here, we use the notation |n|(2, = akp 7 npng. Substituting (2-6), (2-10) and (2-11), we obtain
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0>

(—c Zx’}’—l(l +|DDul*+ |DDu|* + (1 +/\1)f))
j

=) -

1 - -
+ P_(Z M =0l DjggpDrgsr + Y Vu8rie+ Y Wf)egjjé))
m ¢ ¢

J

)Lm 1 )Lr.n—l
+P—((m—1)2x'" %07 |Dpgy; I +Ufp2ﬁ|ngfi|2)
i#] PO
_p ’“'2 + N(|DDu|?,+|DDul?,)
ow
m
N(D|Du|?, Dy¥) + N (Dyyr, D|Du|?) + (Me — CN)F — kM. (3-7)
From the critical equation (3-5), we have
1 ~ 1/DP,
= 2 M lgf,-ww=—< E > —N(D|Dul, Dy) + M (Du, Dgp).
m ],f

It follows that
1 2 2
== 2 _(Wugiie+ Vg0 + N(DIDul, Dyr) + N (Dgs, D|Dul’)
m j,Z

= M({(Du, D) + (D3, Du)) = —CM.

Using (3-4), one can obtain the well-known identity

_Ulfq ”ngéijgsr =0y o qujgﬁpDigc’/q kap,qungﬁq %, (3-8)
where
Jd 0
PP9q __ _9
o} =50, 9, o (A).

We assume that A; >> 1, otherwise the C? estimate is complete. The main inequality (3-7) becomes

—-C — 1 _
0> A (1+|DDM|2+|DD”|2)+p (Z)‘T 1 lquqDJgPP 7839 T O ppqq|Dng_)q|2))
m .

)mel
+P—((m—1)2x’" Z0/7|Dpgjil* +of” Z |ngﬂ|)
i#]j
_|DP, |2 _
+ N(|DDu|?, +|DDu|?> )+ (Mg —CN — C)F — CM. (3-9)
m

The main objective is to show that the third-order terms on the right-hand side of (3-9) are nonnegative.
To deal with this issue, we need a lemma from [Guan et al. 2015]; see also [Guan et al. 2012; Li et al.
2016].
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Lemma 1 [Guan et al. 2015]. Suppose 1 <€ <k <n, and leta = 1/(k — ). Let W = (wg,) be a
Hermitian tensor in the Ty, cone. Then for any 6 > 0,

g) | Do (W)I?

—a,f’p_’qq(W)w,;p,-wg,q;—l- (1 —a+ ) oo

Dioe(W) > oy 5,93
> ox(W)(a +1 —ae)'l— — — W)/ (W)wjpiwgei.  (3-10)
O'[(W) oy £ ppt>qq
Here the I'y cone is defined as
Ii={reR"|0,A) >0, m=1,...,k}. (3-11)

We say a Hermitian matrix W € I'y if A(W) € I'y.
It follows from the above lemma that, by taking £ = 1, we have

—o" " D; g5, Digzq + K| Dioy|* = 0, (3-12)

for K > (1 —a+a/0)(infy)~lif2 <k <n.

We denote
)\’}.n—] _
A; = ;D (Kll)i<7/<|2 —U/fp’quigﬁle’géq)’
m
1 _— (m — Do}’ -
B’:P—(foé’””%ﬁ’ 1|Digﬁp|2>’ Ci=—p | 24 1Dignl” ).
m P m p
1 _m—1 _ym—1 moil - 2
D; = P_(Zak””’k—;wig,apﬂ), Ei=—3-|D_ % Digap
m . p N m
p#i p
Define T3, = Djxpq — Dy xjj- For any 0 < v < 1, we can estimate
1 1 jrii 1 1 _pp.ii
2o o Dy P ) = o= (Do T T IDigp + Tl
P, Py,
p p
1 _ - .-
> P—(Z Ko (1= DIDigg I~ crleailz))
m

p
C _ _
=(1-1)) Bi— - D oA (apa ) Topil .
i m-p
Now we use o7(A|i) and o7(A|ij) to denote the /-th elementary functions of
)=y his e A) €R™ and - Mij) = gy ovv s his e A ey Ag) € RPTZ,
respectively. The following simple identities are used frequently:

ol =or_1(Ai) and 0P =0 2 (M pi).
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Using the identity 07(A) = 0;(A|p) + A,0;-1(A|p) for any 1 < p < n, we obtain

1 i C me2, i .
P—(ng’z 1o*k“”’|ng,-,~|2) >(1=0) ) Bi— 25 ) W0 — ok pi) Tyl
m p i m P
(&
z(l—r)ZBi—k—%}'z(l—r)ZBi—]—". (3-13)
i i

We use the notation C; for a constant depending on 7. To get the last inequality above, we assume that
k% > C;; otherwise, we already have the desired estimate A; < C. Similarly, we may estimate

m—1 m—1 m—1

1 e A 1 - e
Pl Loy, WPl ol D= Dissr + Tl
m i%p 1 )4 m pFi l 14
1 o ATt
> o7y L ((1 = D)IDigppl* = Ce|Tppi?)
Pyt i =y
c
zZ(l—r)Di—k—;fz Y d-1)Di - F. (3-14)
i 1 i

With the introduced notation in place, the main inequality becomes

Oz_C(K)

_ DP, |
(1+|DDu|2+|DDu|2)—r| inlo
1 I’l’anz1

+> (Ai+A-1)Bi+Ci+(1—1)D; — (1 - 1) E;)

1

+N(1DDul%, +|DDul%,) + (Mg —CN —C)F —CM. (3-15)

Using the critical equation (3-5), we have

DP,|2
PPnls _ tm|ND|Dul> = MDu|> < 2tm(N?|D|Dul?|> + M?|Du/?)
mP? o o
< CtmN*(|DDul%, +|DDul%,) + CtmM*F. (3-16)
We thus have
—C(K) 2 = 2 2 2 n,, 12
0> (14 1DDul* +|DDu|*) + (N — CtmN?)(|DDul;,, + |DDul;,,)

1
+) (Ai+1=DBi+Ci+(1—1)D; — (1 - 1)E))

1

+(Me—CtmM?*—CN —C)F —CM. (3-17)

3.1. Estimating the third-order terms. In this subsection, we will adapt the argument in [Li et al. 2016]
to estimate the third-order terms.
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Lemma 2. For sufficiently large m, the following estimates hold:

P2(Bi+Ci+ Dy — E1) = Pyl ™2 Y ol |Digpp | — W7ol A 2| Dygyy 12, (3-18)
p#l
and for any fixed i # 1,
P2(Bi+Ci + D; — E;) > 0. (3-19)
Proof. Fixi € {1, 2,...,n}. First, we compute
An— 1_ 1.1171
Pu(Bi+ D)= o3 DigsP+Y o ””ﬁl&gﬁplz
p#i p#i P
p —2—
=" w2 " T + o) Digspl?) (Z Zx N Digpyl )
p#i p#i q=0

Note that

pp.it pp i
ApOy +o," =0

To see this, we write

hpol P+ 07 = hpor—a (I pi) + 01 (A p)
=0x—1(A|1) —or—1(A|ip) +0r_1 (Al p)
= o1 (A1) + Aiox—2(Alip) = o1 (A]i) = o,

where we used the standard identity o;(A) = o7(A|p) + A,0,-1(A|p) twice, to get the second and third
equalities. Therefore

P, (B; + D;) > o}’ (Zx |Dl~g1;p|2) <Z Zx a9 ‘1|D,g,,p|) (3-20)

P#i D#i q=0
It follows that

Py (B; + Ci+ Di) = mo{' Y " =2 Digpp|* + (m — Do A 7| Diguil®
p#i

m—3
+Y Py AT Dig A (3-21)

p#i q=0

Expanding out the definition of E;,

PIE; =mo{' Y 12" Digppl* +moi 37" |Digni* +mo Y > Al Dgs, Diggq. (3-22)
p#i P q#p
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Therefore,

2
PL(Bi+Ci+ D; — E;)

> (ma,f"Z(Pm — XN Digpp P —mafl Y Y A’;’_IX;"_IDigﬁpD;g(;q>

p#i PF#L qF#p,i
m—3
+ Py Y Py 1A D g5, P — 2mof Re Y A A1 Dy gri Diggg
pFi q=0 q#i

+((m = 1) Py —mA")a' A 2| Digii|*. (3-23)
We now estimate the expression on the second line above. First,
mo{' > (Pu = NP 2|Digpp > =mof' > > " AmAnADigpp > A moft Y AT A Digpyl.
p#i PF#LqFDp,i p#i
Next, we can estimate

—moj’ Y Y AT AT Digp Diggg = —moy Y Z (W72 0 | D g |* + A A 2| Dy g4 )
PFLqF#Di PFLqFDi

=—moj' > Y AT Diggpl. (3-24)
p#i q#p,i

We arrive at
P2(Bi +Ci + D; — E))
m—3
- _ 5 —2—
= mof Y M Digppl P ) 0"y 200 Dg
pFi pFi q=0

—2moy Re(Am 'D; gii ng—‘D;gq-q) + ((m = 1) Py —mA"a A" 2| Digril*. (3-25)
qFi

The next step is to extract good terms from the second summation on the first line. We fix p #i.

Case 1: A; > Ap,. Then kap > olf’_. Hence

m—3 m—3
Pua” S 0,130 2 0l 3 0,900 = (i — 3o A, (3-26)
q=1 q=1

Case 2: A; < A,. Then A,0/” = A0/" + (0x(A]i) — ok (A|p)) = A;0j’, and we obtain

m-—3 m-—3
o7 AT 24> g P AT = = 3)a a2, (3-27)
q=1 q=1
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Combining both cases, we have

m—3 m—3
b m—2—q 2 b m—2—q 2 PP ym—2 2
Pmak Z)\pqxi |Dig13p| =Pm(7k Z)\pq)‘i |Digﬁp| +Pm<7k )‘i |Dig13p|
q=0 q=1

i - pym—2
> (m = 3)o{ A A2 Digppl® + Puo{ A 2Dl
Substituting this estimate into inequality (3-25), we obtain
P2(B; +C; + D; — E;)

> 2m—=3)oi Y A" 2IDigpp | — 2mo]’ Re (x;."—l Digii Y ,\';;—ID,-gﬁ,,>

p# PF#
+ Pud Y ol IDigppl” + ((m = 1) Py —mA])o{ A" 2| Diguil”.  (3-28)
p#i
Choose m > 1 such that
m? < (2m —3)(m —2). (3-29)

We can therefore estimate

2mo*,£’_ Re ()\;n—l D,'g,‘,‘ Z )L’;:_ID;gp‘p>

PF
iT 2 — —-2)/2
<20/ " (@m = 3) 22D D g5, ) ((m — 2) AP 2 Dygi)
P#
<@m=3)o{ Y MW Digppl* 4 (m—2)0i" > A7 Dygail. (3-30)
DFI D#i

We finally arrive at
P2(Bi+Ci+ Di — Ei) 2 Pyl 2> 007 |Digpp|* + ((m — 1) Py — ma) o} A2 Dy gii
p#i
—(m—=2)0;" Y A2 Digail®. (3-31)
pFi

If we let i = 1, we obtain inequality (3-18). For any fixed i # 1, this inequality yields

PY(Bi+Ci+D; — Ej) = Pyl 2> " ol"|Digppl* + (m — DAT — Aol A" 2| Digiil*

p#l
+m—1) > Mol Digi | — (m —2)a" Yy AT | Dignil*
p#FLi p#i
> Puh'2 Y ol IDigjpl” 2 0.
p#i

This completes the proof of Lemma 2. U
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We observed in (3-12) that A; > 0. Lemma 2 implies that for any i # 1,
Ai+Bi+C;+D;,—E; >0.

Thus we have shown that for i # 1, the third-order terms in the main inequality (3-17) are indeed
nonnegative. The only remaining case is when i = 1. By adapting once again the techniques from [Guan
et al. 2015], we obtain the following lemma.

Lemma 3. Let 1 <k <n. Suppose there exists 0 < § <1 such that ., > A1 for some pe{l1,2, ..., k—1}.
There exists a small 8' > 0 such that if >, 1 < 8'Ay, then

Ai+B1+Ci+D;—E; =0.
Proof. By Lemma 2, we have

P2(Ay+ B+ Ci+ Dy — E1) = PEA + Pud ™2 of?|Digsp* — Aol A1 2 Digpy 2. (3-32)
p#l

The key insight in [Guan et al. 2015], used also in [Li et al. 2016], is to extract a good term involving
|D1g71, |> from A;. By the inequality in Lemma 1 (with 6 = 1/2), we have for u < k

2

> o Digsp

m—1
P24 > M((H%)
p

metl = 2
g

- pp-qq - D-o-
Oudy Dlgplegqq)

P, )»m_ldk o = o - _
= %(Z(l + §)|G,f”D1gﬁp|2 + 2 59k D1g5pol Digig
H# P P#q
+ Z(Glfﬁogé - aﬂolf’;"]é)Dlgl-,pDigqq)
P#q
P, A" oy _
> %(Z 02" Digppl* = |F”‘1D1g,spD1ng|), (3-33)
® p p#q

where we defined F?? = o,fﬁo[fq — oﬂolfﬁ’qq. Notice that if 4 =1, then FP? = 1. If u > 2, then the

Newton—Maclaurin inequality implies
FP =07 | (Mpq) — 0,(1pg)o,—2(1Ipg) = 0, (3-34)
We split the sum involving F?¢ in the following way:

Y IFPDigp,Digggl = Y F|DigpylIDigaql + D FP!|D1gpplIDigsql: (3-35)

P#q P#q (p.q)eJ
Pq<u
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where J is the set of indices where at least one of p # ¢ is strictly greater than p. The summation of
terms in J can be estimated by

— > FPDigppl|D1ggel = — Y 0/P08|Digppl|Diggyl

(p.g)el (p.q)ed
>—€ Y [0/7Digpyl> —C Y 1o/ Digppl*. (3-36)
P=p P>

If u =1, the first term on the right-hand side of (3-35) vanishes and this estimate applies to all terms
on the right hand side of (3-35).
If u > 2, we have for p, g < u,

)\1---)» 1 O'pﬁ)\ 1
0u-1(hlpg) < C— oo e (3-37)

P)‘q )“I

Using (3-34) and (3-37), for §’ small enough we can control

— Y FPM|DigjplIDigsgl = — Y o5 (Mpq)ID1gspl IDigsql

P#q P#q
P.4=p P4=p
pp 99
2 Ou Ou
> =Chit Z T|D18ﬁp|T|Digéq|
p#tq P a
p’qil’t
A2
. _
2 =C)_ 5l Dignl’
p<p P
6/2 _ ) _ )
>=C ) 1ol Digpy = =€ Y 1o Digppl’. (3-38)
p=n P=K
Combining all cases, we have
— > IFPDigp,Digel = —2¢ Y |07 Digppl> — C Y 0/ Digppl*. (3-39)
p#q P=p p>u

Using this inequality in (3-33) yields

Pl oy . .
2 mm TR — pp _ 12 ppb _ 2
P,AL > 05 ((1 2€)pE<M|JM Digppl Cpéu lo " Digjpl )

P, oy _
=) |0 Digspl’. (3-40)
123 p>un

P, a1
> (1-2¢)—-

Ok, 11 2
o2 lo, Digyl”—C
n
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We estimate

P Am—lak _ P )\m—Zo,k )»1(711 2
(1 —20)——5—1o,' Digy, I = (1 - 26)—— ( . ) 1Digiyl?
GM )»1 GM

2
o A
>(1- 2e>PmA';’—2—k<1 -C ’“‘“) |Dig, I
A A

> (1-2e)(1 — C8)2Pa" 261 Dy g7, 2

> (1—26)(1—C8)2(14+8™A2" 261 Dyg;, 1%

For 8’ and € small enough, we obtain

2 m 11y m—2 2 Pm)‘Tilak pp 2
PaAr= Ao A 2 Digyy [ = €= 5 Zkfu Digjpl.

23 p>u
We see that the | D g7, | term cancels from the inequality (3-32) and we are left with

o2

2 m—2 pp )‘lak(alfﬁ)z 2
P2(A1+Bi+Ci+Di—E) = P2 Y (o7 = C=—= ) IDigpl*.
P> s

For &’ small enough, the above expression is nonnegative. Indeed, for any p > u, we have

5 1 5 (0,)*
2 2
(MmofP)” < ﬁ()walfp) = Ca—/é-
Therefore,
Ckldk(d;fp)z - C o
Uﬁ - 52 )»1 '
On the other hand, we notice that if p > k, then
pp Ok Cp Of
O =AMl e — > ——.
r =N kl_n)\‘k_é/)\'1
If w < p <k, then
k=, T, T
It follows that for 8’ small enough we have
5 Mo (afP)?
pp 3
Uk > CT
nw

This completes the proof of Lemma 3.

(3-41)

(3-42)

(3-43)

(3-44)

(3-45)

(3-46)
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3.2. Completing the proof. With Lemma 2 and Lemma 3 at our disposal, we claim that we may assume
in inequality (3-17) that

Ai+Bi+Ci+D;,—E; >0, Vi=1,...,n. (3-47)

Indeed, first set §; = 1. If A» < 824 for §, > O small enough, then by Lemma 3 we see that (3-47)
holds. Otherwise, Ay > d1. If A3 < §3A; for §3 > 0 small enough, then by Lemma 3 we see that (3-47)
holds. Otherwise, A3 > 63A;. Proceeding iteratively, we may arrive at A; > §;A;. But in this case, the C?
estimate follows directly from the equation as

C=op =AM = (80 (3-48)
Therefore we may assume (3-47), and inequality (3-17) becomes

—C(K)
1

0>

(1+|DDul* +|DDul*) + (N — CtmN*)(|DDul%,, + |DDul%,)

+(Me—CtmM?> —CN —C)F—CM. (3-49)

Since a,i’_ > crkli > S% > CL)»] for fixed i, we can estimate
— 1 — 1 A
|DDul,, +|DDuly, = = (1DDuf* +DDul®) = &= | DDul’ + . (3-50)

This leads to

0> (ﬂ —CtmN? - C(K)))\l + /\il(

- E—CImNZ—aK))(H \DDu|?)

C
+(Me —CtmM?—CN — C)F —CM.

By choosing 7 small, for example T = 1/(NM), we have

N Cm 1 /N Cm 2
0z (&-StN C(K))/\1+M(C LN — C(K)) (1 + | DDup)
+(Me - CTmM—CN—C)}'—CM.
Taking N and M large enough, we can ensure that the coefficients of the first three terms are positive.
For example, if we let M = N? for N large, then

N Cm N Cm

Cm 2
MS—WM—CN—C:N e—CmN—-CN-C>0.
Thus, an upper bound of A; follows. O
Remark 2. In the above estimate, we assume that A = (A1, ..., A,) € I',. Indeed, our estimate still works

with A € ['x4. It was observed in [Li et al. 2016, Lemma 7] that if A € ['xyq, then A1 > --- > A, > —Kj
for some positive constant K. Thus, we can replace A by A = A + K in our test function G in (3-2).
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PARABOLIC WEIGHTED NORM INEQUALITIES
AND PARTIAL DIFFERENTIAL EQUATIONS

JUHA KINNUNEN AND OLLI SAARI

We introduce a class of weights related to the regularity theory of nonlinear parabolic partial differential
equations. In particular, we investigate connections of the parabolic Muckenhoupt weights to the parabolic
BMO. The parabolic Muckenhoupt weights need not be doubling and they may grow arbitrarily fast in
the time variable. Our main result characterizes them through weak- and strong-type weighted norm
inequalities for forward-in-time maximal operators. In addition, we prove a Jones-type factorization result
for the parabolic Muckenhoupt weights and a Coifman—Rochberg-type characterization of the parabolic
BMO through maximal functions. Connections and applications to the doubly nonlinear parabolic PDE
are also discussed.

