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Abstract. We consider several models of nonlinear wave equations subject to very strong
damping and quasi-periodic external forcing. This is a singular perturbation, since the damping is
not the highest order term. We study the existence of response solutions (i.e., quasi-periodic solutions
with the same frequency as the forcing).

Under very general non-resonance conditions on the frequency, we show the existence of asymp-
totic expansions of the response solution; moreover, we prove that the response solution indeed exists
and depends analytically on £ (where ¢ is the inverse of the coefficient multiplying the damping) for e
in a complex domain, which in some cases includes disks tangent to the imaginary axis at the origin.
In other models, we prove analyticity in cones of aperture /2 and we conjecture it is optimal. These
results have consequences for the asymptotic expansions of the response solutions considered in the
literature. The proof of our results relies on reformulating the problem as a fixed point problem,
constructing an approximate solution and studying the properties of iterations that converge to the
solutions of the fixed point problem.
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1. Introduction. In recent times there has been extensive interest in strongly
damped systems, namely systems in which the term describing the damping contains
a factor e ! (where ¢ is a small parameter), and subject to external forcing. Since the
damping is not the term which corresponds to the time-derivative of highest order,
this is a singular perturbation in €. We are interested in finding response solutions,
i.e. solutions which have the same frequency as the forcing term.

A first try to understand these problems is to use perturbation theory in ¢ and
obtain formal series in powers of €. Nevertheless, since the perturbation is singular,
one does not expect that the resulting formal series is convergent and one needs to
use re-summation techniques to obtain that there is an analytic solution defined in
an open complex domain which does not include ¢ = 0, but has it on the boundary.
This approach has been used for ODE’s in [22, 23, 20, 21]. Different arguments for
other singular perturbation problems can be found in [4].

In [7] one can find an alternative approach for singular problems in ODE’s, which
inspired our treatment for PDE’s. One considers the perturbative expansion to low
orders and obtains a reasonably good approximate solution in a neighborhood of € = 0
(i.e., an expression that solves the equation up to a small error). Then, starting from
the approximate solution, one switches to another perturbative method (a contraction
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mapping argument) to prove the existence of a true solution. Since the problem is
analytic in € for € ranging in a complex domain, one obtains analytic dependence in
¢ of the solution for € in a certain domain which does not include any ball centered
at zero. Indeed, we find that there are arbitrarily small values of ¢ for which the map
is not a contraction and the method of proof breaks down. We conjecture that this is
a real effect and not just a shortcoming of the method.

To motivate the procedure adopted in [7], we argue heuristically that since ¢ = 0
is the most singular value of €, one attempts to do as little work as possible based on
it. One tries to implement a perturbation theory on small but non-zero values of ¢; as
soon as one gets even a flimsy foothold on non-zero values of € one switches to another
perturbation method that is not affected by singularities (even if it contains some
large terms, they can be beaten by pairing them with small ones). This procedure
is somewhat reminiscent of some works in celestial mechanics, notably Hill’s theory
of the Moon ([27], [38, Vol 2]), in which one uses a perturbation theory from an
intermediate model which is controlled in turn by another perturbative argument.

As it happens often in perturbative expansions, the way one deals with the first
order term is different from the subsequent ones: this is even more evident in situations
like the present one, since we are dealing with singular perturbations. In [7] the first
term of the expansion, corresponding to ¢ = 0, was obtained by means of an implicit
function theorem, but the subsequent steps were all similar and they involved the
same hypotheses. In this paper, the difference between the zeroth order term and the
higher order ones is even more dramatic. The term in the expansion corresponding
to € = 0 is very different from the others and in principle can be dealt with a variety
of methods, including implicit function theorems (at least for certain cases, as we do
for the model described by (2.3) below — see Section 7.2) or using variational methods
(as we can do for the model described by (2.1) below), depending on the model we
are studying. As we will see, when we apply variational methods, we may get even
infinitely many solutions of the order 0 equation. Each of them will lead to a family
of solutions, which is analytic in €.

Hence, the procedure adopted in the present work has two steps, with the first
step having two substeps.

a) Obtaining an approximate solution to high order, and precisely:
al) obtaining the order zero solution;
a2) obtaining high order approximations.

b) Polishing off the approximate solutions to obtain true solutions.