1. Introduction

Muckenhoupt’s seminal result characterizes weighted norm inequalities for the Hardy-Littlewood maximal
operator through the so-called A, condition

p—1
sup][ w(][ wl_”) <00, l<p<oo.
Q0 JO Q

1

Here the supremum is taken over all cubes Q C R", and w € L,

(R™) is a nonnegative weight. These
weights exhibit many properties that are powerful in applications, such as reverse Holder inequalities, a
factorization property, and characterizability through BMO, where BMO refers to the set of functions of
bounded mean oscillation. Moreover, the Muckenhoupt weights play a significant role in the theory of
Calder6n—Zygmund singular integral operators; see [Garcia-Cuerva and Rubio de Francia 1985].
Another important aspect of the Muckenhoupt weights and BMO is that they also arise in the regularity

theory of nonlinear PDEs. More precisely, the logarithm of a nonnegative solution to any PDE of the type
div(|VulP72Vu) =0, 1< p < oo,

belongs to BMO and the solution itself is a Muckenhoupt weight. This was the crucial observation in
[Moser 1961], where he proved the celebrated Harnack inequality for nonnegative solutions of such
equations.

The research is supported by the Academy of Finland and the Viiséld Foundation.
MSC2010: 42B25, 42B37, 35K55.
Keywords: parabolic BMO, weighted norm inequalities, parabolic PDE, doubly nonlinear equations, one-sided weight.
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Even though the theory of the Muckenhoupt weights is well established by now, many questions related
to higher-dimensional versions of the one-sided Muckenhoupt condition

1 X 1 x+h ) p—1
sup —/ w(—/ wl_p) <00
xeR,h>0 h x—h h X

remain open. This condition was introduced by Sawyer [1986] in connection with ergodic theory. Since
then these weights and the one-sided maximal functions have been a subject of intense research; see
[Aimar and Crescimbeni 1998; Aimar et al. 1997; Cruz-Uribe et al. 1995; Martin-Reyes 1993; Martin-
Reyes et al. 1990; 1993; Martin-Reyes and de la Torre 1993; 1994; Sawyer 1986]. In comparison with
the classical A, weights, the one-sided A; weights can be quite general. For example, they may grow
exponentially, since any increasing function belongs to A[f. It is remarkable that this class of weights still
allows for weighted norm inequalities for some special classes of singular integral operators (see [Aimar
et al. 1997]), but the methods are limited to the dimension one.

The first extensions to the higher dimensions of the one-sided weights are by Ombrosi [2005]. The
subsequent research in [Berkovits 2011; Forzani et al. 2011; Lerner and Ombrosi 2010] contains many
significant advances, but even in the plane many of the most important questions, such as getting the full
characterization of the strong-type weighted norm inequalities for the corresponding maximal functions,
have not received satisfactory answers yet.

In this paper, we propose a new approach which enables us to solve many of the previously unreachable
problems. In contrast with the earlier attempts, our point of view is related to Moser’s work [1964; 1967]
on the parabolic Harnack inequality. More precisely, in the regularity theory for the doubly nonlinear
parabolic PDEs of the type

d(Ju|P~2u)
3t

(see [Gianazza and Vespri 2006; Kinnunen and Kuusi 2007; Kuusi et al. 2012; Trudinger 1968; Vespri
1992]), there is a condition (Definition 3.2) that plays a role identical to that of the classical Muckenhoupt

—div(]Vul"?2Vu) =0, l<p<oo (1-1)

condition in the corresponding elliptic theory. Starting from the parabolic Muckenhoupt condition

q—1
sup][ w<][ wl_q) <00, l<g<oo, (1-2)
R JR- R+

where R* are space-time rectangles with a time lag, we create a theory of parabolic weights. Here we
use ¢ to distinguish from p in the doubly nonlinear equation. Indeed, they are not related to each other.

The time variable scales as the modulus of the space variable raised to the power p in the geometry
natural for (1-1). Consequently, the Euclidean balls and cubes have to be replaced by parabolic rectangles
respecting this scaling in all estimates. In order to generalize the one-sided theory of weighted norm
inequalities, it would be sufficient to work with the case p = 2. However, in view of the connections
to nonlinear PDEs (see [Saari 2016; Kinnunen and Saari 2016]), we have decided to develop a general
theory for 1 < p < 0o. As far as we know, the results in this work are new even for the heat equation with
p = 2. There are no previous studies about weighted norm inequalities with the same optimal relation to
solutions of parabolic partial differential equations.
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Observe that the theory of parabolic weights contains the classical A, theory as a special case. However,
the difference between elliptic and parabolic weights is not only a question of switching from cubes to
parabolic rectangles. There is an extra challenge in the regularity theory of (1-1) because of the time lag
appearing in the estimates. A similar phenomenon also occurs in the harmonic analysis with one-sided
weights, and it has been the main obstacle in the previous approaches [Berkovits 2011; Forzani et al.
2011; Lerner and Ombrosi 2010; Ombrosi 2005]. Except for the one-dimensional case, an extra time
lag appears in the arguments. Roughly speaking, a parabolic Muckenhoupt condition without a time lag
implies boundedness of maximal operators with a time lag. In our approach, both the maximal operator
and the Muckenhoupt condition have a time lag. This allows us to prove the necessity and sufficiency of
the parabolic Muckenhoupt condition for both weak- and strong-type weighted norm inequalities of the
corresponding maximal function. Our main technical tools are covering arguments related to the work
of Ombrosi [2005] and Forzani et al. [2011]; parabolic chaining arguments from [Saari 2016], and a
Calderén—Zygmund argument based on a slicing technique.

Starting from the parabolic Muckenhoupt condition (1-2), we build a complete parabolic theory of
one-sided weighted norm inequalities and BMO in the multidimensional case. Our main results are a
reverse Holder inequality (Theorem 5.2), strong-type characterizations for weighted norm inequalities for a
parabolic forward-in-time maximal function (Theorem 5.4), a Jones-type factorization result for parabolic
Muckenhoupt weights (Theorem 6.3) and a Coifman—Rochberg-type characterization of parabolic BMO
through maximal functions (Theorem 7.5). In Section 8, we explain in detail the connection between
parabolic Muckenhoupt weights and the doubly nonlinear equation. We refer to [Aimar 1988; Fabes and
Garofalo 1985; Kinnunen and Kuusi 2007; Moser 1964; 1967; Saari 2016; Trudinger 1968] for more on
parabolic BMO and its applications to PDE:s.

2. Notation

Throughout the paper, the n first coordinates of R"*! will be called spatial and the last one temporal.
The temporal translations will be important in what follows. Given a set E C R**! and ¢ € R, we define

E+t:={+@,...,0,¢):e € E}.

The exponent p, with 1 < p < oo, related to the doubly nonlinear equation (1-1) will be fixed throughout
the paper.

Constants C without subscript will be generic and the dependencies will be clear from the context.
We also write K < 1 for K < C with C as above. The dependencies can occasionally be indicated by
subscripts or parentheses, such as K = K (n, p) Sp,p 1.

A weight will always mean a real-valued positive locally integrable function on R"*!. Any such
function w defines a measure absolutely continuous with respect to Lebesgue measure, and for any
measurable E C R"*!, we define

w(E) = f w.
E
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We often omit mentioning that a set is assumed to be measurable. They are always assumed to be. For a
locally integrable function f, the integral average is denoted as

%/Efz]gfzfa

The positive part of a function f is (/)T = (f)4 = 1{f-0; f and the negative part (f)~ =(f)-=—1{r<0 f-

3. Parabolic Muckenhoupt weights

Before the definition of the parabolic Muckenhoupt weights, we introduce the parabolic space-time
rectangles in the natural geometry for the doubly nonlinear equation.

Definition 3.1. Let Q(x,/) C R" be a cube with center x and side length / and sides parallel to the
coordinate axes. Let p > 1 and y € [0, 1). We define

R(x,t,)=0(x, 1) x (t =17, t+1P)
and
RY(y)=Qx, 1) x (t+ylP, t +17).

The set R(x,t,1) is called a (x, t)-centered parabolic rectangle with side /. We define R~ (y) as the
reflection of R (y) with respect to R" x {t}. The shorthand R* will be used for R*(0).

Now we are ready for the definition of the parabolic Muckenhoupt classes. Observe that there is a time

lag in the definition for y > 0.
Definition 3.2. Let ¢ > 1 and y € [0, 1). A weight w > 0 belongs to the parabolic Muckenhoupt class

AZ(y), if
/qil
sup(f w><][ wl—‘f) =: [w] 3 < 00 (3-1)
R R=(y) R (y)

If the condition above is satisfied with the direction of the time axis reversed, we say w € A (y). If y is
clear from the context or unimportant, it will be omitted in the notation.

The case A; (y) occurs in the regularity theory of parabolic equations; see [Moser 1964; Trudinger
1968]. Before investigating the properties of parabolic weights, we briefly discuss how they differ from
the ones already present in the literature. The weights of [Forzani et al. 2011; Lerner and Ombrosi
2010] were defined on the plane, and the sets R*(y) in Definition 3.2 were replaced by two squares
that share exactly one corner point. The definition used in [Berkovits 2011] is precisely the same as our
Definition 3.2 with p =1 and y = 0.

An elementary but useful property of the parabolic Muckenhoupt weights is that they can effectively
be approximated by bounded weights.

Proposition 3.3. Assume u, v € A} (y). Then f = min{u, v} € AF (y) and

[F1ap S lulay +[0]ay

The corresponding result holds for max{u, v} as well.
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Proof. A direct computation gives

/q_l
(o))
R=(y) Rt (y)
1 L\ I L\
(£, )+ ) )
(][R(y) IRT ()| Jr+()niusv) R () IRT (W] Jr+()nfu=<v)
1 A 1 Ad!
<(f,0) )+ )
R=(y) |R+()/)| RT(y)N{u>v} R=(y) |R+()/)| Rt (y)N{u<v}

< [u] g+ vl

The result for max{u, v} is proved in a similar manner. O

Properties of parabolic Muckenhoupt weights. The special role of the time variable makes the parabolic
Muckenhoupt weights quite different from the classical ones. For example, the doubling property does
not hold, but it can be replaced by a weaker forward-in-time comparison condition. The next proposition
is a collection of useful facts about the parabolic Muckenhoupt condition, the most important of which is
the property that the value of y € [0, 1) does not play as big a role as one might guess. This is crucial in
our arguments. The same phenomenon occurs later in connection with the parabolic BMO.

Proposition 3.4. Let y € [0, 1). Then the following properties hold true:
() If 1 <q <r <oo,then Af(y) C Af(y).
(ii) Let o = w'™4. Then o is in A;,(y) if and only if w € A;r(y).

(iii) Letw € A;r(y), o=w"andt > 0. Then

][ wat][ w and ][ afCt][ 0.
R=(y) +R(y) Rt (y) —t4+R+(y)

(iv) If w € A (y), then we may replace R™(y) by R™(y) —a and R*(y) by R*(y)+b for any a, b >0
in the definition of the parabolic Muckenhoupt class. The new condition is satisfied with a different
constant [w]A;r.

W) If 1 >y' >y, then AT(y) CAF (v,
(Vi) Letw € A} (y). Then

R™ q
w(R™ () = C(%) w(S)

for every S C R™(y).
(vii) If w € Af(y) with some y € [0, 1), then w € A7 (y") for all y’ € (0, 1).

Proof. First we observe that (i) follows from Holder’s inequality and (ii) is obvious. For the case
t+ R (y) = Rt (y) the claim (iii) follows from Jensen’s inequality. For a general ¢, the result follows
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from subdividing the rectangles R*(y) into smaller and possibly overlapping subrectangles and applying
the result to them. The property (iv) follows directly from (iii), as does (v) from (iv).
For (vi), take S C R*(y) and let f = 15. Apply the A;(y) condition to see that

ISt \* -
( )w(R ) = (frro))?w(R™ ()

IRt ()| ,
) q/q
< (][ qu)(][ wlq) w(R™ ()
R*(y) R*(y)

< Cw(S).

For the last property (vii), take R = Q(x,[) x (t =17, ¢t +17). Let y € (0, 1) and suppose w € A;“(y).
We will prove that the condition A;(Z_ly) is satisfied. We subdivide Q into 2"% dyadic subcubes
{Qi}?ikl. This gives dimensions for the lower halves of parabolic rectangles R; (y). For a given Q;,
we stack a minimal amount of the rectangles R; (y) so that they almost pairwise disjointly cover
Q; x (t =17, t—2"1yI1P). The number of R; (y) needed to cover Q x (1 =17, t—2*1yll’) is bounded by

o (1=27"y)1P — Hnk(p+1) 2—y

2 (1— )P 21-y)’

Corresponding to each Q;, there is a sequence of at most 2X — 1 vectors d = 27k ; withe; €{0, 1}"
such that

Qi+Y di=27"Q.
J

Next we show how every rectangle R;(y) can be transported to the same spatially central position 27% Q
without losing too much information about their measures. By (vi) we have

R a
w(R; (y)) = C(%) w(S)

for any S C Rl.+ (v). We choose S such that its projection onto space variables is (Q; +d;) N Q;, and its
projection onto time variables has full length (1 — y)(27*I)?. Then

w(R; (¥)) < Cow(S) < Cow(R! ™ (y)),

where Rl.lf(y) D Sis Q; +d; spatially and coincides with S as a temporal projection. The constant Cy
depends on n and q.

Next we repeat the argument to obtain a similar estimate for Rl.1 ~(y) in the place of R.” (y). We obtain
a new rectangle on the right-hand side, on which we repeat the argument again. With k iterations, we
reach the inequality

w(R™ (1)) < C2 ' w(R™ (),

where R’ (y) is the parabolic box whose projection onto the coordinates corresponding to the space
variables is 27¥ Q. The infimum of time coordinates of points in R’ (y) equals

inf{t: (x, 1) € R7}+ 2" = (1 +py)2~FDP.
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As p > 1, the second term in this sum can be made arbitrarily small. In particular, for a large enough k,
we have
Q=D+ Fnr <2. 2740 < Loy,
In this fashion, we may choose a suitable finite k and divide the sets R*(2~!y) into N Sy 2"kP parts

RilL (y). They satisfy

w(R (7)) < C3 ~ w(R™ (1))
and

o (RF(y) < C3 "o (R (),

where all starred rectangles have their projections onto space variables centered at 27% Q; they have equal
side length 2-kPIP and
VP <dR™ (), R (y) <207

for all 7, j. All this can be done by a choice of k which is uniform for all rectangles.
It follows that

q-—1 q-—1
() o) =2 () ()
R=(271y) R*(271y) TR Rf ()

LJ

q-—1
(‘ 'LU)(’ wl LI)
i=1 Ri 62 Rj )

L]

N
M=

N
'Mz

5 C:C(nv pvkv y’ q’[w]A;r(V)),

104

5]

where in the last inequality we used (iv). Since the estimate is uniform in R, the claim follows. g

4. Parabolic maximal operators

In this section, we will study parabolic forward-in-time maximal operators, which are closely related to the
one-sided maximal operators studied in [Berkovits 2011; Forzani et al. 2011; Lerner and Ombrosi 2010].
The class of weights in [Forzani et al. 2011], originally introduced by Ombrosi [2005], characterizes
the weak-type inequality for the corresponding maximal operator, but the question about the strong-type
inequality remains open. On the other hand, Lerner and Ombrosi [2010] managed to show that the
same class of weights supports strong-type boundedness for another class of operators with a time lag.
For the boundedness of these operators, however, the condition on weights is not necessary. Later the
techniques developed by Berkovits [2011] showed that a weight condition without a time lag implies
boundedness of maximal operators with a time lag. That approach applied to all dimensions. In our case
both the maximal operator and the Muckenhoupt condition have a time lag. This approach, together with
scaling of parabolic rectangles, allows us to prove both the necessity and sufficiency of the parabolic
Muckenhoupt condition for weak- and strong-type weighted norm inequalities for the maximal function
to be defined next.
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Definition 4.1. Let y € [0, 1). For f € Llloc([R{”H) define the parabolic maximal function
M e = swp - if)
R(x,t)J Rt (y)

where the supremum is taken over all parabolic rectangles centered at (x, ¢). If y = 0, it will be omitted
in the notation. The operator M?~ is defined analogously.

The necessity of the A; condition can be proved in a similar manner to its analogue in the classical
Muckenhoupt theory, but already here the geometric flexibility of Definition 3.2 simplifies the statement.

Lemma 4.2. Let w be a weight such that the operator M? " : L9 (w) — L9°°(w) is bounded. Then

w e A;(y).

Proof. Take f > 0 and choose R such that fg+ > 0, where ST =RTif y =0.If y > 0,
ST=R"(»)+ A —p)IP +27yl”

will do. Redefine f = xg+ f. Take a positive A < C, fs+. With a suitably chosen C,,, we have
C
wR) <w(xeR M s <= | flw.
A p+

The claim follows letting A — C,, f = C,(w + €)' and € — 0, and concluding by argumentation
similar to Proposition 3.4. U

Covering lemmas. The converse claim requires a couple of special covering lemmas. It is not clear
whether the main covering lemma in [Forzani et al. 2011] extends to dimensions higher than two. However,
in our geometry the halves of parabolic rectangles are indexed along their spatial centers instead of corner
points, which was the case in [Forzani et al. 2011]. This fact will be crucial in the proof of Lemma 4.4,
and this enables us to obtain results in the multidimensional case as well.

Lemma 4.3. Let Ry be a parabolic rectangle, and let F be a countable collection of parabolic rectangles
with dyadic side lengths such that for each i € Z we have

Y 1p- 5L
PeF
1(P)=2
Moreover, assume P~ SZ R~ for all distinct P, R € F. Then
D IPIS IR,
Peg
where G={P € F: PYNRy # @, |P| < |Rol}.
Proof. Recall that R* = R*(0). We may write G C Go(Ro) U G, where
Go(R)={P e F:PNAR™, |P|<|R|}
and
Gi={PeF:PCR{, |P|<|Rol.
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That is, the rectangles having their upper halves in R(J)r are either contained in it or they meet its boundary.
An estimate for Gy(R) with an arbitrary parabolic rectangle R instead of Ry will be needed, so we start
with it. Let P be a parabolic rectangle with the spatial side length [(P) =27". If PNdR* # @, then
P C A;, where A; can be realized as a collection of 2(n + 1) rectangles corresponding to each face of R
such that

|Ai] S20(R)" - 27" + 20l (R)PT 1. 27",

Now choosing kg € Z such that 27% < [(R) < 27%0*1 we get, by the bounded overlap,

> |P|=i > |P|§i|A[|§|R|.