Each of these steps has its own methodology (indeed, step al) will be accomplished
by means of several different methodologies depending on the model) and requires
different conditions on the frequency as well as different non-degeneracy assumptions.
Hence, the conditions required in the main theorem are obtained by joining together
the conditions of all the steps.

Nevertheless, the final assumptions are very weak. For example, the non-resonance
conditions needed to carry out the whole problem are weaker than the Brjuno condi-
tion and they allow exponentially growing small divisors.

The strategy above is widely applicable. In this paper we decided to document its
breadth by applying it to 4 different models in the literature with several variations,
such as different boundary conditions. We call these models A, A’, B, B’ (more details
will be given in Section 2). On the other hand, we have not optimized the hypotheses:
It seems clear that one could obtain slightly sharper domains of analyticity, better
regularity conditions, less assumptions on the domain, etc. We conjecture (and present
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arguments in favor) that the domains obtained are essentially optimal (see Section 8).

The main result for step a) is Theorem 4.3; the main result for step b) is Theo-
rem 4.6 and the final result is Theorem 4.2.

The step al) is the solution of a functional equation. The step a2) is a Lindstedt
procedure, which entails very mild conditions on the small divisors and requires very
weak non-resonance conditions on the frequency. In this way one produces polynomi-
als in ¢ which solve the equation up to some (high) power of . Under a bit stronger
conditions on the small divisors, the Lindstedt procedure provides the existence of a
formal solution up to all orders in & (see Theorem 4.3). As it turns out, the solutions
will be unique once we fix the solution of order 0; however, as already pointed out,
this solution to order 0 can be very non-unique.

The step b) is based on a contraction mapping principle. Hence no small divisors
are involved but, on the other hand, we need to consider ¢ in an appropriate complex
domain to carry out the argument. We also note that step b) also works in cases where
the spectrum of the operators driving the evolution is not discrete. Unfortunately,
we do not know good conditions that ensure that one can perform step a) when the
spectrum is not discrete. If, by any chance, one is dealing with a particular problem
having a continuous spectrum and step a) can be performed, then step b) can be
performed too and one can obtain the result.

The final result is that the response solution is an analytic function of € defined
in a domain (selected in step b) ) which does not include zero, even if it might
include circles with real centers and tangent to the imaginary axis. Hence, the method
does not guarantee that the Lindstedt series (the formal power expansion) converges,
because the analyticity domain established does not contain any circle centered at the
origin. Indeed, in [7] one can find arguments that suggest that the Lindstedt series
does not converge in general, even in the case of ODE’s. Here, we also present similar
arguments in Section 8.

Nevertheless, the domain of analyticity established here for models A, A’ (de-
scribing dissipative wave equations) is large enough, so that the application of the
Nevanlinna-Sokal theory ([34, 44, 24]) on asymptotic expansions applies. As a con-
sequence, the response solutions constructed here have an asymptotic expansion and
these functions can be reconstructed from their asymptotic expansions by re-summation.
Notice that this procedure is very different from establishing the existence of the solu-
tion by re-summing the series. Of course, since the problem is nonlinear, re-summing
the series is not enough and one needs other arguments to show that the re-summation
solves the equation ([24], see also [4, 5, 22, 23, 20, 21]).

In some models such as models B, B’ (describing large stiffness equations), we
obtain domains of analyticity which are cones containing the imaginary axis and have
an aperture of 7/2. We conjecture that these domains are essentially optimal (see
Section 8). We will show that the functions we construct have the same asymptotic
expansions as the formal power series. On the other hand we note that in domains
of this kind it is not clear that the response solution can be obtained by re-summing
the asymptotic expansions: indeed in these domains there are non-trivial functions
whose asymptotic expansion vanishes, so that the expansion is not unique (e.g., the
Cauchy example exp(—e~?2) which has an asymptotic expansion vanishing in domains
of aperture 7/2). As a consequence, it could well happen that for these models
the response solutions lead to exponentially small phenomena. Notice that model B
is an infinite dimensional analogue of fast oscillators for which exponentially small
phenomena have been established (see [3]).
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In [7] the problem considered is the varactor equation, which is a single ODE.
Even if the step b) in [7] was just an elementary one (based on contraction argu-
ments), the results obtained in [7] improved the existence domains and weakened
the non-resonance conditions that have been imposed in the previous literature. It
seems plausible that using a more efficient fixed point argument (e.g., a KAM theory)
or higher order perturbations in step a) would improve the results. The analyticity
domain has later been extended for ODE’s in [9] (where a domain of analyticity tan-
gent more than quadratically to the origin was established) and the non-degeneracy
assumption on the non-linearity has been relaxed (for real ) in [10]. As further refer-
ences, we mention also [40, 41, 12], where the periodic case with real small damping
has been considered.