PeGo(R) i=ky PeGo(R) i=ko
I(P)=2""

Once the rectangles meeting the boundary are clear, we proceed to G;. The side lengths of rectangles
in G; are bounded from above. Hence there is at least one rectangle with the maximal side length. Let 3
be the collection of R € G; with the maximal side length. We continue recursively. Once X; with
j=1,..., k have been chosen, take the rectangles R with the maximal side length among the rectangles
in G; satisfying
R°n | P =wo
PelJi_, =,

Let them form the collection X ;. Define the limit collection to be
=Jz;
J

Each P € G is either in X or P~ meets R~ with R € ¥ and /(P) < [(R). Otherwise P would have
been chosen to be an element of X. This implies

ZlRISZ(lRI+ > |P|).

RegG, ReGNX PeG:P"NR™#2
[P|<|R|

In the second sum, both P and R are in F, so P~ 51 R~ by assumption. Thus PNOR™ # &, and the sum
in the parentheses is controlled by a constant multiple of |R| (by applying the estimate we have for Go(R),
where R is a parabolic rectangle with upper half R™). The rectangles in each X; have equal side length

YRS Do IRI=) Y IRSY | UR<|UR

ReG ReGINX J ReGIN%; J 'ReZ; ReG

=

< IRyl. O

The hypotheses of the next lemma correspond to a covering obtained using the parabolic maximal
function, and the conclusion provides us with a covering that has bounded overlap. This fact is analogous
to the two-dimensional Lemma 3.1 in [Forzani et al. 2011].
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Lemma 4.4. Let . > 0, f € L1 (R"™!) be nonnegative, and A C R be a set of finitely many points

loc
such that for each x € A there is a parabolic rectangle R, with dyadic side length satisfying

][ f = 4-1)
RE()

Then there is I' C A such that for each x € T there is Fy C Rj (y) with

(i) ACUer Ry
@) (/IReD) [y, fZhand ¥ op 1p, S 1.

Proof. To simplify the notation, we identify the sets R~ with their closures. Their side lengths are denoted
by l,. Let x; € A be a point with maximal temporal coordinate. Recursively, choose x4+ € A\ Ul;zl R_.
Define A = {x;};. This is a finite set. Take x € A with maximal /, and define I'y = {x}. Let 'y +; =y U{y},
where R} ¢ Ry for all x € I'y and /, is maximal among the [, satisfying the criterion. By finiteness, the
process will stop and let I" be the final collection.

Given x, y € I' with [, =1, =:r and x # y, their Euclidean distance satisfies

lx —y| > min{%r, r”}.

There is a dimensional constant o € (0, 1) such that Ry N R, = @, and, given z € R"*! there is a
dimensional constant 8 > 0 such that

) R.cRGBn.

xel:zeR,

Thus
(Br)"(2Br)" =R Br)| = Y laR|=(ar)"Qar)? > 1g(2),

xel:l=r, xel:l,=r
ZER,

and consequently

1. <1 (4-2)
> Ik

xel:l,=r

Define
Ge={yeT:RI(¥)NR](y) # 2, |Ry| < |Ri|}.
By inequality (4-2), the assumptions of Lemma 4.3 are fulfilled. Hence
STIRF OIS IRE ).
yeGx

By (4-1), we have

> ()fsxDR;(ynsMRj(yns/ f
R;'y +

Y€EGx YEG, Ry (v)

Let the constant in this inequality be N.
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Define s := #G,. When s < 2N, we choose F, = Rj (). If s > 2N, we define
Ef = {z eRF: Y lg@= i}.
yel:ly <l
Thus ), 1 Ex(2) counts the points y € G, whose rectangles contain z. Hence
N S
N[ =X [ i i Y we=X [ sen[
Ejy ; i RE(y) ; " JREw) yeXg: Y ygg: R (y) RE ()
For the set F, = R (y) \ E;y, we have
1 > I
= r=| rz5|  fzuRiOI
Fy R () E3y RY ()
It remains to prove the bounded overlap of F,. Take z € ﬂ;‘zl Fy,. Take x; so that I;; is maximal
among [, i =1,...,k. By (4-2) there are at most C, rectangles with this maximal side length that

contain z. Moreover, their subsets F, meet at most 2N upper halves of smaller rectangles so that
k <2NC,. U

Weak-type inequalities. Now we can proceed to the proof of the weak-type inequality. The proof makes
use of a covering argument as in [Forzani et al. 2011] adjusted to the present setting.

Lemma4.5. Letg > 1, w € A;’()/) and f € L1(w). There is a constant C = C(n, y, p, w, q) such that

C
n+1 .
w(lx R M ) < O /Ifl”w
for every A > 0.

Proof. We first assume f > 0 is bounded and compactly supported. Since

MY f (x) = sup
h>0 R(x, h, )/)+ R(x,h,y)*

1
<su . /
ieg R(x,2,272y)* R(x,2i,2*2y)+f

1
= lim sup —/ f,
j==jez,i>j R, 2, v Jrx i+

it suffices to consider rectangles with dyadic side lengths bounded from below provided that we use

smaller y, and the claim will follow from monotone convergence. The actual value of y is not important

because of Proposition 3.4. We may assume w is bounded from above and from below (see Proposition 3.3).
Moreover, it suffices to estimate w(E), where

E={xeR":x <M’ f<2a)
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Once this has been done, we may sum up the estimates to get

]

w(R™ N (MY f>0)) = Z (RN 2a < MYFf <21+10Y)

>3 M/mp _M,/mp

Let K C E be an arbitrary compact subset. Denote the lower bound for the side lengths of the parabolic
rectangles in the basis of the maximal operator by & < 1. For each x € K, there is dyadic /, > & such that

][ f=A.
Rt (xle,y)

Define R, := R(x, ). Since f € L', we have

1
RED)I <5 / f=COuNflI) < oo
Thus sup, g Ix < 00. Let a = minw. There is € > 0, uniform in x, such that
w((l+ R, \ Ry) <ag"™? <w(Ry)

and w((1 +€)R;) < 2w(R,) hold for all x € K. By compactness, there is a finite collection of
balls B(x, £”€/2) to cover K. Denote the set of centers by A, and apply Lemma 4.4 to extract the
subcollection I'. Each y € K is in B(x, §”¢/2) with x € A. Each x € A is in R with z € I, so each
y € K isin B(x,&7¢/2) C (1 +€)R_. Thus

w(K) <Y w((1+e)R) <2 w(R))

zel zel

c )
<7;( )(|R+<y)| )

w(R ) I q)q ]/ .
5 MR (][Rm/) Sw
<= f fu

In the last inequality we used the A;r condition together with a modified configuration justified in

Proposition 3.4, and the bounded overlap of the sets F,. (|

Now we are in a position to summarize the first results about the parabolic Muckenhoupt weights. We
begin with the weak-type characterization for the operator studied in [Berkovits 2011]. Along with this
result, the definition in [Berkovits 2011] leads to all same results in R**! as the other definition from
[Forzani et al. 2011] does in R2 The next theorem holds even in the case p = 1, which is otherwise
excluded in this paper.
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Theorem 4.6. Let w be a weight and q > 1. Then w € A7 (y) with y = 0 if and only if M™ is of
w-weighted weak type (q, q).

Proof. Combine Lemma 4.2 and Lemma 4.5. U

The next theorem is the first main result of this paper. Observe that all the parabolic operators M? ™
with ¢ € (0, 1) have the same class of good weights. This interesting phenomenon seems to be related to
the fact that p > 1.

Theorem 4.7. Let w be a weight and q > 1. Then the following conditions are equivalent:
(i) we A} for some y € (0, 1).
(i) w e A forall y € (0, 1).
(iii) There is y € (0, 1) such that the operator MY is of weighted weak type (g, q) with the weight w.
(iv) The operator M? ™ is of weighted weak type (q, q) with the weight w for all y € (0, 1).

Proof. This follows from Lemma 4.2, Lemma 4.5 and Proposition 3.4(vii). O

5. Reverse Holder inequalities

Parabolic reverse Holder inequalities have already been studied in [Berkovits 2011], and they were used
to prove sufficiency of the nonlagged Muckenhoupt condition for the lagged strong-type inequality. The
proof included the classical argument with self-improving properties and interpolation. Our reverse Holder
inequality will lead to an even stronger self-improving property, and this will give us a characterization of
the strong-type inequality. We will encounter several challenges. For example, our ambient space does
not have the usual dyadic structure. In the classical Muckenhoupt theory this would not be a problem, but
here the forwarding in time gives new complications. We will first prove an estimate for the level sets,
and then we will use it to conclude the reverse Holder inequality.

Lemma 5.1. Let w € Af(y), Ry = Qo x (v. 1+ 31}) and Ry = Qo x (v, 7 +1}). Then there exist
C= C([w]A;(y), n, p) and B € (0, 1) such that for every A > Wg> We have
w(Ro N{w > A}) < CA|Ro N {w > BA}].
Proof. We introduce some notation first. For a parabolic rectangle R = Q x (ty, to + 2/(Q)?), we define
R=0x (1, 10+1(Q)") (5-1)

and

R=0x (to+(1+ Q)" 3(Q)P). (5-2)

Here y € (O, %), and by Proposition 3.4, we may replace the sets R*(y) everywhere by the sets R and R.
Note that R = R™. The hats are used to emphasize that R and R are admissible in the A;; condition,
whereas R~ is used as the set should be interpreted as a part of a parabolic rectangle. For 8 € (0, 1), the
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condition AF(y) gives

1-p’ 1
P < (BC)P IR

IR {w < pwg}| < g7 / 2

I-p
R U)ﬁ
Taking o € (0, 1), we may choose 8 such that

RN {w > Bwg)| > a|R|. (5-3)
Let
B={0 x (t—31(Q)", 1+ 31(Q)?) : Q C Q dyadic, 1 € (0,17)}.

Here dyadic means dyadic with respect to Qg, and hence the collection 3 consists of the lower parts R of
spatially dyadic short parabolic rectangles interpreted as metric balls with respect to

d((x, 1), (', ")) = max{|x —x'|oc, Cplt —1'|"/7}.

Notice that the (n+1)-dimensional Lebesgue measure is doubling with respect to d.
We define a noncentered maximal function with respect to B as
Mpf(x)= sup ][ /s
{(x)cBeB JB
where the supremum is taken over all sets in 53 that contain x. By the Lebesgue differentiation theorem,
we have
Ron{w > 1} C (Mp(1gw) > A} =1 E

up to a null set. Next we will construct a Calderén—Zygmund-type cover. The idea is to use dyadic structure
to deal with spatial coordinates, then separate the scales, and finally conclude, with one-dimensional
arguments, with the assumptions of Lemma 4.3.

Define the slice E; = E N (R" x {r}) for fixed 7. Since A > wg , we may find a collection of maximal
dyadic cubes Qf x {t} C E, such that for each Q; there is Bi’ € B with

B/ N(Qo x {t}) = 0! and ][w>k.
B;

Clearly {Bl.’ }i is pairwise disjoint and covers E;. Moreover, since Qﬁ is maximal, the dyadic parent Qf of

Q! satisfies
][A w <A
0ixI

for all intervals I > ¢t with |I| =( @ﬁ)P and especially for the ones with /Q\i xID Bl-’. Hence

k<fw§f w<A. (5-4)
B! Q! xI

We gather the collections corresponding to t € (t, T —Hg ) together, and separate the resulting collection
into subcollections as

Q={(B/:ieZte0.1"}=|]9.

jez
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where Q; ={0 x1€Q:[0|= 277" Qol}. Each Q ; can be partitioned into subcollections corresponding
to different spatial dyadic cubes Q; = | J; Q;;. Here

Qi={0x1€Q;:0=0te(r,t+I")}.

If needed, we may reindex the Calderén—Zygmund cubes canonically with j and i such that j tells the
dyadic generation and i specifies the cube such that Qj.l. = Q’j/i. Then
U Bn | B=2
BeQ; j B/EQI-/ j

whenever i # i’. Thus we may identify Q;; with a collection of intervals and extract a covering
subcollection with an overlap bounded by 2. Hence we get a covering subcollection of Q; with an overlap
bounded by 2, and hence a countable covering subcollection of Q such that its restriction to any dyadic
scale has an overlap bounded by 2. Denote the final collection by F. Its elements are interpreted as lower
halves of parabolic rectangles; that is, there are parabolic rectangles P with P~ € F.

Collect the parabolic halves P~ € F with maximal side length in the collection X;. Recursively, if Xy
is chosen, collect P~ € F with equal maximal size such that

Ptn | of=0
0-elU_ =
in the collection X ;. The collections X share no elements, and their internal overlap is bounded by 2.
Since each A € X has equal size, the bounded overlap is inherited by the collection

= {AT AT e Bl
Moreover, by construction, if A™ € Ei+ and BT € E;T with i # j then AT N BT = &. Hence

]:/::UZi
i
Z 1ps <2.

P-eF

is a collection such that

According to (5-4) and Lemma 4.3, we get

wE) < ) wB) S Y MBI< Y (A|P—|+ > A|B|>§A > IPFL

BeF BeF P-eF BeF P-eF
BYNP*#£2
|B|<|P|
Then
w(E) Sy h Y IPIS D APN{w > B 5/ ) > 1pe SA[RoN{w > A} O
P-eF P-eF Us=crr S0w=p1} p—c 7

The fact that the sets in the estimate given by the above lemma are not equal is reflected in the reverse
Holder inequality as a time lag. This phenomenon is unavoidable, and it was noticed already in the
one-dimensional case; see, for instance, [Martin-Reyes 1993].
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Theorem 5.2. Let w € A;r(y) with y € (0, 1). Then there exist § > 0 and a constant C independent of R

such that
1/(148)
(][ w8+1) < C][ w.
R—(0) R*(0)

Furthermore, there exists € > 0 such that w € A:;_e ).

Proof. We will consider a truncated weight w := min{w, m} in order to make quantities bounded. At
the end, the claim for general weights will follow by passmg to the limit as m — oco. Without loss of
generality, we may take R~ =Q x (0,1” ) Define R and R as in the previous lemma (see (5-1) and (5-2)).
In addition, let R be the convex hull of R U R.

Let E = {w > wg-}. By Lemma 5.1,

o0
/ Wt = [RTNEWS +8 AP lw{R™N{w > A1) dA
R—NE Wp—
o0
<|R™NE|wS! +Cs AR N{w > BAY) | dA
wR_
<|R™NEw! +C5/ wit
RNE

which implies

1
/ wit! < (|R—mE|w§j1+c5/ w5+1).
R-NE 1-46C R\(R-NE)

Consequently
/ w8+1 5 2 |R | 5+1 C8 / w5+1
_ 1— 1—5C E\Rf
=CO|R|w;§+1+c]5/ wit, (5-5)
R\R-

Then we choose [ f 2-11P. We can cover Q by M,,, subcubes {Q } | with l(Q ) =1;. Their overlap
is bounded by M,,,, and so is the overlap of the rectangles

(Ri 1= Qi x (", 31")

that cover R \ R~ and share the dimensions of the original R™. Hence we are in position to iterate. The
rectangles Rgf“)_ are obtained from R¥~ as R}~ were obtained from R~ =: R"", i =1,..., M,,. Thus

My
< Z(CJ‘H(C 8)/ ZlRJ |w8+1) +(C18 M) /an wit!

RN\RN-

=I+1IL
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For the inner sum in the first term we have
an . an 5+1
S IR (it < 3 amsmgsrtn ( [ w) < 2R
i=1 i i=1 R

Thus

146 N
I< (][R w) CoMH "7y (€1 Cos) 2777,

j=0
where the series converges as N — oo if § is small enough. On the other hand, if w is bounded, it is clear
that I — 0 as N — oo. This proves the claim for bounded w, hence for truncations min{w, m}, and the
general case follows from the monotone convergence theorem as m — oco. The self-improving property of
A;(y) follows from applying the reverse Holder inequality coming from the A (y) condition satisfied
by w!~4" and using Proposition 3.4. U

Remark 5.3. An easy subdivision argument shows that the reverse Holder inequality can be obtained
for any pair R, t + R where ¢ > 0. Namely, we can divide R into arbitrarily small, possibly overlapping,
subrectangles. Then we may apply the estimate to them and sum up. This kind of procedure has been
carried out explicitly in [Berkovits 2011].

Now we are ready to state the analogue of Muckenhoupt’s theorem in its complete form. Once it is
established, many results familiar from classical Muckenhoupt theory follow immediately.

Theorem 5.4. Let y; € (0,1),i =1, 2, 3. Then the following conditions are equivalent:

() weAF(n).
(ii) The operator M"** is of weighted weak type (q, q) with the weight w.
(iii) The operator M3 is of weighted strong type (q, q) with the weight w.

+
g—e>
follows from Marcinkiewicz interpolation and the final implication (iii) = (ii) is clear. O

Proof. Equivalence of A:Ir and weak type follows from Theorem 4.7. Theorem 5.2 gives A so (iii)
6. Factorization and A] weights

In contrast with the classical case, it is not clear what is the correct definition of the parabolic Muckenhoupt
class A]L. One option is to derive an Af condition from the inequality of weak type (1, 1) for M¥*, and
get a condition that coincides with the formal limit of A;’ conditions. We propose a slightly different
approach and consider the class arising from factorization of the parabolic Muckenhoupt weights and
characterization of the parabolic BMO.

Definition 6.1. Let y € [0, 1). A weight w > 0 is in Af(y) if for almost every z € R"*!, we have
MY w(z) < [w]AT(},)w(Z). (6-1)

The class A} (y) is defined by reversing the direction of time.
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The following proposition shows that, in some cases, the AT condition implies the A-type condition
equivalent to the inequality of weak type (1, 1). Moreover, if y =0, then the two conditions are equivalent.
Proposition 6.2. Let w € AT (y) withy <2'77.

(i) For every parabolic rectangle R, it holds that

w < inf  w(z). (6-2)
ﬁ(ZI’I)/) y’[W]AT ZGRJr(zpfly)

(ii) Forall g > 1, we have w € A}.

Proof. Define 8 = 2P~!y. Take a parabolic rectangle Ry. We see that every z € RO+ (6) is a center of a
parabolic rectangle with R™(z, ¥) D R, (§) such that

][ wfﬁ][ w<M""w(z) Sw),
R-() R-(z.7)

where the last inequality used (6-1). This proves (i). The statement (ii) follows from the fact that (6-2) is
an increasing limit of A;r (y) conditions; see Definition 3.2. O

Now we will state the main result of this section, that is, the factorization theorem for the parabolic
Muckenhoupt weights corresponding to the classical results, for example, in [Jones 1980; Coifman et al.
1983].

Theorem 6.3. Let § € (0, 1) and y € (0, 82'7P). A weight w € Af () if and only if w = uv' =P, where
u € Af(y)andv e A7 (y).

Proof. Letu € Af(y), v € A (y) and fix a parabolic rectangle R. By Proposition 6.2, for all x € R™(8),

we have 1 1
u(@@)™'< sup u(x)' = ( inf u(x)) < (][ u) ,
XeRT(8) XERT () R=(5)

and, for all y € R™(§), we have the corresponding inequality for v, that is,

-1 1
v() ' < sup v(y)‘lz( inf v(y)> 5(][ v) :
yeER™(5) YER™(3) R*(5)
Hence

) < ) () () =

which proves that uv'=1 e A;r (8). The finite constant C depends only on y, §, [M]AT(V) and [v]Al—(y).
For the other direction, fix ¢ > 2 and w € A;;. Define an operator 7' as

Tf = (w—l/ny—(fq—lwl/q))l/(II—l) T wlapr (w1l
By boundedness of the operators

MYT L9 (w) > LY(w) and M7 LY (w'™) - LY '),
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we conclude that T : LY — L9 is bounded. Let
Bw) :=||T||r1— L4 ~lw] ,+ 1.
q

Take fo € L? with || follze = 1. Let

¢=> QBw) T fo,

i=1
where T' simply means the i-th iterate of T. We define
u=w"’¢9" and v=w""9¢.

Clearly w = uv'~4. We claim that u € AT and v € A|. Since g > 2, the operator T is sublinear, and we
obtain

T(¢) <2B(w) Y (2Bw) VT (f)
i=1
=2B(w) <¢ — LfO)

23(w)> <2B(w)¢.

Noting that ¢ = (w~/9u)'/@=D = y!/9y and inserting the above inequality into the definition of T, we
obtain
M u<(@2Bw)?'u and M?"Tv <2B(w)v.

This implies u € AT and v € A, so the proof is complete for g > 2. Once the claim is known for g > 2,
the complementary case 1 < g < 2 follows from Proposition 3.4(ii). O

Next we will characterize Afr weights as small powers of maximal functions up to a multiplication
by bounded functions. The following result looks very much like the classical characterization of
Muckenhoupt A weights. However, we emphasize that even if the maximal operator M is dominated
by the Hardy-Littlewood maximal operator, the assumptions of the following lemma are not restrictive at
all when it comes to the measure . Indeed, the condition M?~u < oo almost everywhere still includes
rather rough measures. For instance, their growth towards the positive time direction can be almost
arbitrary, and the same property is carried over to the AT weights.

Lemma 6.4. (i) Let i be a locally finite nonnegative Borel measure on R"! such that M~ < 0o
almost everywhere. If § € [0, 1), then

w:= (M~ p)° e AT (0)
with [w] AF0) independent of |L.
(i) Letw € AT()//). Then there exists a w as above, 8 € [0, 1) and K with K, K~ € L™ such that
w= KM )’

where y' < y.
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Proof. Let x € R™*! and fix a parabolic rectangle Ry centered at x. Define B= (2Ro)~. Decompose u as
W =1+ na, where uy; = p|z and po = | z.. Kolmogorov’s inequality gives

)

On the other hand, for any y € R and a rectangle R(y, L) N (E)C # &, we have L 2 I(Ry). Moreover,
R(y, L) C R(x, CL) so that

AN O
(M~ 11)° < C|Ry | ° i (B)® < C(%) <CM ™ pu(x)’.

0

M~ pua(y) S M~ p(x)
and

M-l <4 M )’ +4 M )’ <M px)’
Ry Ry Ry

To prove (ii), take w € Af()/) and a parabolic rectangle R centered at x. By the reverse Holder
property (Theorem 5.2), Remark 5.3, and inequality (6-1), we have

1/(14€)
<][ w1+€> < w(x).
R=(y)

Define i = w!*€ and 8§ = 1/(1 4 €). By the Lebesgue differentiation theorem

wx) <M px)’ Swx).

Hence
w
K=——
(M7~ p)?
is bounded from above and from below, which proves the claim. O

7. A characterization of the parabolic BMO

In this section we discuss the connection between parabolic Muckenhoupt weights and the parabolic BMO.
The parabolic BMO was explicitly defined by Fabes and Garofalo [1985], who gave a simplified proof of
the parabolic John—Nirenberg lemma in [Moser 1964]. We consider a slightly modified definition in order
to make the parabolic BMO a larger space and a more robust class; see [Saari 2016]. Our definition has
essentially the same connections to PDEs as the one in [Fabes and Garofalo 1985]. Moreover, this extends
the theory beyond the quadratic growth case and applies to the doubly nonlinear parabolic equations.

(R"*1) belongs to PBMO™ if there are constants a, that may depend
on the parabolic rectangles R, such that

sup(][ (u—ag)*t +][ (ag — u>+) <0 (7-1)
R R*(y) R=(y)

for some y € (0, 1). If (7-1) holds with the time axis reversed, then u € PBMO™.

Definition 7.1. A function u € L}

loc
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If (7-1) holds for some y € (0, 1), then it holds for all of them. Moreover, we can consider prolonged
parabolic rectangles Q x (¢t — TI?,t + TI?) with T > 0 and still recover the same class of functions.
These facts follow from the main result in [Saari 2016], and they can be deduced from results in [Aimar
1988] and in a special case from results in [Fabes and Garofalo 1985].

The fact that y > 0 is crucial. For example, the John—Nirenberg inequality (Lemma 7.2) for the
parabolic BMO cannot hold without a time lag. Hence a space with ¥ = 0 cannot be characterized through
the John—Nirenberg inequality. The following lemma can be found in [Saari 2016]. See also [Fabes and
Garofalo 1985; Aimar 1988].

Lemma 7.2. Let u € PBMO™ and y € (0, 1). Then there are A, B > 0 depending only on n,y and u
such that

IRY(y) N {(u—ar)™ > A} < Ae” B*|R| (7-2)
and

IR~ (y)N{(ag —u)" > A} < Ae B*|R|. (7-3)

There are also more elementary properties that can be seen from Definition 7.1. Since we will need
them later, they will be stated in the next proposition.

Proposition 7.3. () If u,v € PBMO™ and «, B € (0, 00), then au + fv € PBMO™.
(i) u e PBMO™ if and only if —u € PBMO™.
Proof. For (i), note that

(u+v—(@h+ap) <@—ah)T+wu—ap™

and an analogous estimate holds for the negative part. Hence au + fv € PBMO™ with

v

_9r 9
ar = o + '8 .
Since
u—ap)t =((—u)— (=ag))” and (u—agr)” = ((—u) = (=ap))",
the second assertion is clear. O

The goal of this section is to characterize the parabolic BMO in the sense of Coifman and Rochberg
[1980]. The Muckenhoupt theory developed so far gives a characterization for the parabolic Muckenhoupt
weights, so what remains to do is to prove the equivalence of the parabolic BMO and the A; condition.

Lemma 74. Letg € (1,00) and y € (0, 1). Then
PBMO™ = {—Alogw :w € A; (y), 1 € (0, 00)}. (7-4)

Proof. We abbreviate R (y) = R* even if y # 0. For u ¢ PBMO™, Lemma 7.2 gives € > 0 such that

_ — _ _ —_int _
f e €u —e akef ee(aR u) <e akef ee(aR u) §C_e agre
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and, for some g < oo,

][ et/ (@—1) _ pare/q-1) ][ Slu—ar)e/(g=1)
R+t R+

- eaRe/<q—1>][ ple—arye/lg=1)
Rt
< C+eaR€/(q_1),

sow:=e "€ A;r and u = —e~!-logw as it was claimed.
To prove the other direction, take w € A; with g < 2. Choose

ag =logwg-.

Then by Jensen’s inequality and the parabolic Muckenhoupt condition, we have

exp][ (ag —logw)™ 5][ exp(ag —logw)™
Rt R+

1 o
<1+4++4 explar— logw ~4
Rt l—q/
/ q_l
<1 +exp(aR)(][ w!™9 )
R+
q—1
=1 +U)R—(f wl_q)
Rt

On the other hand, again by Jensen’s inequality,

expf (logw —ag)™" 5][ exp(logw —ag)™
o

<1 —I-][ exp(logw —ag)
<1+ exp(—ag) w
R-

<l+wylwg- <2

This implies
log(2(1+C4)) Z][ (—logw — (=ag)" 4+ (—ar —(=logw))™,
Rt R-

and u = —logw € PBMO™. Applying the same argument for A;, with ¢ > 2 shows that — log w!'=4 e
PBMO™ and consequently Proposition 7.3 implies — (g’ — 1) logw € PBMO™. U

The following Coifman—Rochberg-type characterization [1980] for the parabolic BMO is the main
result of this section. Observe, that it gives us a method to construct functions of parabolic bounded mean
oscillation with prescribed singularities.
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Theorem 7.5. If f € PBMO™ then there exist y € (0, 1), constants a, B > 0, a bounded function b € L™
and nonnegative Borel measures  and v such that

f=—alogM” w4+ BlogM? v +b.
Conversely, any f of the form above with y =0 and M~ ., M+v < 0o belongs to PBMO™.
Proof. Take first f € PBMO™. By Lemma 7.4,
f=—Clogw
with C > 0 and w € A; . By Theorem 6.3, there are u € AT and v € A| satisfying the corresponding

maximal function estimates (6-1) such that

w=uv" "

-1

7L K ! € L™ and nonnegative Borel measures x and v

By Lemma 6.4, there exist functions K, K,, K
such that
u=K,M" )% and v=K,(M" )’

Hence f is of the desired form. The other direction follows from Lemma 6.4. U

8. Doubly nonlinear equation

We begin with pointing out that the theory discussed here applies not only to (1-1) but also to the PDEs

d(JulP2u)
ot
where A satisfies the growth conditions

—divA(x,t,u, Du)=0, 1< p<oo,

A(x,t,u, Du) - Du > Co|Dul|?
and
|ACx, t,u, Du)| < Cy|DulP~".

See [Kinnunen and Kuusi 2007; Saari 2016] for more. For simplicity, we have chosen to focus on the
prototype equation (1-1) here.

Supersolutions are weights. We say that

P
veLlOC

(=00, 00); Wl (R™H1))

is a supersolution to (1-1) provided
B
/(|W|P—2W V¢ — |v|l’—2va—‘f> >0

for all nonnegative ¢ € C3° (R"*1). If the reversed inequality is satisfied, we call u a subsolution. If a
function is both sub- and supersolution, it is a weak solution.
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The definition above allows us to use the following a priori estimate, which is Lemma 6.1 in [Kinnunen
and Kuusi 2007]. Similar results can also be found in [Moser 1964; Trudinger 1968], but we emphasize
that the following lemma applies to the full range 1 < p < oo instead of just p = 2.

Lemma 8.1 [Kinnunen and Kuusi 2007]. Suppose v > 0 is a supersolution of the doubly nonlinear
equation in o R, where 0 > 1 and R is a parabolic rectangle. Then there are constants C = C(p, o, n),
C'=C'(p,o,n) and B = B(R) such that

|R™N{logv>A1+B+C'}| < 7 |R™|
and

}R+ﬂ{10gv< —A+,B—C’}| <

= IR

forall . > 0.

Remark 8.2. There is a technical assumption v > p > 0 in [Kinnunen and Kuusi 2007]. However, this
assumption can be removed; see [Ivert et al. 2014]. Indeed, Lemma 2.3 of [Ivert et al. 2014] improves
the inequality (3.1) of [Kinnunen and Kuusi 2007] as to make the proof of the above lemma work with
general v > 0 in the case of (1-1) or more general parabolic quasiminimizers.

Let v be a positive supersolution and set u = —log v. We apply Lemma 8.1 together with Cavalieri’s
principle to obtain

][ w—apl +4 ar—w <Cp.o.y.n)
Rt R~

with b =min{(p —1)/2, 1}. A general form of the John—Nirenberg inequality from [Aimar 1988] together
with its local-to-global properties from [Saari 2016] can be used to obtain

][ (u—ag)+ +][ (ap —u);r <C(p,o,y,n).
Rt (y) R~(y)

Hence u = — log v belongs to PBMO™ in the sense of Definition 7.1. The computations required in this
passage are carried out in detail in Lemma 6.3 of [Saari 2016]. We collect the results into the following
proposition, whose content, up to notation, is folklore by now.

Proposition 8.3. Let v > 0 be a supersolution to (1-1) in R"*1. Then
u =—logv € PBMO™.

o, +
In addition, v € [, A

Remark 8.4. This gives a way to construct nontrivial examples of the parabolic Muckenhoupt weights
and parabolic BMO functions.

Since log v e PBMO™, we have that some power of the positive supersolution w satisfies a local A;’(y)
condition. This follows from Lemma 7.4. However, working a bit more with the PDE, it is possible
to prove a weak Harnack estimate which implies the improved weight condition stated in the above
proposition. This has been done in [Kinnunen and Kuusi 2007], but the refinement provided in [Ivert
et al. 2014] is again needed in order to cover all positive supersolutions.
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Applications. The previous proposition asserts that the definitions of parabolic weights and parabolic
BMO are correct from the point of view of doubly nonlinear equations. These properties can be used to
deduce two interesting results, the second one of which is new. The first one is a global integrability result
for supersolutions; see Theorem 6.5 from [Saari 2016]. The second application of the parabolic theory of
weights is related to singularities of supersolutions. It follows from Proposition 8.3 and Theorem 7.5. In
qualitative terms, the following theorem tells quite explicitly what kind of functions the generic positive
supersolutions are.

Theorem 8.5. Let v > 0 be a supersolution to (1-1) in R"*T1. Then there are positive Borel measures v
and u with
M" v<oo and M""p < oo,

numbers o, B > 0, and a positive function b with b, b= € L®(R"*!) so that

(MY~ v)*
(MY +p)f°
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A DOUBLE WELL POTENTIAL SYSTEM

JAEYOUNG BYEON, PIERO MONTECCHIARI AND PAUL H. RABINOWITZ

A semilinear elliptic system of PDEs with a nonlinear term of double well potential type is studied
in a cylindrical domain. The existence of solutions heteroclinic to the bottom of the wells as minima
of the associated functional is established. Further applications are given, including the existence of
multitransition solutions as local minima of the functional.

1. Introduction

In this paper, the system of partial differential equations

—Au+Vy(x,u)=0, xeg, (PDE)
where 2 C R” and u : Q@ — R™, will be studied. The set 2 is a cylindrical domain in R” given by
Q = R x D, where D is a bounded open set in R?~! with D € CL. On 92, we require

3
a_”=o on Q2 = R x 9D, (BC)
v

where v is the outward-pointing unit normal to dD. Later,  will be allowed to be a more general
cylindrical domain which depends 1-periodically on xj.
As to the function V, to begin assume:

V1) Ve CI(S_2 xR™ R)and V(x1 +1,x2,...,x5,u) = V(x,u), ie., V is 1-periodic in x7.
(V3) There are points a~ # a™ such that V(x,a®) = 0 for all x € Q and V(x,u) > 0 otherwise.
(V3) There is a constant V > 0 such that liminf},| o V' (x,u) > V uniformly in x € .

(V4) For n > 2, there exist constants ¢y, C; > 0 such that
|Vu(x,u)| < c1 + Cilul?,

where 1 < p < (n+2)/(n —2) for n > 3 and there is no upper growth restriction on p if n = 2.
An example of V satisfying (V1)—(V4) is V(x,u) = |u —a~|9|lu —a™|? for g € (1,n/(n —2)) and
at #a= € R" By (V»), V is a double well potential and we are interested in the existence of classical
solutions of (PDE) that are heteroclinic in x; from a™ to a™. If n = 1 and m is arbitrary, (PDE) reduces to
a second-order Hamiltonian system of ordinary differential equations and conditions (V7)—(V3) suffice for
such an existence result. For arbitrary n and m, conditions (V7)—(V4) enable us to show (PDE) possesses

MSC2010: primary 35J47; secondary 35J57, S8E30.
Keywords: elliptic system, double well potential, heteroclinic, minimization.
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a weak solution. As is usual, we say that U € Wléz (2, R™) is a weak solution of (PDE) and (BC) when

C

for any ¢ € Wléc’z (£2) having compact support in £2,
f (VU -V + Vyu(x,U)p) dx = 0. (1.1)
Q

The weak solution is a classical solution when n = 1. However, when n > 1, more regularity of V' and
02 is required to get a classical solution.
In Section 2, the functional

J(u)z/g(%|Vu|2+V(x,u)) de/QL(u)dx, (1.2)

whose formal Euler—Lagrange equation is (PDE), will be studied. Minimization arguments will be used
to show that J has a critical point. In particular when n = 1, our first existence result for (PDE) is:

Theorem. If V satisfies (V1)—(V3), then (PDE) possesses a solution heteroclinic from a™ to a™.

For n > 1, existence of solutions requires more work. In Section 3, a regularity theorem will be stated
as a consequence of which we have:

Theorem. If (V1)—(Vy) hold, V € C?, and 3Q € C 3 there is a classical solution U of (PDE) and (BC)
such that limy | 5400 U(x1,...,X5) = a* uniformly for (x2, ..., xp) € D.

In Section 2, we find the solution by a minimization argument in an appropriate class of functions, I',
and a detailed proof of the regularity will be given in Section 6.

Four generalizations of our existence results will be given in Section 4. The first, Theorem 4.1,
essentially replaces conditions (V2)—(V4) by the requirement that V' possesses a convex basin containing
a* —see hypothesis (V5) —to get an L (€2, R™) bound for the minimizer of Section 2 and this bound
leads in turn to the existence of a solution of (PDE) and (BC), which is heteroclinic in x; from a™
to a™. This result gives the existence of the heteroclinic solution of (PDE) and (BC) for the example of
V(x,u)=|u—a"|?|u—a"|? mentioned earlier, but now for any g > 1.

The second replaces €2 by a more general domain varying periodically in x;. The third considers a
PDE perturbation of the case of n = 1. Finally for the fourth, the case of multiwell potentials will be
discussed briefly.

In Section 5, it will be shown that variational gluing arguments in the spirit of [Montecchiari and
Rabinowitz 2016] together with the basic heteroclinic minimizers of (1.2) as well as their counterparts when
the roles of @~ and a™ are reversed can be used to construct infinitely many multitransition homoclinic
and heteroclinic solutions of (PDE). These solutions are local minima of (1.2) that as a function of x
transit back and forth between the two global minima, a®, of V. Obtaining these solutions requires a
mild nondegeneracy condition — see Proposition 5.10(ii) — on the set of heteroclinic minimizers of (1.2).
Stated very informally, we will show:

Theorem. If (V1)—(V4) are satisfied and a mild nondegeneracy condition on the heteroclinics in x1 from
a* to a™ holds, then for each k € NU{oo}, k > 2, there exist infinitely many k-transition solutions of
(PDE) and (BC).
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As has been noted above, our existence results rely on minimization arguments from the calculus
of variations. These arguments are elementary, but often delicately exploit (V1)—(V3). The regularity
arguments where (V4) and further smoothness of V' and 0D play their roles are of necessity rather
technical.

To conclude this section, some of the literature on (PDE) and (BC) will be discussed. The earliest
work we know of is for the case of n = 1, where of course D = @ and (BC) is vacuous. Thus (PDE)
becomes a second-order Hamiltonian system. Using geometrical arguments, the existence of heteroclinic
solutions for V' = V(u) was studied for a more general class of potentials by Bolotin [1978]. See also
the survey article by Kozlov [1985]. Subsequently other work was done, also for the autonomous case
where V € C3 has nondegenerate minima and m = 2, by Sternberg [1991]. Rabinowitz [1993] treated
V = V(t,u) where V € C? is periodic in ¢. He used minimization arguments from [Rabinowitz 1989],
where V' = V(u) and is periodic in the components of u. Alikakos and Fusco [2008] also treated the
autonomous case for a C? potential under a milder condition than the nondegeneracy of the minima.