1.1. Description of the main results. The goal of this paper is to extend the
method of [7] to some PDE’s. The method is very flexible and we will present results
for four different models considered in the literature, each with three different types
of boundary conditions (see Section 2). It is clear that there are many more models
that could have been considered by the method. Of course the main difficulty of the
extension to PDE’s is that the operators are unbounded. Hence the reformulation
of the problem as a fixed point problem requires some more thought, even to get
a viable formulation. For example, we need to ensure that the operator maps some
space into itself and that the space satisfies suitable properties (such as Banach algebra
properties). So, considerable effort goes into the choice of spaces as it happened in
the classical study of elliptic problems (see Section 3.5).

The models we consider in this paper have the form

1
Ouu(t, x) + —Friction — Ayu(t, z) + h(u(t, z),z) = f(wt, )
5
for models A, A’ below, or
e20uu(t, r) + Opu(t, ) — Ayu(t, z) + non-linearity = f(wt, x) ,

for models B, B’ below. The equations will be supplemented with the boundary
conditions.

In all models, given a domain D (as specified in Section 2.1) and denoting by
D its topological closure, u : R x D — R is the unknown. We will require that the
following data of the problem are fixed:

e The boundary conditions;

e h:R x D — R to which we refer as the non-linearity;

e f:TxD — R (with T? = (R/Z)?) to which we refer as the forcing;

e w € R%, which denotes the frequency of the forcing. We assume without loss
of generality that w has rationally independent components, namely that:
w-k#0forall ke z4\ {0}.

Of course we assume that the forcing and the non-linearity are such that the
boundary conditions are maintained. We will also need:

e Quantitative estimates on the size of |w - k|~! as a function of |k| (which will
turn out to be weaker than the Diophantine or Bryuno conditions);

e A non-degeneracy condition on the non-linearity.

Then we shall prove the following “meta”-result.

META-THEOREM 1.1. Under the above requirements there exists a response solu-
tion for the models of the form above, defined for € in an appropriate complex domain:
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the specific form of such domain depends on the model considered as well as on the
boundary conditions.

The precise statement of the result requires the introduction of the spaces, the
domains and a precise formulation of the regularity condition that we will give later on,
see Sections 3-4. The existence of the solutions of the zeroth order term is discussed
in Section 5 and Appendix B. The proof for the case of dissipative wave equations is
provided in Section 6, while the modifications of the proof for the other models are
given in Section 7. Some arguments supporting that the domains are almost optimal
are given in Section 8.

2. Models considered and some preliminary assumptions. In this section
we present the models we intend to study and we state the required non-degeneracy
assumptions.

In what follows we will assume that A, is a self-adjoint elliptic operator of second
order; in the physical applications we have in mind it is the Laplace-Beltrami operator.
We will not necessarily assume that A, is a constant coefficient operator.

2.1. PDE’s considered. We will consider PDE’s for which the space variables
range in the topological closure of a domain D and we will look for solutions quasi-
periodic in time. The domain D can be:

D1) a compact manifold without boundary, for example T’ (we will refer to this
as the periodic case),

D2) an open, bounded, connected subset of R* with a C* boundary. In this
case, we will supplement the solutions with either Dirichlet or Neumann boundary
conditions.

Therefore, we will consider the following (standard) boundary conditions, each
one leading to a different functional setting, which we will specify below:

D) Dirichlet boundary conditions,

N) Neumann boundary conditions,

P) Periodic boundary conditions.