For m = 1 and n > 1, where (BC) plays a role, minimization arguments similar to the ones used
in [Rabinowitz 1994] were used in [Rabinowitz 2002] and generalized in [Rabinowitz 2004] to obtain
heteroclinics in x;. The case of m,n > 1 for (PDE) has been studied extensively in several papers by
Alikakos and his collaborators, especially Fusco, mainly in the autonomous setting when V' possesses
symmetries and one seeks solutions possessing these symmetries [Alikakos 2012; 2013; Alikakos and
Fusco 2008; 2009; 2011; 2015; Alikakos and Smyrnelis 2012]. In fact it was their recent paper, [Alikakos
and Fusco 2015], together with our work [Montecchiari and Rabinowitz 2016] on systems like (PDE)
but with potentials V' (x, u) that are periodic in the components of u that led to this paper. Alikakos and
Fusco [2015] studied (PDE) and (BC), with 2 periodic in x1, essentially under the C 2 version of (V1),
and stronger forms of (V>) and (Vs). See the survey paper [Alikakos 2013] for many more references
to and related questions for (PDE). For some other related results on entire solutions of systems of
Allen—Cahn-type, see [Alessio 2013; Alessio and Montecchiari 2014; Bronsard and Reitich 1993; Gui
and Schatzman 2008; Schatzman 2002].

2. The existence of a minimizer of J

In this section, as a first step towards finding heteroclinic solutions of (PDE), a minimizer will be obtained
for the functional J, defined in (1.2). The functional will be studied on the Hilbert space

E= uer;C’Z(Q,[Rm)‘HuHZE/ |Vu|2dx+/
Q

lu|? dx < oo},
To

where fori € Z, we set T; = (i,i 4+ 1) x D. As the class of admissible functions, take

I'={uek||u—a*|p2egm— 0. i > +oo}.
Define
c = inf J(u). 2.1
uel

It is readily seen that I' # @ and 0 < ¢ < co. Then we have:
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Theorem 2.2. Suppose Q = R x D with D C R"™ a bounded domain and 3D € C. If V satisfies
(V1)-(V3), then there exists a U € I' such that J(U) = ¢ > 0. Moreover, there is a constant M > 0 such
that for any minimizer U of (2.1),

sup ”U”WIZ(T,,R’”) <M.

i€z

Before proving Theorem 2.2, the following result is useful.

Proposition 2.3. Let V satisfy (V1)—(V3), 0D € C, and v € E with J(v) < occ. Then there are 9% €
{a~,at} such that |v — T lL2(1; gmy = 0 asi — Foo.

Proof. Their proofs being the same, we will prove the result for ¢*. For x € Q, set x = (x1, X) with
x1 € Rand X € D. For x € Ty and k € Z, set v (x) = v(x; +k, %) so v € WH2(Ty, R™). Then (V)
and J(v) < oo imply

lim |[[Vvg|lp2(ry gmy = lim / V(x,vg)dx =0. (2.4)
k—o00 k—o0 To

Consequently {||Vvg || z2¢7,,zm)} is bounded independently of k € Z. By the Poincaré inequality and the
fact that D € C1, there is a constant b so that

v = [rdll L2 (7, mm) = DIV VRN L2(75,R0m). (2.5)

where [vj] denotes the mean value of vy on Ty. We claim that {vy} is bounded in L2 (T, R™). If not,
(2.5) shows {[vg]} is unbounded in R. For a set S C R”, let | S| denote the measure of S. By (2.5) again,
the sequence {vi — [vg]} converges to 0 in measure. Therefore for any § > 0, the measure of the set in Ty
where |v; — [vg]| <6 is at least %|To| for large k. Thus by (V3), for large k > 0,

| v ar=dimly. 26)
To

But (2.6) is contrary to (2.4), so {vg } is bounded in W 1-2(Ty, R™). Hence there is a v* € W12(Ty, R™)
such that along a subsequence, vy converges to v* weakly in W 12(Ty, R™) and strongly in L?(Tp, R™).
By (2.5), v* = [v*]; i.e., v* is a constant vector. Again v — v* in measure along the subsequence as
k — 00, so for any small §, we have |vi — v*| < § on a subset of T of measure > %|T0|. Therefore

/V(x,vk)dx2%|To| min  V(x, z), 2.7
To z€Bs(v*)

where Bg(v) denotes an open ball of center v and radius § in R™. If v* ¢ {a~,a™}, and § is small enough,
the right-hand side of (2.7) is positive. But as k — o0, the left-hand side of (2.7) goes to 0. Therefore
v* € {a~,a™}. For notational convenience, suppose v* = a™.

It remains to show that the entire sequence {v }, rather than a subsequence, converges to a”, i.e.,

lim vy =a". 2.8)

k—o00
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Otherwise, there exist subsequences {i,}, {ks} C N, with i, — oo as p — o0, kg — 00 as ¢ — 00,
ip <kp <ip41 forall p and such that

lim v;, =a~, lim v;, =a™.
Ip q
p—>00 q—00

Set e = %|a“L —a~|y/|To|. Therefore there is a p such that for p > p,
lvi, —a~ 2o mmy <& vk, —a ™t llL2cry.mm <&
We claim that for p possibly still larger and all p > p, there is an s, € N such that i, <sp <k, and
lvs, —a" 2o mm Z & vs, —a™ L2 mm) = &.
If not, for every ¢ between i, and k,
v —a™ llp2crgmmy <& or |vi—a™ |2, mm) < e
Replace i), and kj, by the smallest adjacent pair j, j + 1 € NN [ip, kp] such that
lvj —a" L2y mmy <& lvjs1—ab g2, mm <é (2.9)
Next observe that

=

2
/ Ux, (J +5,X)ds
0

1
041 06) — v, ()] = ‘/ vy, (51 + f +5.8) ds
0

2 1/2
< ﬁ([ vx, (j —l—s,fc)zds) .
0

Therefore

141 =il 2z ey < V20vs IL2(rour m)- (2.10)
By (2.4), for p still larger, we can assume the right-hand side of (2.10) is < e. On the other hand, by (2.9),
1vj+1 = vl L2crg.mmy > la™ —a™ | L2cry mmy — 2€

= lat —a~|/|To| — 2. (2.11)

Since 3¢ = [a™ —a~|4/|To|, (2.11) is not possible and therefore there exists a sequence {s,} as claimed.
But then

J(v) > ;/T,, L(v)dx =00

and we have a contradiction, establishing Proposition 2.3. O

To prove Theorem 2.2, let {u; } be a minimizing sequence for (2.1). Thus there is a constant M; such
that for all k € N,
J(ug) < M. (2.12)
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Letpe (0, %|a+ —a~|/|To |) Noting that I" and J are invariant under a unit phase shift in the x -direction,
it can be assumed that

lux —a™ llp2¢r, gmy < p foralli <0 and lux —a™ |l L2¢r, gmy > P (2.13)
for all k € N. Now a few observations about any u € I" are required. Set

Ty ={uel |min{llu—a" || 2, mmy. [t —a™ | p2(7, mmy} = o}
Ty = {u el |max{|u—a” | L2¢7y ). lu—a™ | L2¢r, )} < P}
I3 ={u el | max{|u—a™ | 27, mm). [ —a |l 2, mmy} < p}-

Proposition 2.14. (1) There is a constant k1 > 0 such that

d = inf/ Lu)dx > k.
To

uel’;

(2) There is a constant k > 0 such that

d= inf / Lu)dx >«.
uel’hLUI'3 ToUT;

Proof. If k1 = 0, there is a sequence {vg} in ' such that
/ L(vg)dx —0 ask — oo. (2.15)
To

Arguing as in the proof of Proposition 2.3, we again conclude (2.4)—(2.5) hold and either (i) both {vg} is
bounded in L?(Ty, R™) and {[vg]} is bounded in R™ or (ii) both sequences are unbounded. If (i) occurs, as
in the proof of Proposition 2.3, {vy} converges along a subsequence in L2 (T, R™) to a constant function
v* = [v*] and for any small §, for large k, we have |viy — v*| <6 on a subset of Ty of measure > %|T0|.
Thus (2.7) again holds. Noting that

+ 1/2 +
lv—a®||To|"? = |v—a* |2z mmy = P

for § small compared to p, (V2) and (V3) show the right-hand side of (2.7) is positive independently of v.
This contradicts (2.4) and this case is proved.

Next suppose that (ii) occurs. Then the argument centered around (2.6) again applies and this case is
impossible. Thus (1) of the proposition is proved.

For the proof of (2), we use a similar argument. Assume to the contrary that k = 0. Then there is a
sequence {vg} in I', U I'3 such that

/ L(vg)dx —0 ask — oo. (2.16)
ToUT,

Taking a subsequence if necessary, it can be assumed that {v;} C I’ or {vi} C I's. Suppose {vi} C I's.
Arguing as in the proof of (1), by (2.16),

lim (Vg r2rour, gmy = lim V(x,vx)dx =0. (2.17)
k—o0 k—o00 JToUT;
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Again by the Poincaré inequality, there is a constant b; so that

vk — [kl 2(rour, mmy < P1lIVokllL2¢rour, gy — 0 as k — oo, (2.18)

where [vg]1 denotes the mean value of v; on Ty U T;. It follows as in case (ii) of (1) that {[vi]1} is
bounded. Taking a subsequence again if necessary, it can be assumed that limy_, o [vr]1 = @ € R™. Then
we see that
20> li —a” my+ i —at m
pz lim lve —a™ | L2z, mm) + lim lve —a™ 21y mm)

= lla™ —allp2czy mmy + lat —allp2(r, gm)
=la~ —a|/|To| + |at —al|y/|Ti|
> |a~ —a™t|V/|Tol,

which contradicts that p < %|a“L —a~|+/|To|. In the remaining case where {vy } C I's, a contradiction
follows by the same argument. This proves (2). O

Remark 2.19. Observe that for any u € I' satisfying (2.12) and any i € N, either

min{|lu —a~ lL2¢1;, mmy» lu — at ||L2(Tl.,Rm)} >p (2.20)
or
min{||u —a” | 2cr; gmys lu —a+||L2(Tl.’Rm)} <p. (2.21)
Let /(u) be the number of values of i for which (2.20) holds. By (2.12) and Proposition 2.14(1),
l(u)k1 < My. (2.22)

Thus (2.22) shows /(1) is bounded from above independently of u; i.e., (2.20) holds for at most M; /k;
values of i. Next let /*(u) denote the number of values of i for which

max{|u—a~ |2, gm). lu —a+||L2(T,»+1,W)} =p
or
max{|lu —a™ |l 2z, gmy U —a” lL2(z, o)) < P-
Hence [* (u) represents the number of transitions of u from being “near” a® on 7} to being “near” a™
on 7T; 4. By Proposition 2.14(2),
I*(u)k < M. (2.23)

This means that the number of pairs of consecutive intervals on which u shifts from being near one of a™
or a™ to the other is uniformly bounded for u € I satisfying (2.12).

Bounds for the functions uj in the minimizing sequence are provided by the next result.

Proposition 2.24. If V satisfies (V1)~(V3), then there is a constant M such that |[u ||y 1.2(7, gmy < M
forallk eNandi € 7.
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Proof. We argue as in an analogous situation in [Montecchiari and Rabinowitz 2016]. It can be assumed
that uy, satisfies the normalization (2.13). By (2.12),

J(uy) = Z/ L(ug) dx < M. (2.25)

“ T;
ieZ

Therefore (2.25) and (2.13) immediately yield the desired bound for some value of M, say M5, for i <0.

For any i € Z for which |uy —a:t”LZ(Ti’Rm) < p, we get the ||ug [lw1.2(;) bound exactly as was done

for i <0 and obtain the same upper bound, M. By Remark 2.19, there are at most / values of i that

remain. They lie in

Ak ={i N lug —a"llp2(r, gmy = - lluk —a™ |2z, mmy = o}

Note that Ay CN. Leti ¢ A andi + 1 € Ag. Let X = (x2,...,Xp). For (s, %) € T; and (0, X) € Tj+1,

T Qug(t, X
g (0, %) = uk(s,)E)-i-/ et X)
s ot
SO
i+2
lug (0, %)|? < 2|ug (s, X)) +4/ |Vug (¢, %)) dt. (2.26)
i
Integrating (2.26) over s, 0, X gives
”uk ||1242(Ti+1,Rm) =< 2||Mk ”iz(T,-,Rm) + 4||Vuk ”IZJZ(TI-UT,-_;,_l,IRm)' (2.27)
Therefore by (2.25) and the above remarks,
i1 27, oy < 2M3 +8M1 = M. (2.28)

Then, if i + 2 € Ay, the argument of (2.27)—(2.28) can be repeated. Since the number of elements of Ay
is bounded by / € N, the process stops in at most [ steps, giving the desired bound with M = M (/). O

Completion of the proof of Theorem 2.2. It is convenient to introduce some notions. A set [ C Z will be
called connected if for any i, j € I withi < j, any integer between i and j is also an element in /. For
two connected sets 11, I € Z with I1 N I, = @, we write I1 < I, if i1 < i, forany iy € I; and i3 € I5.
For a connected set I C Z, the length |I| of [ is defined by |/| = sup{|i — j| | i, j € I}. Now consider
the minimizing sequence {uy } normalized by (2.13). By Remark 2.19, for each k, there are finitely many
disjoint connected sets {‘ <-oee< llzk) in Z satisfying

1(k)
{i €2 llug —a~llp2cry mmy < o} = | J IF-
ji=1

The normalization (2.13) shows that for any integer i <0, we have i € I{‘ and |1Jk| <ooforj=2,...,1(k).
Remark 2.19 also implies that the sequence {/(k)} is bounded. Taking a subsequence of k € N if necessary,
it can be assumed that /(k) is a positive integer / independent of k € N. Define

po=max{i €{1,....1} |limsup |I}| = oo}.
k—o0
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It is well-defined since |/ {‘ | = 00. Note that if pg </,

1
limsup Y |IF| < oo, (2.29)
k—o00 j=po+1

Now define p(k) to be the largest i € I;‘O. Set v (x) = up(x1 + pk),x2,...,x,) for k €N, so {vg} is
a new minimizing sequence. By Proposition 2.24, the set of norms {||v ||y 1.2(7, gm) | i € Z, k € N} is
bounded. Since 92 € C, taking a subsequence if necessary, we see that for some U € E and any i € Z,
vx converges weakly to U in W 1-2(T;), strongly to U in L?(T;, R™) and pointwise a.e. to U on T} as
k — oo. Therefore V(x, vx) — V(x, U) pointwise a.e. The weak lower semicontinuity of the |Vu|? term
in J on bounded sets implies that for any p < g € Z,

q q
VU|?dx | <liminf Vo |2 dx ).
([, voras) <tmayS(f) o)

By Fatou’s lemma,
q q
V(x,U)dx ) <liminf V(x,vg)dx ).
Z(/T, (x,U) x)_llcn_1>10r<1) Z(/T, (x, vg) x)
I=p 1=p
Combining these inequalities yields
q q
Z(/ L(U) dx) < limian(/ L(vk)dx) <liminf J(vg) <c.
izp T; k—o00 izp T; k—o00

Letting p — —o0 and g — oo gives
JU) <c. (2.30)

Since limy _, oo |II§‘O| = 00, we see that
U —a" |lp2¢r; gmy < p for i <0. (2.31)

By (2.30), [[VU ||p2(r; gmy — 0 as i — oo. By the Poincar€ inequality, there is a constant b, independent
of i € Z, so that
IU =[UV | L2(r; wmy < PIVU 21, gmy — 0 as i — oo, (2.32)

where [U]’ is the mean value of U on T;. Since JoV(x,U)dx < o0, as in the proof of Proposition 2.14,
it follows that lim; _,oo[U]" = a~ or a*. Thus,

hm ”U —a_HLZ(Ti,Rm) =0 or hm ||U —a+||L2(Ti,|Rm) =0.
1—>00 1—>00

If lim; 00 U —a™ || 12¢7;, gm)y = O, this contradicts (2.29) since limg o0 |U — vk || 2(; gm) = 0 for
each i € Z. Consequently,
Lim |U —a™ |2, gmy =0 (2.33)
1—>00

and U e I'. This with (2.30) shows U is a minimizer of J in (2.1). It is clear that J(U) = ¢ > 0 and
Theorem 2.2 is proved. U
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If n =1, then D = @ and Q2 = R in the problem (PDE). Thus, in this case, (PDE) reduces to a
second-order Hamiltonian system of ordinary differential equations. Moreover, we get a much stronger
conclusion than Theorem 2.2:

Theorem 2.34. Assume n = 1. If V satisfies (V1)—(V3) with D = & and Q2 = R, then any minimizer U
of (2.1) is a classical solution of (PDE).

Proof. Since n = 1, the above Wlic’z bounds imply U is continuous. Its asymptotic behavior then shows
U € L*®(R,R™). Consider ¢ € Wlééz(R) having compact support in R and ¢ € R. Then for 0 < |¢| small,
U +tgp eI'. Consequently, J(U +t¢) > J(U) or

/ LWU+tp)—LU)dx>0 (2.35)
supp ¢
for all such ¢ and ¢. Hence
/ VU -Vo+Vy(x,U)-¢dx =0 (2.36)
Q

for all such ¢, so U is a weak solution of (PDE). But for n = 1, the weak form of (PDE) implies U is a
classical solution of (PDE). O

Remark 2.37. If the minimizer U of Theorem 2.2 lies in L*°(2, R™), the argument just given in
(2.35)—(2.36) shows U is a weak solution of (PDE) even for n > 1.

Remark 2.38. This existence result for n = 1 under (V;)—(V3) seems to be new. It generalizes earlier
such results, [Bolotin 1978; Kozlov 1985; Sternberg 1991; Rabinowitz 1989; 1993; 2012; Alikakos

and Fusco 2015], which get the existence results under slightly stronger hypotheses on V in terms of

smoothness and nondegenerate behavior of V' at the equilibrium solutions a*.

To conclude this section, as a corollary of Theorem 2.34, an explicit L°° bound for any minimizer U
will be given. The bound will be useful in Section 4. First some notational preliminaries are needed.
Since U = U(xy), writing ¢ for x1, by (2.1),

JU)=c= /(%|Ut|2 + V(. U))dt, (2.39)
R
o)
/ |Us|? dt < 2e. (2.40)
R

With p < 2|at —a™|, let

T(p) = {t € R| min{|U(t) —a” | |U(t) —a™ |} = p}.

By (V1)=(V3),
B(p) = inf{V(t,u) ! teR, min{lu—a |, lu—a™t|} > p} > 0.

Therefore by (2.39),
IR < [ Vevydr e, @41)
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Corollary 2.42. If U is a minimizer of (2.1) as in Theorem 2.34, then

2 2
1U oo < p+ maxtla™], |a+|}+( ) . (2.43)

B(p)

Proof. If ||U || Leo (g, rmy < max{|a~|, |a™}, the estimate holds. Thus we may assume that ||U || oo g gm) >
max{|a~|, |at|}. Then, the maximum of |U| is achieved at some z € R. If z ¢ T'(p), it follows that

U@)| < p+max{la™|.Ja"[}.