Following the usual practice, we interpret the boundary conditions as describing
a space of solutions: the operator A, acts on this space and of course the spectral
properties of A, depend on the space too. Of course, in order to specify the function
space we also need to specify a norm. Our treatment will be for spaces of functions
which are analytic in ¢ and differentiable in z.

We will consider four different PDE’s: models A, A’, B, B’ below. Each of them
may have entirely different boundary conditions (Periodic, Dirichlet and Neumann).

A) The dissipative wave model: The first model is a direct analogue of the
varactor equation studied, e.g., in [7, 8, 22, 23, 20, 21, 10, 9]; the model is obtained
from the wave equation by adding a singular friction proportional to the velocity:

(2.1) Opu(t,x) + é@tu(t,x) — Agu(t,z) + h(u(t, z),z) = f(wt, z) .

A’) The frequency over-damped model: We modify the friction of model A,
as described by the following equation

(2.2) Opu(t, ) + éatAxu(t, x) — Agu(t,z) + h(u(t,z),z) = f(wt,x) .
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In this model, which has been studied for instance in [35], the damping is stronger for
the spatial modes with larger spatial frequency. Indeed, not only the damping term
e 1 9;A u in (2.2) is affected by a factor which is the inverse of the small parameter
€, but it contains also the unbounded operator A,.

For simplicity, we have considered the case where the A, appearing in the damp-
ing and in the restoring force are the same operator. Some slight generalizations are
possible, such as taking different operators for the damping and the restoring force
provided they commute. In many physical applications, it is natural that the opera-
tors describing the damping and the force commute, since they have to be translation
invariant and isotropic.

B) Large stiffness model: This is a generalization of the model introduced in
[17, 18], described by the equation

(2.3) 20uu(t, x) + dpu(t, x) — Agu(t,z) + h(u(t,x),z) = f(wt, ) ;

in [17, 18] one can find the specific case h(u,z) = v/(1 + u)? with ¢ € R and with
v > 0 a dimensionless parameter which provides the relative strengths of electrostatic
and mechanical forces.

Equation (2.3) models an electrostatically actuated MEMS (Micro-Electro-Mechanical-
Systems) device. Precisely, the physical interpretation of the model (2.3) is that the
restoring force of the oscillators forming the wave equations is very large. This type
of equations are used to model the deflection of an elastic membrane suspended above
a rigid ground plate, with a voltage source and a fixed capacitor. The model rep-
resents the limit of small aspect ratio, when the gap size is small compared to the
device length. The paper [18] contains a detailed discussion of the motivation. It is
interesting to note that the varactor equation is somehow a model for the problems
considered here.

B’) The modified large stiffness model: We modify the non-linearity of
model B by assuming that it is of order ¢, as described by the following equation:

e20uu(t, ) + Opu(t, z) — Ayu(t, z) + eh(u(t, ), z) = f(wt, ) ;

the above equation appears in the study of MEMS with high aspect-ratios and/or
when the applied tension is high.

2.2. Regularity assumptions and boundary conditions. We will require
that f is smooth in x, satisfies the boundary conditions, and is analytic in the variable
0 = wt. We will formulate this assumption more precisely by saying that f belongs to
a Hilbert space which we shall call A, ;j,; see the definition in Section 3.5.2, where
we will impose some restrictions on the parameters (as we will see p, j measure the
analyticity properties and m measures the regularity properties in the space variables).

We will assume that h has some regularity properties too. Roughly, we will require
that A is analytic in its first argument and differentiable when the second argument
ranges over D. Slightly more precisely, we will require that A is such that given a
function u € A, j m, then h(u(f, x), ) is also in A, ; ., and that the map v — h(u(-),-)
is differentiable in the sense of maps in Banach spaces. We will also require that
h satisfies certain geometric conditions ensuring that the boundary conditions are
preserved. Precisely we make the following requirements.

BCD. For Dirichlet boundary conditions we require that h(0,x) = 0.

BCN. For Neumann boundary conditions we require that

(2.4) n(z) - (Dyh)(u,x) =0 forallz € 0D, uwelR,
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where n(z) denotes the normal to the domain D at x. In this way, we obtain that
n(x) - Dy[h(u(t,x), x)] = (Dyh)(ut,x), x) n(z) - Dyu(t, z) + n(x) - (Dyh)(u(t,x), x) ,

which equals zero if u(t, -) satisfies the Neumann boundary conditions and (2.4) holds.
Notice that we have used that D,h is one-dimensional.

We anticipate that, besides the above regularity and boundary conditions, we will
also require some non-degeneracy conditions on h.

REMARK 2.1. In this paper we will construct solutions analytic in time. The
proofs work similarly in spaces of functions with Sobolev regularity in time (with high
enough Sobolev exponent depending on the dimension of the frequency), when devel-
oping the theory for finitely differentiable cases (i.e., when the functions f,h are only
assumed to be finitely differentiable). Of course in this case one can consider only
eeR.

3. Formulation of the problem and overview of the method for model
A. In this section we go over the method for model A and reduce it to a fixed point
problem. We will present first the formal manipulations, since they are the motivation
for the constructions and the precise definitions given later on. Notably, the choice
of spaces in Section 3.5 will be motivated by the need that the operator appearing in
the fixed point equation maps the spaces into themselves and it is a contraction.

3.1. Response solutions and formal power series. Our goal is to find re-
sponse solutions of the form

(3.1) ue(t, z) = co(z) + Ue(wt, x)

where for each fixed ¢, U. : T¢ x D — R is at least O(¢). We will refer to cy as the
zeroth order term and omit the index € whenever this does not lead to confusion.
We will first show that when we write U as a formal power series in ¢

(3.2) Ue=) £U;,
j=1

the coefficients U; can be formally defined: the appropriate Banach spaces of functions
in which the coefficients actually exist will be specified in Section 3.5. Such Banach
spaces will include regularity properties as well as the boundary conditions.

Inserting (3.1) in (2.1), we get that the function U. must satisfy the equation®:
(3.3)

(w-Vg)QUE(H,3:)+§(w~V9)U5(9,x)—AzUE(H,x)—Azco(:zr)—i-h(cO(:z:)—i-Us(H,3:),3:) = f(0,x).

The solution of (3.3) will be the centerpiece of our treatment. Later, we will develop
analogous procedures for models A’, B, B’ (see Section 7). We remark that the series
expansion (3.2) does not contain the term j = 0; in fact, if we add a term Up to the
series (3.2), then taking the coefficient of order e 7! in (3.3), the term Uy would satisfy

(w-Vg)Up(0,2) =0,

showing that the solution Uy, which can be found under the non-resonance assumption
on w, is independent on 6. However, having written the response function as in (3.1)
with ¢g being the #-independent part, we conclude that it must be Uy = 0.

1 The search of quasi-periodic solutions with frequency w having rationally independent compo-
nents is equivalent to looking for a solution u = u(6,x) of the differential equation in which wt is
replaced by 6 and 0; is replaced by w-Vy; this is why we shall study functions of the form u = u(0, ).
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3.2. Formal solutions of the equation for response functions. In this
section we describe how to obtain a formal power series solution for (3.3). This is step
a) of the strategy discussed in the introduction.

3.2.1. Dividing the problem into zeroth order and higher orders. We
introduce the notation:

(3.4) N.U(0,z) =[(w- Vo) + é(w Vo) + LIU0, ) ,

(3.5) Ln(z) = =Aun(z) + 1 (co(2), x)n() ,
(3.6) G(U)(O,x) = h(co(z) + U0, 2),2) — h(co(x),x) — I (co(x),2) U0, x) .

Note that the operator N, depends on e, whereas G and £ are independent of €.

REMARK 3.1. If the operator L is elliptic and self-adjoint in L% (D) (namely
L?(D) with boundary conditions), then the eigenfunctions constitute a complete set
for the Hilbert space L% (D) because L has compact resolvent, see [25, 13]. Similar
considerations apply to the analogous operator L introduced for models A’, B.

We will use that the eigenvalues A, of L are real and that we can characterize the
Sobolev spaces in terms of the coefficients of the eigenfunction erpansions.

With the above notations and denoting by (-) the average with respect to 6, it
is just elementary algebra to show that the equation (3.3) is implied by the pair of
equations:

(3'7) NaUa(evx) + G(UE)(Q,.’L') = f(@, x) - <f>(CL') )

(3.8) —Azco(x) + h(co(x),x) = (f)(z) .