If z € T(p), we take & to be the closest boundary point of 7'(p) to z. Then, we see from (2.40)—(2.41) that

1Ull oo s = U] < U] + ' /g Us(s) ds

EIU(E)I+(|Z—§|/E |Ut<s>|2ds)2

<|U@)|+IT ()7 (2e)? < |UE)| + (/5( ))

Since |U(£)| < p+max{|a~|, |a™T|}, (2.43) now follows. O

Remark 2.44. Suppose that V' in Theorem 2.34 is modified for |u| > K so that the resulting function, V'*
still satisfies (V1)—-(V3) (for n = 1) and

inf{V*(t,u) | teR, min{lu—a~ |, Ju—at|} > p} > B(p).

Then the corresponding functional J* has a minimizer U* € T" and since V* (¢, u) = V(¢, u) for |u| < K,
minimizing sequences {uy } for J* can be assumed to satisfy J*(uy) < J(U). Consequently

J*(U*) < J(U) (2.45)

and (2.45) and the derivation of (2.43) show any minimizer U™* of the modified problem is also bounded
in L°° by K. Thus such a modification produces no new minimizers.

3. The regularity of the weak solution

The regularity of any weak solution U of (PDE) that minimizes J on I' will be discussed in this section.
The special case of n = 1 has already been shown in Theorem 2.34. Therefore it will be assumed that
n > 2 in what follows. Using standard terminology, a solution u of (PDE) and (BC) is called a strong
solution if u € ngc,z (). Our main result is:

Theorem 3.1. Suppose V satisfies (V1)—(Va).

(1) If 0 = Rx dD € C?2, then any minimizer U of (2.1) is a weak solution of (PDE) and (BC).
Moreover, any weak solution U € E of (PDE) and (BC) is a strong solution of (PDE) and (BC), and
U € L*=®(Q).
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Q) If Viy e CHQ X R™) and 9 € C3, then U € C*>*(Q,R™) for any a € (0, 1) and U is a classical
solution of (PDE) and (BC) with limy, 400 U(x1,%X) = a* uniformly for % € D.

Regularity results for weak solutions of a single second-order quasilinear elliptic partial differential
equation satisfying Dirichlet boundary conditions can be found in the literature; see, e.g., Chapters 8-9 of
[Gilbarg and Trudinger 1983]. However, we do not know of a reference for such a result for the system
(PDE) with (BC). Therefore for completeness we will provide a proof of Theorem 3.1 but postpone it
until Section 6.

4. Some generalizations

In this section, Theorem 2.2 will be generalized in various ways. First we will show that the growth
condition, (V4), can be bypassed when a geometrical condition that leads to an L°° bound for minimizers
of (2.1) is satisfied. Next the case of a more general domain €2 that is periodic in the x;-direction will
be treated. Then a perturbation result will be given. Lastly, the case when the potential V' has multiple
minima will be discussed briefly.

To begin the first result, for any set A € R™ and a > 0, let A% = {y € R™ | dist(y, 4) < a}.

Theorem 4.1. Suppose that V satisfies (V1) and (Vs), where:

(V5) There is a convex bounded open set O C R™ with 00 € C 2 such that

(1) there are two different points a~ and at in O such that V(x,a*) = 0 for all x € Q and
V(x,u)>0foranyu e O\{a",at}, x € Q;
(2) there is a constant § > 0 such that for the outward unit normal vector i = u(u) to 00,

Vix,u) <V(x,u+tu(u)) whenxeQ,uecdo,rtel0,§].

Then there is a weak solution, U € W, !> (2, 0)NT of (PDE) and (BC). If further, V, € C1(Q x R™) and

loc

dQ € C3, the solution U is a classical solution of (PDE) and (BC) with U € C%%(RQ) for any a € (0, 1)
with limy, - 400 U(x1, %) = a® uniformly for % € D.

As a first step towards proving Theorem 4.1, a projection map P : 0% — 0 = 0 UJO will be defined.
Taking a smaller § > 0 if necessary shows that for each u € (30)%, there exists a unique s(u) € 30 with
lu —s(u)| = minyeyo | —w|. This implies s € C1((30)?, 0). Define a projection map P : 0% — O
by P(u) =u foru € O and P(u) = s(u) € 30 foru € 0%\ 0. Note that if u € 0% \ O, then

u—s@) = |u—s@)|pn(s@)). (4.2)
Making 8 smaller if necessary, the implicit function theorem shows P : 0%\ O — 90 is C.
Next to prove Theorem 4.1, a property of the function s(u) is needed.
Lemma 4.3. If u € C1(Q,R™) and u(x) € 0% for some x € Q, then, for eachi =1, ... ,n,
du(x) d(sou)(x)

0x; 0x;

> ‘




A DOUBLE WELL POTENTIAL SYSTEM 1749

Proof. It is a well-known result that the function s is a contraction; that is, |s(z1) — s(z2)| < |z1 — z2| for
any z1,zp € 08, Thus, for y € Q2 close to x,

@) —u)| _ s@@)) —s@x))|
ly—xl ~ |y — x|
For y = x + he;, h € R, letting || — 0, we get the inequality. |

Proposition 4.4. For anyu € C1(Q2, 0%) N W2 (R, 0%), it follows that

PoueWl(Q,0) and J(P))<J(@).

loc

Proof. For each z € (30)%, there exists a unique s(z) € d0 with |z — s(z)| = miny o |z — w|. For each
z € 90, we have (z) is the outward unit normal vector to dO at z € d0. For each z € (30)%, we define
A(z) = |z—s(z)| for z € (30)%\ O,
—|z=s(z)| for z € (30)’ n o,
and

A—(z) = min{A(z), 0}.
Observe that

s€C1((30)%,00), 1eCY((00).R), peCl(30,R™),

and

z=15(z2) + A(2)u(s(2)).

For z = u(x) € (30)%, we see that

P(u(x)) = s(u(x)) + A (x) (s (x))).

Define
0 for A >0,

—(A? +82)% +¢& for A <O.

Approximating P(u)(x) by s(u(x)) + fe(A(u(x)))u(s(u(x))) and letting ¢ — 0 shows that P(u) €
WléC’Z(Q, 0), and for u(x) € 0%\ 0, we have VP (u)(x) = Vs ou(x), while for u(x) € O, we have
VP(u)(x) = Vu(x). Now Lemma 4.3 implies that |V P(u)| < |Vu/|. Thus

foh) = {

/Q|VP(u(x))|2dx§/Q|Vu(x)|2dx. (4.5)
Moreover, hypothesis (Vs) implies that

/Q V(x, P(u(x))dx < /Q V(x,u(x)) dx. (4.6)
Then (4.5) and (4.6) show J(P(u)) < J(u). O

Proof of Theorem 4.1. As a class of admissible functions, take

=u €< ux) e orx €, |Uu—a 2(7. mm)y —~> U, I — OOy,
ro° E |u(x) e 0’ f Q 2 mmy = 0.1 > £
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Define
c(0% = inf J(u). 4.7)
uel'(0%)
Since O is convex, it is readily seen that I'(0%) # @ and 0 < ¢(0%) < oo. Let {ux} C T(0%) be a
minimizing sequence for (4.7). By the density of C1($2, R™) N T(0?%) in T'(0?), we may assume that
{ur} € CHQ,R™)NT(0%). Since P is a contraction on O and is the identity map on O, for any
z€ 0% and w € O, we have | P(z) —w| < |z —w|. Thus

1P ) —a* | p2qr, mmy < lu—aF |2, gmy = 0. i — Fo0.

Hence Proposition 4.4 implies that { P (1)} is also a minimizing sequence for (4.7) which is contained in
Wléc’z (2, 0)NT(0?%). The proof of Theorem 2.2 shows that there exists a p(k) € Z such that a subse-
quence of {P(ur(- + (p(k),0,...,0)))} converges weakly in WI;C’Z(Q, R™), strongly in Lﬁ)C(SZ, R™)
and pointwise a.e. to a minimizer U € WléC’Z(Q, 0)NT(0%) of (2.1). Since U(x) € O for any x € Q
and O is bounded, by Remark 2.37, U is a weak solution of (PDE) and (BC).

Following the argument in the Completion of the Proof of Theorem 3.1, we get that if V,, € C! and
0Q e C3 then U € C%>*(Q, 0)NT and U is a classical (PDE) and (BC) with limy, 400 U(x1,X) = a*

uniformly for X € D. O
For our second result, as earlier, let e; be a unit vector in the positive x;-direction, 1 <i < n. Assume:

(1) Q C R x D for some bounded set D C R*~1, 9Q is a C3 manifold, and for all x € , we have
x+e € Q.

(22) Q is a connected set.

Define the functional J as earlier with this new choice of €2 and for i, j € Z with i < j, set T; =
xeQli<xi<i+1}and T/ ={xeQ|i<xi </}

Then we have:

Theorem 4.8. Suppose that V satisfies (V1)—-(V3) and 2 satisfies (21), (22). Let
I'h = {u ek } ||u —a:l:”LZ(Ti,Rm) —0,i — :EOO}

Then there is a U € I'1 such that
J(U) = inf J(u). 4.9)
uel'y

Proof. The proof of Theorem 2.2 uses Proposition 2.14 and Remark 2.19 to show that a minimizing
sequence {uy} satisfying the normalization (2.13) and the bounds given by Proposition 2.24 has a
subsequence which converges to a minimizer U of the functional J on I'. Since Proposition 2.14 and
Remark 2.19 can be proved in the same manner for a domain 2 satisfying (€21) and (£22), the proof
carries over to the present setting provided that the bounds of Proposition 2.24 are also valid here; i.e., if
{uy} is a minimizing sequence for (4.9), there is a constant M > 0 such that

||uk||Wl,2(Ti,|Rm) < M (410)

for all k € N and i € Z. We will show that this is the case. The proof uses the following result.
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Lemma 4.11. Assume that (21) and (22) hold. Then for any fixed k > 3, there exists a constant C > 0,
independent of i € Z, such that for any u € WI’Z(SZ, R™Yand jel{i+1,...,i +k—2},

loc
||u||L2(Tj,Rm) = C(||Vu||L2(Tii+k,Rm) + ||u||W1~2(T,-,[R’“) + ||u||L2(T,-+k_1,Rm))-
Proof. By a translation in Ze1, it suffices to show that there exists a constant C > 0 such that for any

ueWh(Q,R™)and j €{1,....k—2},

loc
lell 2z, momy < € (1VUll 2 gomy + Il L2 momy + 1l 27y o))
To the contrary, suppose that the inequality above does not hold. Then there is a sequence {w;} C

W2 (Q,R™) and j € {1,...,k —2} such that

lwill2(r; mmy =1 (4.12)
and

IVwill L2z gy + Nwill L2z memy + ¥l L2z oy =0 as T — oo (4.13)

Let Qé be a connected component of 7; and Q/ a connected component of Té‘ containing Qé. If
Q/ N (TyUTy_1) = @, then 7 is an isolated connected component of . But k > 3, so this contradicts
the connectedness of Q. Thus 7/ N (To U T—;) # @. Assume that Q/ N Ty # @. Then by the Poincaré
inequality, there exists ¢ > 0, independent of /, such that

lwr = [wiljl 2@/ wmy = cllVwillL2(@s gemy. (4.14)
where [w;]; = (1/]£2;]) fQ_,- wy dx. Since limj_ o0 |wy || 2(7;,,gm) = 0 and
lwr = [wiljll L2/ nre.rmy < lwr —[wiljllL2@i gmy < cllVwillL2i gm)
< el Vwil gt .
(4.13) implies that lim;_, o [w;]; = 0. Then (4.14) shows that
lwill L2 (gf gomy = lwillL2(@s pmy >0 as [ — o0,

If Q/ N Ty # @, we obtain the same conclusion. Thus, for each connected component o , we have
lim;_, o0 ||w; ||L2(96,Rm) = 0. This implies lim; o [|wi |2 (7, gy = 0, contradicting (4.12) and com-
pleting the proof. U

Now, we argue as in the proof of Proposition 2.14. Since Proposition 2.14 and Remark 2.19 hold for

a domain 2 satisfying (£21) and (£25), there exists L € N, independent of k, such that the number of
elements of

A ={i eNllug —a” |l p2qr wmy = oo llug —a™ [l 2z, omy = 0}

is bounded by L for each k € N. Note that if i ¢ A,

-1 1
kN2 (7, mmy < p+max{la™ |, |a™ |}|To|2.
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Then, applying Lemma 4.11, we get the boundedness (4.10). For the completion of the proof of
Theorem 4.8, we follow exactly the same argument as in the Completion of the Proof of Theorem 2.2.
Then, we get a minimizer U € I'y of J. O

As a consequence of Theorem 4.8 and Theorem 3.1, we have:

Corollary 4.15. If in addition to the hypotheses of Theorem 4.8, (Vy) is satisfied, Vy, € C1(Q x R™) and
0Q € C3, then U € C%*(Q,R™) for any o € (0,1) and U is a classical solution of (PDE) and (BC)
with limy, > +00 U(x1, X) = a* uniformly for X € D. If V satisfies (Vs), then (PDE) and (BC) possess a
solution U € C**(Q,0)NT}y.

Theorem 3.1 and Corollary 4.15 require condition (V4), which allows us to get an L°° bound for the
solution. When n = 1, condition (V4) is not required; conditions (V7)—(V3) suffice. Next an example
will be given showing that a PDE perturbation of that case without any further conditions other than
VecC? gives classical solutions of (PDE) and (BC). Thus consider (PDE) and (BC) for n = 1. To better
distinguish between the cases of n = 1 and the general case, set

Lo = {u € W 2(R.R™) | [lu —azxll 2 i 1gmmy — 0. +i — 00}

loc

and
Jo(u) = /(%le |2 + V(x1, M)) dxy.
R
Then in Section 2, it was shown that
co = inf Jo(u)
uely

has a minimizer, Uy = Up(x1), which is a classical solution of (PDE). With the same choice of V, take
any bounded domain D C R”~! with Q@ = R x D and I as in Section 2, J as in (1.2) and ¢ as in (2.1).
Note that Uy € T" so J(Up) = |D|Jo(Up) > c.

Proposition 4.16. J(Up) = ¢ and any minimizer U € C>%(Q) N L () of (2.1) depends only on xy.

Proof. Let {u; } be a minimizing sequence for (2.1). Write x = (x1, X) for x € R" and fix k € N. Then
by Fubini’s theorem, there exists a set Ay C D with |Ax| = |D| such that for any x € Ay,

/Q(%IVuk(m, R+ Vixr.ug(x1, £))) dxy < oo. (4.17)
Therefore by Proposition 2.3, there exist e;f (%) € {a~,a™} such that
. A + A
i_lgfinoo g (-, X) — e (Ol L2 i +1,rm) = 0- (4.18)
We claim that e,:c': (%) = a® for all & € Ay. Indeed for each i € Z, set

@) = /[ |l D =P dn,
i,i
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Then each function fijE is measurable on D and by Fubini’s theorem again,

lim /f,.i(;e)d)e= lim /f lug(x1, %) —aT |2 dx1 d 3
D D J[i,i+1]

i—+o0 i—>to00

= lim |juy —a® =0
dim vk lz2(1;)

since u; € I'. But fl.jE (X) >0, so fl.jE — 0in L'(D) as i — #oo. Hence there exist subsequences

i /.i — +00 such that

fli (X) >0 forae. x €D. (4.19)
J

Comparing (4.19) to (4.18) shows the existence of a set By C Ay, with |By| =|Ax| = |D| and ekﬂ: (%) =a*
for all X € By. Defining B = (), Bk, we have |B| = |D|, and for any X € B and k € N, we have

up(+. %) e WA (RR™) and  lim Jug(-, %) —a® |24 17.0m) — O-
i—*+o00
This implies that for each X € B, we have uy (x1, X) € I'g. Therefore, for each X € B,
Jo(ui (-, %)) = Jo(Up). (4.20)

Integrating (4.20) over D then shows J(uy) > J(Up), which implies J(Up) = c, yielding the first part of
the proposition.
For the second part, suppose that ¢ is attained by U € C2%(Q2) N L>(R2). As in (4.20), for a.e. £ € D,

Jo(U(-., X)) = Jo(Uo).
Since J(U) = c, this implies that for a.e. X € D,
Jo(U(-, X)) = Jo(Ubp).

Then, for a.e. X € D,

02U(xq1, X A
FOCLD _y, (o1, Uxr. #)) =0,
0xy
This implies that
92U(xy, %
AU zAU—%zO for any x; € R;
X1

i.e., U(x1, X) as a function of X is harmonic. Thus using the boundary condition (BC) shows that U(x1, X)
does not depend on x € D. This completes the proof. O

Now the perturbation result can be formulated. Suppose:

(Vo) For some &g > 0, there exists a function W € C1((—¢, ) x Q x R™) such that for each ¢ € (—&, o),
W (e, -) satisfies (V1)—(V3) and W(0, x,u) = V(x1, u).
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For |¢| < &9, consider the family of equations

—Au+ Wy(e,x,u)=0, xeQ, 4.21)
with boundary conditions
ad
P _0 onog. (4.22)
av

Then we have:

Theorem 4.23. Suppose (Vy) is satisfied and 2 € C 3. Then there is an g1 € (0, £g) such that the problem
(4.21)—(4.22) has a classical solution U, for each |e| < €.

Proof. Let ug be any minimizer of Jo on I'g. Then (2.43) provides an upper bound K for [[ug || z.co g,rm)
and any such ug. To obtain the solutions Ug, the family of functions W(e,-) will be truncated. Let
Wk € C((—e, &) x Q@ x R™) satisfy (Vo) with

(1) Wk (0, x, u) independent of x,

(2) Wk(e,x,u) = W(e, x,u) for |u| <2K,

3) |(Wk)u(e, x,u)| < K; for some constant Ky,

(4) liminf},| o0 Wk (e, x,u) >V > 0 uniformly for x € Q and |¢| < &o,

5) inf{WK(O,x,u) | t €R, min{flu—a”|,|u—at|} > p} > B(p),

where B(p) = inf{V(xl, u) | x1 €R, min{|lu —a~ |, |lu—at|} > p}. It is straightforward to construct
such a family of functions. By (V) and Theorem 2.2, the functional

JE,K(M)E/ (%|Vu|2+WK(8,x,u))dxz/ Le x(u)dx,
Q Q

corresponding to (4.21) with W replaced by Wk has a minimizer U, g € I' for each |¢| < g9. By (3) of
the properties of Wx and Theorem 3.1(1), there is a constant M ; that is independent of ¢ but depends
on K such that

1Us, & | oo (,m) < M 1.

Thus by Theorem 3.1(2), each component of Ug g can be viewed as a C 2, (2, R) solution of a linear
elliptic equation of the form
—Av=f, xeQ,

with dv/dv =0, x € Q2 and f € L*°(2, R). Applying the ngc’q estimates for such equations gives a
constant M, > 0 that is independent of ¢ but depends on K such that

[ Ua,K ||W2.f1(Q,[R) < ]\72.