The reason to divide the equation (3.3) into (3.7) and (3.8) is that (3.8) is the
leading order in e.
Notice that the order °-term in (3.3) is

(3.9) (w-Vo)Ui(8,2) — Ayco(z) + h(co(x),z) = f(6,x) .

Hence for a solution U; of (3.9) to exist, it is necessary that the average of (3.9)
with respect to 6 is zero (hence equation (3.8)). Of course, if w satisfies suitable
non-resonance conditions and the functions are smooth, it is indeed possible to obtain
Ui. The solution of equation (3.9), which is standard in KAM theory and which can
be dealt with Fourier expansions, will be discussed in Section 6.1. In conclusion the
system (3.7), (3.8) is equivalent to (3.3), if we look for formal solutions as in (3.2).

Notice that the system (3.7), (3.8) has an upper triangular structure. In particu-
lar, the equation (3.8) involves only ¢p: once we obtain a solution ¢y of (3.8), we can
substitute it in (3.9) and obtain the solution U;, and then proceed to higher orders.

The existence of solutions of (3.8) has been studied extensively in the literature
through a great variety of methods. In Appendix B we will present some of the results
available in the literature.

As a result we obtain that under many circumstances there are several (often
infinitely many) ¢o solving (3.8). For each of them we will see that (under appropriate
non-degeneracy conditions) we can find a unique solution U, (first as formal power
series and then as analytic function in a domain). Hence the upper triangular system
may have many solutions, but the only source of non-uniqueness is the equation (3.8)
for c¢g.
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3.2.2. Preliminary assumptions on the operator £. We now specify the
spectral properties of the operator £. In general, to characterize the spectrum of an
operator, one needs to specify on which space it acts. Nevertheless in our case we
assume that the operator is elliptic and that the domain is compact. In this case the
spectrum is discrete and it is the same in all Sobolev spaces.

The well known reason why the spectrum is independent on the spaces ([29, 25])
is that, when the operator is elliptic, the solutions gain regularity: this translates to
the fact that the resolvent is compact on any Sobolev space and hence, for all the
Sobolev spaces the spectrum is just a discrete set of eigenvalues with finite multiplicity.
Furthermore, again by regularity theory, the eigenfunctions are very smooth, so that
they are eigenfunctions in all Sobolev spaces. Therefore the spectrum is the same in
all Sobolev spaces. The following assumptions H1-H2 will be requested for model A
as well as for models A’, B, B’ once the operator L is suitably defined.

H1 The spectrum of L is discrete and its eigenvalues \,, satisfy:

OS/\nSAnJrl, VTLZl

and the multiplicity of each eigenvalue is finite, possibly increasing with n;
H2 The smallest eigenvalue is positive: A\; > 0.
In the case of models A’, B’ we will also assume the following hypotheses on the
operator —A,.
H1’ The spectrum of —A, is discrete and its eigenvalues A4 satisfy

0<AS <AL, Vn>1

and the multiplicity of each eigenvalue is finite, possibly increasing with n.
H2’ The smallest eigenvalue is positive: A$ > 0.

REMARK 3.2. Note that a consequence of H1 and H1’ is that there is an or-
thonormal basis of eigenfunctions ®,, for the operator P = L or — A, in L*(D), such
that

An itP="L,

P, =\a, for n=1,2,.., with AP =48 7
Ma i P=—A, .

REMARK 3.3. We note that H1 and H2 are in turn assumptions on h, cy. In
some arguments, we will need to assume only H1, but in order to get the crucial
estimates on the “small divisors” (and hence to obtain the final result, see Theorem
4.6), we will need to assume that there is the spectral gap in H2.

The above assumptions can be slightly modified; in particular, the previous as-
sumptions H1-H2-H1’-H2’ can be extended to encompass the case of a continuous
spectrum (see Remark A.5 below).

3.2.3. The nonlinear term and the boundary conditions. We start by
noticing that G is the functional analogue of the nonlinear term used in [7], provided
of course that the operator GG is defined from some appropriate space to itself.

In this section we will just check that, if we assume h to satisfy the conditions
BCD, BCN in Section 2.2, then the operator G preserves the spaces of functions
satisfying these conditions.

In the case of periodic boundary conditions, there is nothing to check.
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For Dirichlet boundary conditions we observe that if z € 9D and ¢, U satisfy the
Dirichlet boundary conditions, then ¢o(z) = 0, U(6,x) = 0 and, hence G(U)(0,z) = 0.

For Neumann boundary conditions we observe that, if h satisfies (2.4), then we
just need to check that

(3.10) n(z) - Du[h (co(x),2)U(0,2)] =0 Vo€ dD, § € T.
The left hand side of (3.10) can be written as the sum of three pieces, i.e. for z € 9D,

n(x)-Dy [l (co(x), 2)U (0, 2)] = h"(co(@), x)(n(x) - Daco(x))U (0, )

(311) + () - (th/)(CO(x),ZE)U(G; r) + h/(Co($); x) n(z) - (D,U)(0,x) .

The first and second terms in the right hand side of (3.11) vanish, since we impose
that ¢o(+) satisfies Neumann boundary conditions and h satisfies (2.4). Therefore, if
U(0,-) satisfies Neumann boundary conditions, the last term in (3.11) will also be
equal to zero.

3.3. The higher order equations. We are looking for a formal power series
solution of (3.7). Assume that we solved (3.8), insert (3.2) into (3.7) and expand the
power series (this requires enough regularity for the function h which we will make
explicit later).

Equating the coefficients of the same power eV for N > 0, we obtain the following
recursive equations for N > 0:

(w-Vo)Un11(0,2) + (w-V)?Un(0,2) — AyUn(0,2) + 1 (co(x), ) Un(6,2)
(312) = SN(CQ(9,$),U1(9,$),...,UN_1(9,CE)) 5

where Sy is a polynomial expression in Uy, ..., Uy_1 obtained by applying the Taylor
theorem to order N in the equation (3.3) and gathering terms.

We think of (3.12) as an equation for Uyy1, given all the previous terms of the
expansion. Of course we need to assume that w - k # 0 and indeed that it is not too
small as |k| increases. Provided that

(3.13)  (AUN(0,2) — W (co(z),2) Un(0,2) + Sn(co, Un,...,Un-1)(0,2)) =0,

we can find Uy 1 which is unique up to the choice of an additive function of = alone.

Hence, as it is standard when dealing with Lindstedt series, proceeding by in-
duction we assume that we have determined Uy, ... Uy and then using (3.12) we can
determine Un 1 up to an additive function of z: such a function is obtained by solving
(3.13) and this can be done because of H2.

Sufficient conditions for the existence of an approximate solution provided by a
truncation to order N of the series expansion (3.2) are given in Theorem 6.1; see also
Section 6.1 for a discussion of the existence of an approximate solution to a finite
order by solving (3.12) (compare with (6.2) in Section 6.1).

3.4. Formulation of the fixed point problem equivalent to (3.3). As we
shall see, the operator N; in (3.4) is invertible in the spaces A, j » alluded above, if
€ ranges in a suitable domain, so that (3.7) can be rewritten as

(3.14) Ue(0,2) = N7 [-G(U:) (0, ) + f(0,2) — (f)(2)] = T(U:)(6,2)

where we have introduced for convenience the operator 7.; we will show that (3.14)
can be solved by a contraction mapping argument.
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Therefore one of the crucial points of the strategy will be to study the invertibility
of N. and give quantitative estimates on its inverse, notably the Lipschitz constants.
In order to do so, we provide a uniform lower bound on the eigenvalues of N, (which
will depend on ¢), using the assumption H2 on the eigenvalues of £. By carefully
examining such e-dependent bounds, we will show that, for € in a suitable domain,
the operator appearing in the right hand side of (3.14) sends a ball centered at the
approximate solution (given by the perturbative expansion) into itself and that it is
a contraction inside this ball. Hence, the fixed point can be obtained by iteration,
starting from the approximate solutions.

We think at the iterative procedure as taking a function analytic in e and pro-
ducing another analytic function of €. We will show that the convergence is uniform
for € in a suitably chosen complex domain. Then it is a standard argument that the
limit is an analytic function of ¢ in this domain.