Taking ¢ > n and applying the Schauder estimates for each component yields a constant M > 0 that is
independent of ¢ but depends on K such that

”US’K”CZ.&(Q’RWI) S M (424)



A DOUBLE WELL POTENTIAL SYSTEM 1755

Thus, Uy, k is a classical solution of (4.21)—(4.22). It can be assumed that the functions U g are normalized
as in (2.13). We claim there is an &1 € (0, go] such that for |¢| < &1, we have ||Ug g || o0 (@,rm) < 2K. If
s0, Wk (e,x,Ug k(x)) = W(e, x,Ug x(x)) and U, g is the desired solution of (4.21)—(4.22) for |e| < &1.
To show that such an &7 exists, suppose that there exists &; € (—&g, £9) with lim;_, o &7 = 0 such that

limsup | U, k||oo (2 rm) = 2K. (4.25)

[—o00

By (4.24), it can be assumed that Uy, g converges in CI%)C(S_Z, R™) to a solution U* of (4.21)—(4.22) for
¢ = 0. Due to equations (4.21)—(4.22) again, the convergence is in Cliéa (2, R™) so by (4.24),

1U* [l c2.0(q mm) < M. (4.26)

Suppose for the moment that U* minimizes Jo g on I'. Then by Remark 2.44, ||U*||poo(@,rm) < K and
(4.26) is in contradiction to (4.25). Hence ¢; exists and the theorem is proved.

It remains to verify that U* minimizes Jo g on I. As a first step, let w € C (R, R™) with w(t) = a~
for t < —1 and w(t) = a™ for t > 1. We define w(x1,%) = w(x1). Then there is a constant M

independent of ¢ but depending on K such that
Je.k (W) < M. 4.27)

Thus Jg x (Ug,x) < M; for |e| < g9. Now for any R > 0, due to the Cl(l)C convergence of U; g,

/ Lo,k (U*)dx = lim Lek(Ugk)dx <M.
[-R,R]xD &0 J[—R,R]xD
Thus letting R — oo shows
Jox(U™) <M. (4.28)
By (4.28), as |i| — oo,
/ Lo.x(U*)dx — 0. (4.29)

12

Due to the bounds (4.26) and the Poincaré inequality,

IU* —aE w12, gy = 0, |i] — 0. (4.30)
Employing the bounds, (4.26) again with (4.30) and an interpolation inequality shows

IU* —a®|ci (g, gy — 0. i — Foo. (4.31)

The estimate (4.31) also holds for any u¢ minimizing Jo g on I'. Let o > 0. By (4.31), there is a
q = q(0) € N such that for u = U™ or u = uy,

lu—a®llcir, gy <0, +i>gq. (4.32)

By (4.28) again, by taking ¢ larger if need be, it can be assumed that

/ Lo.xk(U*)dx <o and / Lo.x(ug)dx <o. (4.33)
{lx11=g+1}xD {lx11=g+1}xD
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Next observe that U *, being a limit of minimizers, possesses a minimality property. Indeed since Uy g
minimizes J, g over T, for any ¢ € W12(Q, R™) having compact support,

L(LS,K(Ua,K +¢)— Ls,K(Ua,K)) dx = / (Ls,K(Us,K +¢)— Ls,K(Us,K)) dx>0. (4.34)
supp ¢

Thus taking ¢ — 0 in (4.34) yields
/ (LO,K(U* +¢)— LO,K(U*)) dx > 0. (4.35)
supp ¢

Taking ¢ = q(0), choose ¢ = f;, where

ug—U* for |x1] <gq,
(x1—q—DU*—ug) forqg<x;<qg-+1,
(=g —1=x)(U* —ug) for —g—1=<x1 <—q,
0 for |x1|>q+1.

fq(x) =

With this choice of ¢, (4.35) becomes

/ Lo,k (uo) dx+/ Lok (U* + fg)dx z/ Lox(U*)dx. (4.36)
[—q.9]1xD T_g—1UT, [—g—1,g+1]xD

The choice of f; and (4.32) show

| Lex@ s fpdx =y
T_4q—1UTy
where y(0) — 0 as 0 — 0. Recall that by Remark 2.44 and Proposition 4.16,
co,x = inf Jo g(u) = inf J(u) =c.
uel uel
Consequently, letting 0 — 0, ¢ — oo and (4.36) implies
¢ =J(uo) > Jox(U™) > co.x

and Theorem 4.23 is proved. O

Remark 4.37. One can also allow for perturbations of the domain in the setting of Theorem 4.23. For
example, with a condition like:

(R0) For some g > 0 and each |¢| < g¢, there is a domain 2, C R”, where Q2 satisfies (£21)-(£23), the
map & — 2, is continuous, and Q¢ = R x D.

To conclude this section, we will briefly mention the case of (V>) replaced by:
(V) There are points a' € R™ such that V(x,a’) =0, 1<i <s, forall x € , and V(x, u) > 0 otherwise,

i.e., V is a multiwell potential. Existence and multiplicity results for such multiwell potentials and even
infinite well potentials have been studied, e.g., in [Montecchiari and Rabinowitz 2016]. Using the methods
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of this paper, such treatments can readily be extended to the current setting. For example, suppose that V'
is an s-well potential and set
A={d',... a%}.

Then it is straightforward to show:

Theorem 4.38. Suppose that V satisfies (V1), (V), (V3), (Va), Vu € CL Q=R xD withD CR" 1 a
bounded open set and 9D a C3 manifold. Then:

(1) Forany a’ € A, there exists ana’ € A withi # j and corresponding classical solution Ui,; of (PDE)
and (BC) such that U;; is heteroclinic in x1 from a' toa’ and Ui,; minimizes J over the set

{ucE }kli:lloo lu—a' | 27, o) =kli)n;o lu —a’ || 2(7, gmy=0 for some j #i}.

(2) For any al,al € A, with i # ], there exists a (minimal) heteroclinic chain of solutions U p,,
Up,,p»+---+Up,,j of (PDE) and (BC), where Uy ; are as in (1) and the integers i, p1...., ps, J are
distinct. Moreover, if

where

L= {u ek ‘ [lu —ai||L2(Tk,Rm) —0, k— —o0; ||u —aj||Lz(Tk,Rm) -0, k— oo},
then
¢i,j =JWip)+-+ J(Up,,j)

5. Multitransition solutions

In this section, it will be shown how the approach of [Montecchiari and Rabinowitz 2016] can be mirrored
to construct multitransition homoclinic and heteroclinic solutions of (PDE). More precisely, we seek
solutions of (PDE) that as a function of x; make multiple transitions between small neighborhoods of a™
and a™. In order to find such solutions, we need a mild nondegeneracy condition on the set of minimizing
heteroclinics given by Theorem 2.2. To make this precise, we replace I' by I'(a—,a™) and ¢ by c(a™,a™).
Thus interchanging the roles of a~ and a™ gives us I'(a*,a™) and c(a™,a™). For £ € {a™,a™}, and
nefat.a”}\{§}, set
ME m={uelEn|Jw) =cE )}

Define

SE.n) = {ulr, [ue M(E, n)}
and put the W 12(Ty, R™) topology on this set. Then we have:
Proposition 5.1. Suppose V satisfies (V1)~(Va), Ve € C1(Q x R™) and 9Q € C3. Then

(1) S n) =SE nULETU ),
(2) S(&,n) is compact.
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Proof. Due to the asymptotic behavior of the members u of M(§, n), we know u(xy + j,x2,...,Xn)
converges in LZ(Tp, R™) to n as j — oo and to £ as j — —oo. Then, by the L> uniform boundedness
of minimizers U € S(£, n) in Proposition 6.2 and elliptic estimates, we see that {£} U {n} € S(&. n).

Let {w;} be a sequence in S(§, n). Then the proof of (1)—(2) is complete if a subsequence of {w; }
converges to a member of S(&, n) U{§}U{n}. If a subsequence of w; converges to & or 1, we are done. Thus
suppose this is not the case. For any j, we have w; = W;|r,, where W; € M(§,n), so J(W;) =c(§,n).
By Proposition 6.2 and elliptic estimates, there exists K > 0 such that ||Wj||c2.e(q gm) < K. Then, a
subsequence of W; converges in Clﬁc(Q, R™) to a function W € E N C?(22,R™) and W is a classical
solution of (PDE). In particular w; — w = W|r, # &, n. Since for each p < g € Z,

q q
> [ Lwyar= tim 3 [ Lowax = s = e,
i=p° i i=p~"!

letting ¢, — p — oo shows
> [ Lovyax=son) <. 52)
iez ! Ti
Equation (5.2) and (V) imply there are points £* € {€, n} such that | W —£* lL2(r; gmy — 0 as i — %00,
respectively. We must show £~ = £ and £ = 1. Arguing indirectly, suppose that £~ # &, so £~ = 1.
Let ¢ > 0. Then there is a negative integer io = ig(¢) € Z such that |W —nly1.2(7, gmy < € for all
i <io+2. Forlarge k = k(ip) and i € {ip—1,...,io + 2}, we have || Wi — nlly1.2(1, gm) < 2¢. Define
Jie € T'(§.n) by

Wy for x1 <ip—1,
(x1—io + Dn+ (o —x1) Wi for ip — 1 < x1 <o,

fe=14n for ip < x1 <ip+1, (5.3)
(x1—io— D)W +(2+io—x1)n for ip+1=<x1 <ip+2,
Wi for ip + 2 < x1.

Note that
(W) — I ()] = ‘ / (LW = L(fe) dx| < (o). (5.4)
U2 T;

i=ip—1

where k(¢) — 0 as ¢ — 0. Therefore by (5.4),

c.n) =JWe) = J(fi) —K(e). (5.5)

Further define functions gz € I' (&€, n) and Ay via

for x1 <ip,
or = {f" _ (5.6)
n  for x1 >io,
f <i 1
b =11 orstot (5.7)
Jk  for x1 >ip+1,

so by construction,
J (i) = J(gk) + J (). (5.8)
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By (5.5) and (5.8),

c(§.n) = J(gk) + J(hi) —x(e) = c(§.n) + J(hi) —k(e).
Thus, we get
k(e) = J(hi) = L(fi)dx = L(fx)dx. (5.9)
i=i20—:|-1 fTi igo/Ti

where the last inequality follows since ig is negative. But on Ty, we have f; = wx — w in W12(Ty, R™)
as k — oo and w # a+. Therefore |. TOL( fr) dx > w > 0 for all large k. Since the left-hand side of (5.9)
goes to 0 as ¢ — 0, we have a contradiction. Thus £~ = £. Similarly, £ = 5 and the proposition is
proved. O

Next define C¢ (&, 1) to be the connected component of S(&,n) to which & belongs and define Cy (€, 1)
similarly. Then the following alternative holds.

Proposition 5.10. One of the following items holds:

(i) Ce(§.m) =Cy(&. )5
(ii) Cg(§.m) = 1€} and Cy(§, 1) = {n}.
If (ii) holds, there exist nonempty disjoint compact sets Ke(§,7n), Ky(§,n) C S(&,n) such that

(@) £ € Ke(§,m), ne Ky(&,n),
(c) dist(Kg(&,m), Ky(§,m) =5r(&,n) >0.

Proof. The proofs of these statements are exactly the same as their counterparts in Proposition 2.43 of
[Montecchiari and Rabinowitz 2016]. O

Remark 5.11. Note that Proposition 5.10(i) occurs if V' is independent of x;.

To continue, we assume that the nondegeneracy condition, alternative (ii) of Proposition 5.10, holds for
both C¢ (&, 1) and Cg(n, £). Since the arguments are very close to those of [Montecchiari and Rabinowitz
2016], we will give the proof for the simplest case of two transition solutions and merely set up the
variational problem that finds the multitransition solutions as local minima of J, referring to [Montecchiari
and Rabinowitz 2016] for further results and details.

Recalling the definition of p given after (2.12), by Proposition 5.10,

F =min(p,r(a—,ay),r(ay,a-)) > 0.
Define the set

AE ) ={ueTEn | lu—Ke& 0wz mm =7 or lu— Ky w2y gm =7}
and

dn) = ue}\né’n) J(u). (5.12)
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Arguing as in the proof of Proposition 2.47 of [Montecchiari and Rabinowitz 2016] shows

d§.n) > c.n). (5.13)
To set up the variational framework to find the simplest two transition solutions of (PDE) and (BC),
following [Montecchiari and Rabinowitz 2016], let m = (m1,...,my) € 7* and | € N be such that

mi+2 <my—2l <my+2l <msz—2l <msz+2 <my—2I.
Finally define
As = Ax(m,l) = {u € E | u satisfies (5.14)},

where
Ny (Kq_(a—,a4)), j<mp+l,

Ny (Kay(a—,ay)), ma—1=<j<my+lI,

c+J € 5.14
AT €\ N Ky (@san). ma—1=j <my+l, 19
Nr(K(l_(a-F’a—))’ m4_l S]
Here N, (A) = {u € W2(To, R™) | disty1.2(7, gmy(u, A) < r} for any A ¢ WL2(ToR™).
We seek 2-transition solutions as minima of J on A4,. Define
by = by(m,l) = inf J(u). (5.15)
ucAs

Theorem 5.16. Suppose (V1)—~(V4) are satisfied and that Proposition 5.10(ii) holds for Ce (&, ) whenever
£ #£nefa—,a4}. There exists an mo € N such that if | > mo and mj+1 —m; — 6l > mg fori =1,2,3,
then

M(by)={uec Ay | J(u) = by} # 2.

Moreover, any U € M(b3) is a classical solution of (PDE) satisfying (BC) and ||U —a—|| w121, mm) =0
as p — too.

Proof. Let {uy} C A, be such that J(ur) — bp. Arguments similar to the ones used to prove
Propositions 2.14 and 2.24 show that {|[ug | 1.2(7; gm)}iez, ken is bounded. Then, along a subsequence
(denoted again by {uy}), ur — U weakly in E. Since A, is weakly closed, we have U € A, and J is
weakly lower semicontinuous, so J(U) = b,. Since J(U) < +o0,

distyr12(7, gy (U, {a—, a4+}) >0 as p — +oo,

and by the definition of Ay, it follows that lim4 o0 |U — a—|lw1.2(7, gy = 0. To show that U is a
classical solution of (PDE) satisfying (BC), the arguments of Section 3 can be applied here once we have
verified that U is a weak solution of (PDE), i.e.,

/VU-Vgo—I—Vu(x,U)'godx:O for any ¢ € Cg°(R", R™). (5.17)
Q

To verify (5.17), it suffices to show that if m is large enough, U satisfies the inequalities defining A, with
strict inequalities. Towards this end, define K1 =K,_(a—.,a+), Kx =K, (a—,a+), K3=K4 (a+.a-),
Ki=K,; (a+,a-),anda;=as=a—_, ap =az=a. If U does not satisfy one of the inequalities defining
Ay with strict inequality, then
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(x) there exist integers j € {1,...,4} and
(—oo,m1+1]NZ if j =1,
pi€mi—Ilmi+1)NZ ifl<j<4,
[mga—1,+00)NZ if j =4,

for which

r= diStwl.Z(To,Rm)(U(' + Pj€1)|Tov KJ)

We show here below how () is not possible if mg is large enough. The arguments are slightly different

depending on whether j = 1,4 (the “boundary” case) or j = 2, 3 (the “interior” case). We will show

here how to get a contradiction only for the interior case, the other being very similar (and simpler).
Assume that for some j € {2, 3} there exists a p € [m;—1,m;+1) such that

r=disty1.2¢7, gy (U(- + pe1)lr,, Kj) (5.18)
Let ¢ € (0, 7). First note that if m¢ is sufficiently large then
by <c(a—,a4+)+clay,a-)+2 (5.19)

independently of the choice on m — see the simple argument at the beginning of the proof of Proposi-
tion 3.29 in [Montecchiari and Rabinowitz 2016]. Moreover, taking mg larger if need be, observe that for
any j €{l,...,4} there exists (; € [m; —] +2,m; + 1 —2) N Z such that

U —ajllwr2cr, gmy <& fori €y =2, +2]NZ. (5.20)

Indeed, suppose for every X; = U;;zl—z Ty C [m; —1,m; 4+ 1] x D, there exists 7; C X; such that
U —a; ||W1,2(Tj’|Rm) >¢e. Since U € Ay, it follows that diSth.Z(Tj’Rm)(U, {a—,a+}) > e. Then, the

argument in Proposition 2.14 shows ij L(U)dx > B(g) > 0. Therefore

by = J1(U) = 521 + 1)B(e) = 3mop(e),

which is in contradiction with (5.19) for large values of my.
By (5.20), there are integers i— € (m/f_1 —1+2, mj_, +[l—2)andi4 € (m/r_‘_1 —1+2, msq +1-2)
and corresponding regions X;_ and X, such thatif 7; C X;_ and T} C X;_, then

WU —a;_ilwizqmm <& and |U—ajillwizmrm <e (5.21)

Define
a;_y for x1 <i_,
f=1U fori—+1<xy<iy—1, (5.22)
a]T_H for iy <xq,

with interpolations as in (5.3) in the other regions.
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By construction, f € F(aj_l,ajH) and since f = U on T, by (5.18) we have f € A(af_l,aj+1).
Then, by (5.13) and (5.22),
d(aj_l’aj.;_l) <J(f)

§/i N L(U)dx+/ L(f)dx—i—/ L(f)dx
U,-t.;.l T; Ti_ Tiy—1
< / P2 L(U)dx + 2k (e). (5.23)
isy1 Ti
If mg is large enough, there exists u € M(a o145 +1) such that

lu—a;_ylwr2q,mm <€ foranyg<mj_,+I,

lu—aj; w2, mmy <€ foranyg=m; -1

Define
U for x1 <i_ -2,
a;_y fori_—1<x1<i_,
d=<u for i 4+1<x; <iy—1, (5.24)

a]T+1 for i+§x1 §i+—|-1,

U for x; > iy +2,
making the usual interpolations in the remaining regions. Observe that ® € A,. Consequently, with the
aid of (5.23), we obtain

0§J(<I>)—J(U):/,. . L(®)—L(U)dx
Uii[__z Ti
5/;' 3 L(u)dx+21<(e)—[i L(U)dx
iii_l+1 T; Uii?—_l—z T;
sclaj_yajyy)—dlag_y.azy)+4ac(e).
a contradiction to (5.13) if 4x () < d(a 7—1’aj+1) — c(ajf_1 , ajrﬂ). An analogous argument leads to a

J
contradiction in the boundary case. Thus (*) cannot occur and the theorem is proved. O

Remark 5.25. Varying the values of m, Theorem 5.16 provides the existence of infinitely many 2-transition
solutions of (PDE) homoclinic to a—. Reversing the roles of a_ and a ., an analogous result is obtained
giving infinitely many solutions homoclinic to a .

As in [Montecchiari and Rabinowitz 2016], Theorem 5.16 can be generalized also to the case of
k-transition and infinite transition solutions. We state here the case of k-transition solutions referring to
[Montecchiari and Rabinowitz 2016] for more details.

For k € N, let {ai, ..., as} € {a_,ay}** be such that

air #ax =az# -+ # gk = dof—1 7 Aok-
Consider also the family of sets {K1, ..., Ko;} defined as

Kyj—1=Ka,;_(azj—1,a2j) and Kjj = Kg,,(azj—1,a2j), j=1,...,k.
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Given/ e Nand m = (my,...,my) € 72%¢ with mj—mj_1>2lfor j =2,...,2k, consider the set

A(k,m,l) ={u € E | u satisfies (5.26)},

where
N# (K1), pe€(—oo,mi+1)NZ,
u(- +pe)lry € yN#(K;), pelm;j—I,m;+1)NZ,2<j<2k—1, (5.26)
N7 (Kak), p€lmy—1,+o0)NZ,
and let
by =bk,m,l) = inf J(u). (5.27
ucA(k,m,l)

Theorem 5.28. Under the hypotheses of Theorem 5.16, there is an mgy € N for which if k € N, [ > my
andmjs1—m; —6l >mg fori =1,...,2k —1, then

M(br) = {u € Alle,m, 1) | Ju)=b(k,m,1)} # 2.

Moreover, any U € M(by) is a classical solution of (PDE) satisfying (BC).

6. Proof of Theorem 3.1

In this section the proof of Theorem 3.1 will be carried out. It is similar to the proof of the corresponding
scalar case. The proof consists of several steps. First note that since (V1)—(V3) are satisfied and Q2 =
R x 0D € C1, by Theorem 2.2, there exists a minimizer U € T" of (2.1). For any ¢ € WI;C’Z(Q) with

compact support in Q and ¢ € R, we see that U +t¢ € T. Since V(x,-) € C1(R™) for each x € Q and
(V4) holds, lim;—o(J(U +tp) — J(U))/t exists. Since J(U) < J(U + tgp) for any t € R, we see that

. JWU+19)—J(U)
lim =

t—0 t

This implies that U is a weak solution of (PDE) and (BC).
Now two rather technical steps are required and will be stated as separate propositions. The first

/ VU -V + Vyu(x,U)pdx = 0.
Q

provides an L°° bound for any weak solution U of (PDE) and (BC). When m = 1, such results are well
known; see, e.g., [Gilbarg and Trudinger 1983]. In general, they are not true for systems, but we will show
that due to the semilinear structure of (PDE) and (V4), variants of arguments in [Gilbarg and Trudinger
1983], that in turn go back to work of Moser, can be modified to treat the current setting.

Note that for any U € E, there is a constant M4 > 0 depending on U such that

|VU|2dx+sup/ |U?dx < Mj. (6.1)
Q T;

i€z
Proposition 6.2. Suppose V satisfies (V1)—~(V4), and that 92 = R x 9D € C L. Then for any weak solution
U € E of (PDE) and (BC), there exists a constant M5 > 0 depending on U such that

|U || Loo(,rm) < Ms.

If U is a minimizer of (2.1), M4 and M5 are independent of U.
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Proof. First observe that by Proposition 2.24, M4 can be chosen independently of U if U is a minimizer
of (2.1). Let n € C(R, [0, 1]) have compact support. Then 71 extends to a C !-function on 2 by defining
n(x1,...,xn) =n(xy1). Foreacho > 0and i = 1,...,m, define a function U? by U? (x) =U;(x) if
|Ui(x)| <o, by U? (x)=0 if Uj(x)>0 and by U? (x)=—0 if Uj(x)<—o0. If U = (U1, ..., Up), set
U°=(U7....,Up). Let B > 0 and take ¢; = anj|Ujf’|2‘3, 1 < j <m. Then, taking ¢ = ¢;e;, with ¢;
the j-th unit vector in R™, we see that ¢ € WI;C’Z (£2) and the support of ¢ is compact. Thus, (1.1) implies
that for 1 < j <m,

/ VU; - V(U (U *P) + Vi, (x, U)n?U; [UZ 2P dx = 0. (6.3)
Note that "’
VU; - VPU;UF PP
= 1P \U7 PP IVU; 2 + 2812 U |UF PPV U; - VIUT | + 20U U7 PPV U - V. (64)
Observing that the middle term on the right in (6.4) satisfies
280U, |US PPV, - V(U | = 0, (6.5)
substituting (6.4)—(6.5) in (6.3) and using (V4) shows for some constant C, > 0, independent of o, J, 8,
/Q U7 PP VU, dx < 2/9 n|U; [|UP 1P |V U; ||V dx+c2/9 U [|UP [P (14+|U|P) dx. (6.6)
Simplifying the right-hand side of (6.6) gives
/Q n?|U° 12|V U; | dx

1
= E/anlUJUPﬂWUdeX—FS/;Z |UJ|2|UJU|2/3|Vn|2dx+C2/Qn2|UJG|2ﬂ(|Uj|+|U|p+1)dx
Hence there is a constant C3 > 0, independent of o, j, 8, such that
/ n?|U7 2P |VU;|? dx

Q
= C3/ [+ 1VnlLeo)* (U | + U DIUZ PP + 2 luf PP lu 1Pt dx. (6.7)
QNsupp(7n)

Since
2
VU IUP 1P)|* <208 + D22 U PP |V U; 1+ 2(U)2 | UP 1P | v 2,

using this estimate in (6.7) shows there is a constant C4 > 0, independent of o, j, 8, such that
[ 1 GU g IR + R PUp PP dx

< Ca(B+1)? /Q - )[(1 +IVilLe)2(1U; | + U PDIUP PP + 2 |UP PP U P+ dx. (6.8)
supp(n
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Due to the Sobolev inequality and (6.8), there exists a constant Cs > 0, independent of o, j, 8, such that

n—2

(fawpeena ax) "
Q

=GB+ 1)2/ [+ [ VnlLo)2|U; PIUZ P2 + 2 Uf PP U P+ ] dx
QNsupp(n)

=M(j,o,pB). (6.9)
Suppose for the moment that n > 3. Define 1 by

2n
n—2
The restriction on p in (V4) implies B > 0. By this choice of 1, (6.1) and the Sobolev inequality,

21+ D) +p—1=

M(j, o, B1) is bounded independently of 0. Consequently letting 0 — oo and choosing 7 so that n(x1) =1
for |x1 —i| <, (6.9) shows there is a constant K = K(f1,[) such that for each [ > 1,

/ (U5 dx < K(Br, 1) (6.10)
QN{jx;—il<l}

independently of i. For t € N with ¢ > 2, define 8; via

2(,3t+1)+P—1:2(,3t—1+1)n_2

and repeat the above argument, obtaining
/ (U P+ dx < K(By—1,1 +1—1) 6.11)
QN{lx—il<l}

independently of i. Since 8;+1 — B =n/(n —2)(B; — Br—1) and B2 — B1 > 0, it follows that §; — co
as t — 00. Thus for each fixed ¢ >0and [ > 1,

/ U dx
Qn{lx—il<l}

is bounded independently of i, the bound depending on ¢, n, M4 and the constants in (V3).
Now the Moser iteration argument will be used to get the L.°° bound of the proposition. Returning to
(6.9), our above observations show there is a constant Cg > 0, independent of 7 and 8 > 0, such that

n—2

(/ (n2|U|(2ﬂ+2))nizdx) n
Q

s@w+N/ [(1 4 [Valze)?(+ UDIUPEH 4 2| U PEH2 71 dx. (6.12)
QNsupp(n)

Consider the last term in (6.12). Let & > 0. Note that

/ ?72|U|ZB+2+[7—1 dx=/ 02|U|23+2+p—1 dx+/ n2|U|2ﬂ+2+p—1 dx511+12’ (613)
QNsupp(n) Ry R>
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where Ry = {x € Q Nsupp(n) | |U| <h} and R, = {x € Q Nsupp(n) | |U| > h}. Then

L §h1’_1/ n?|U*P+2 dx. (6.14)
Q

By Holder’s inequality,

2 n=2
I, < (/ |U|Mp=D/2 dx) (/ (?|UPP+2ya= dx) = I51,. (6.15)
R> Q

Noting that %n( p—1)<2n/(n—2) and setting d = %( p — 1)(n —2), another application of Holder’s
inequality implies

n d
17 < |Ry|'™ (/ |U |2 (=2) dx) . (6.16)
R>
Since
Rl = |{x € @ Osupp(n) | U] > W} <h20/02) [ jupnie2ay,
QNsupp(n)
(6.16) can be rewritten as
4(1—d) on g
I3 <h™ "n—2 (/ |U|n—2 dx) . (6.17)
QNsupp(n)

Combining (6.13)—(6.17), (6.12) becomes

n—2

(/ (n2|U|25+2)n£2dx) n
Q

< Cs(B+ 1) / (1 + [ValLe2 (U PE* + U PB+2) dx
QNsupp(n)

+Co(B+ 1)2[h1’—1 / PIURE+ dx
Q

2 n—2
+h (/ U |2 dx) (/ (P |U 2B +2) i dx)
QNsupp(n) Q

Using the freedom in the choice of &, we require that

2
Co(B+ 1)°h "% (/ U dx) —1
$2Nsupp(n)

n n\ #(1=d)
h=(2C6(ﬂ+1)2(/ U |22 dx) ) :
QNsupp(n)

]. (6.18)

or equivalently
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This makes the coefficient of the last integral term in (6.18) equal to % so it can be absorbed on the
left-hand side of the inequality (6.18). Thus (6.18) becomes

n—2

([ oroes st ax)”
Q

<2Cs(B+ 1) / (1 + [Vl (U PP+ U PE+2) dx
QNsupp(n)

2(n=2)(p—1)
4n(1—d)

+(2Cs(B+ DH)'T poD02) (/ Uiz dx) / U2 dx. (6.19)
Q Q

Nsupp(77)

Now for eachi € Z and j € N, choose n; € C*°(R) such that n;(x1) =1 for [x; —i| <1+ 2=/=1
nj(x1) =0 for |x; —i| > 1427/ and ||V, || <2/72 By (6.1) and the Sobolev inequality, there
exists a constant M’ > 0, independent of i € Z and j € N, such that

/ \U|i22 dx < M.
QNsupp(n;)

Set § =n/(n—2) and for each j € N, define y; by y; = 26/. Then, taking n = n; and 28 +2 = y; in
(6.19), simple estimates show there is a constant C7 > 1, independent of j € N and i € Z, so that

n—2

(/ |U|29j+1 dx)n
{xeQ||x;—i|<1+2—7/—1}

b . A
< C7((20)% + % 1+ 5057)) (U Uy dx
{xeQ||x1—i|<14+277}

)(1=2) 5 (|U|29j_1+|U|20j)dX- (6.20)

< C7((29) 4+ 91+(p4(1 ) /
{xeQ||x1—i|<1+27}

1
(/ |U|20j dx)zef
{xeQ||x;—i|<14277}

. _1_ i
UPY " dx < [{x € Q| v —i] < 2}]207 (4,)°% 7" 6.21)

Thus setting

A4j
by the Holder inequality,
/{xem Ix1—il<14+277}

With the aid of (6.21), there is a constant Cg > 1, independent of j € N and i € Z, such that (6.20) yields
the simpler inequality

. 1
L 1 \207
Ajy1 <(Cg)267 (1 4+ — Aj. (6.22)
j (1+ )4
1 \27 1
. 207
Since (1 + 4; ) <1+ 207 A , (6.22) implies
e 1
Aj41 =< (Cg)20/ (Aj + m) (6.23)
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This inequality can be further rewritten as

Co
20/°
where the constant Cg > 1 is independent of j e Nand i € Z. Since D = ZjeN 7/ (267) < 00, by (6.24),

Ajs1 < (Cg)27 A; + (6.24)

I Co A e U J_ Cy Cy
Ajr1 = (Cg)20/ Aj + 5% = (Cg)207 720771 Aj 1 +(Co)207 g + 07
00

J=1
Consequently there exists a constant M5 > 0, independent of i € Z, such that for any weak solution U
of (1.1),

1U | Loo(gxeq|x1—i|<1}) Zjl_i)n;o Aj < Ms

as claimed. Note that M5 depends on n, M4, and the constants in (Vy).
When n = 2, by the Sobolev inequality, for any g > 2, there exists a constant, C¢, depending on ¢
but independent of i, such that

1U e ((xe)xi—il<2p) < CrollU lwr2¢xeqix;—il<2})- (6.26)

Therefore the case of n > 3 can be simplified and modified by, e.g., replacing our earlier ¢; by
n?U i |Uj |2(ﬂ+1). This leads to a simpler version of (6.8). Then employing (6.26) in going from (6.8) to
(6.9) leads to the following variant of (6.12)with ¢ replacing n/(n — 2):

1
q
(L<n|Uj|2“’+“)qu) cug+n? [ LTl ?10 1 P P PP+ d
supp(n

for any g > 2, where C11 depends on g. Then continuing as earlier completes the proof for this case. [
As the next step in the proof of Theorem 3.1, we have:

Proposition 6.27. Suppose that V satisfies (V1)—-(Va) and 0Q € CL. If U € E is a weak solution of
(PDE) and (BC), then:

(1) Forany Q' CC Q, we have U € W22(Q).
Q) If Vy € CHQ X R™, R™), then U € le);“(SZ, R™) for any o € (0, 1) and satisfies (PDE) in .
(3) If QR € C?, then U e WZ’Z(S_Z) and U is a strong solution of (PDE) and (BC).

loc
Proof. First since U is a weak solution of (PDE) and by Theorem 3.1, V(x,U) € L2(Q",R™), (1) follows
from Theorem 8.8 of [Gilbarg and Trudinger 1983]. Moreover, this additional differentiability shows U
is a strong solution of (PDE). Next by Theorem 3.1 again, V,(-,U) € L4(Q', R™) for any g > 1 so by
Theorem 9.11 of [Gilbarg and Trudinger 1983], U € W?2-4(Q’, R™). The Sobolev inequality then implies
U e CH¥(Q/,R™) for any o € (0,1). Then, since Vi, (x,U) € C1(Q’), invoking the linear Schauder
theory then gives U € C2%(Q’, R™) and (2) holds. Lastly the proof of Theorem 4 in §6.3.2 of [Evans
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1998] with the modification that U € W12 rather than U € Wol’2 yields the first part of (3). For the
second, taking any ¢ € Wléc’z(Q) with compact support in , by (2.36) and integration by parts due to
the fact U € ngc’z(S_Z) — ngf(asz), we get

U
/(—AU—i—Vu(x,U))-(pdx—/ —-@dS =0.
Q o v

Thus since U satisfies (PDE),
U
/ a—-(pdS=O (6.28)

forall ¢ € W]1 2(Q) — LIOC(E)Q) having compact support and (6.28) implies (BC). Thus, U is a strong
solution of (PDE) and (BC). O

Completion of proof of Theorem 3.1. Tt remains to show the regularity of U in a neighborhood of 02
when 9Q € C3. Since in Section 4 we consider a more general domain than Q = R x D, the special nature
of 2 will be suppressed here so that our argument also adapts easily to the case treated elsewhere. Let

={x eR"|x, >0} and z € 92 = Rx dD. Slightly modifying the proof of Theorem 8.12 of [Gilbarg
and Trudinger 1983], there exists a C 3 diffeomorphism W defined on B (z) such that W(Bg(z)NQ) CR™,
W(Br(z) N9R) CIR". Choose 0 < R and set BY = By(2) N2, D' = W(B,(z)),and DT = W(B™).
Then setting ® = ¥~ ! and w = U o ®, (PDE) in B™ is transformed into the equation

- > a u(y) Zb(y) S+ V(@) w) =0 in D' (6.29)

1<i,j<n

where
n

aij(y) = Z

l_
bi(y) = (AY;)(P(y)), i=1,...,n.
Moreover, since U € wh

oo (Q, R™), we know w € WL2(DT R™).
Next we will show that an appropriate choice of W, or equivalently of ®, allows us to get the regularity

(CD(y)) l<i,j=<n,

of U near z and satisfy (BC). Translate and rotate variables for convenience so that z becomes 0 and 8R1
is the tangent space to dQ at z = 0. Since 92 is a C > manifold, for r small, there is a C> R-valued map ¢
defined on B, (0) N dR", with ¢(0) =0 = [V¢(0)| and such that near 0, the boundary 9<2 is given by

{0V, o) |y € B (0)NIRT}.

Then, for y=(y’, yn)=(y1,...,¥n), extend ¢ to &= (Pq,...,d,): B, (0) >R" withCD:Br(O)ﬂ[RT’j_—>§_2
via
¢ /
Yi— (y) for j=1,....n—1,
®j(y) =
yn+¢(y’) for j =n.



1770 JAEYOUNG BYEON, PIERO MONTECCHIARI AND PAUL H. RABINOWITZ

This extension of ¢ makes ® a C? function with ®(0) = 0 and ®'(0) = /, the identity matrix. Thus ® is
a diffeomorphism in B, (0) for » small and

00 = (<4 0= 001
V1 Yn—1
is the inward normal to d€2. Hence for small » > 0 and an open neighborhood N of 0 in R”, the map
D IRTZL N B,(0) - N N Q is a diffeomorphism. Let ¥ : N N Q — m N B, (0) be the inverse of the
map ®. Note that VW, (®(y’, 0)) is orthogonal to the surface {(y’, ¥ (y)) | y' € By (0) NoR7 } C 0Q

since W, vanishes on the surface {(y’. ¥ (y")) | y’ € B,(0) N 0R" }. Fori € {1,. — 1}, we know
V; (®(y’,0)) is orthogonal to the surface

{(y/_an¢(y/)»Yn +¢(") | y' € B, (0)N aRﬁ-J’n > 0 and fixed yi}

at (y',¢(y’)). This implies that VW; (®(y’,0)) is in the tangent space of 2 at ®(y’,0). Thus for
iefl,...,n—1},

VW, (D', 0)) - VI (B()', 0)) = 0.
Hence a;j, = a,; =0when y, =0andi =1,...,n— 1. Now for (y’, y,) € B,(0), we define
aij(y', yn):aij(y/vb’nD ifi,j<n-—1,

am(y Yn) = alj(y lynl) ifl1<i<n-—1,

InI

dnn(y/’ Yn) = ann(y/v [ynl)-

We also define b; (y', yn) = bi (y/, |ynl|) fori =1,...,n—1, and b, (y’, yn) = —bu(y’, y»). For the
solution w, we define a function w on B, (0) by w(y’, y,) = w(y’, |yn|). Then, we see that w is a strong
solution of

2

- Y a @i} () 3030 +Zb<y)—+vu(<b<y) @) =0, y € B (0).

1<i,j<n

Since a;; is continuous and 17, Vy € L, Theorem 9.11 in [Gilbarg and Trudinger 1983] shows first that
W € WP (B (0)) for any p > 1, and then w € C % (B (0)). This implies that U € C>*(2) N Cl*(Q).
Now, returning to the original equation (PDE) and applying Theorem 6.31 of [Gilbarg and Trudinger
1983], we get the regularity U € C2%(Q).
It remains to show

+

lim U(x1,X)=a uniformly for X € D. (6.30)

x1—>%o00
From the proof of Theorem 2.2, we have
lim (|V(U —a* gy + U —a® | 27, gmy) = 0.
i_}goo(ﬂ (U = a5 2y wmy + 1U = a2z, momy)
By Theorem 3.1, Proposition 6.2, and (PDE), there is a constant, M* > 0 such that [|U || c2.a(q gm)y < M ™

Therefore standard interpolation inequalities imply ||U —a® || Loo(T;) — 0, 1 — 00, which gives (6.30)
and completes the proof of Theorem 3.1. O
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Remark 6.31. The arguments we have given to establish the regularity of solutions of (PDE) and (BC),
in particular Proposition 6.2 obtaining an L bound for the solution, Proposition 6.27 giving interior
regularity, and the final arguments establishing regularity up to the boundary, work equally well for any
divergence structure semilinear elliptic system of PDEs satisfying (V) provided the coefficients are
sufficiently smooth.
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