The contraction mapping argument is classical; however it requires to use spaces
in which we have sharp estimates, so that we do not lose any regularity and we obtain
that the operator in (3.14) sends the spaces into themselves.

Of course, once we have defined the spaces, we will have to justify the formal ma-
nipulations, such as the existence of functional derivatives. This amounts to making
regularity assumptions on the term A, which justify the use of the Taylor’s theorem
up to order N for the composition operator.

3.5. Choice of spaces. In this section we present the spaces we will use. We
discuss some of their elementary properties in Appendix A, where we also add a
remark about the continuous spectrum.

The leading principle is that the norms of the functions can be expressed in terms
of generalized Fourier coeflicients, namely the coefficients associated to the basis given
by the product of the Fourier basis in 6 and the eigenfunctions of £ with boundary
conditions in x.

This principle allows us to estimate rather easily the inverse of the linear operator
N. in (3.4) just by estimating its eigenvalues, because we are allowed to use the base
in which N is diagonal.

We also need the spaces to have other properties allowing us to control the non-
linear terms, such as Banach algebra properties and properties of the composition
operator, so that we can study the operator GG. Since we want to obtain analyticity in
e, we will also need spaces of analytic functions and, in order to simplify the analysis,
we require that they are Hilbert spaces. Note that we think of the functions in x as
“scalars” in analogy to what happens in [7]; hence, it is natural to consider Hilbert
spaces of analytic functions in # taking values in another Hilbert space of functions
of z.

The choice of the spaces presented here satisfies such properties and leads to
simple proofs. Of course we are not claiming that the choices we make are optimal
and it is quite plausible that other choices (e.g., analytic functions in both variables)
could lead to better regularity. The main problem in using spaces of analytic functions
in x is that it is not clear to us how to express the analyticity of a function in terms
of the coeflicients of the expansions in eigenvalues.

We will present several equivalent norms, since some of the properties of the space
will be easier to verify in one norm than in another. Henceforth, given two (finite or
infinite dimensional) equivalent norms || - ||, || - ||, we write || - || 2| - ||" .

3.5.1. Sobolev spaces with boundary conditions. In this section we intro-
duce the Sobolev-like spaces which we will use; we will define them only for indices
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m € 2N, since this is enough for our purposes. The advantage is that, for these in-
dices, it is possible to give particularly simple characterizations of the norm in terms
of the eigenfunction expansions. Using several characterizations of the norms allows
one to obtain simple proofs of Lipschitz properties of operators.

For functions S : D — C satisfying the corresponding boundary conditions and
for m € 2N, we define the family of equivalent norms as

(3.15) ISl g = 117282 -

If S(z) = 3°°, S, @, () with S, € R and ®,, as in Remark 3.2, then the Sobolev
norm (3.15) is given by

[e'S)
IS = ) A% ISal?
L
n=1

where \,, are the eigenvalues of £ (recall that the ®@,,’s form a basis of eigenfunctions
of £). Since L is elliptic, by Garding’s inequality (see [48]-Theorem 6.1 of Chap. 7),
we have

(3.16) ISl = 1Sz
where || - ||gm is the standard Sobolev norm, namely
1Sl = 11(A0 +1)"/2S 2

with Ag the standard constant coefficient Laplacian and we are considering S satis-
fying the specified boundary conditions.

The spaces H*(D)pc and H™(D)pc are the completion of C§° — the set of C'™°
functions with compact support contained in the interior of D — under the above
norms. For notational convenience we shall not write explicitly the dependence on
the boundary conditions unless needed.

It is well known that for m > £/2 the Sobolev spaces satisfy the Banach algebra
property ([49]) and hence the equivalence of the norms || - ||z and || - ||z~ in (3.16)
implies for every 51,52 € Hp":

l
18152\l < CllSillmg Sellay . m >3

for some constant C' > 0.
When m > ¢/2 the Sobolev embedding theorem says that the functions in H™
are continuous, so that the Dirichlet boundary conditions have classical meaning.
Similarly, when m > £/2 4 1, the gradient of functions in H™ are continuously
differentiable. Hence, the Neumann boundary conditions have classical meaning.

3.5.2. Spaces of analytic functions of complex variables taking values
into Banach spaces. We introduce domains that consist of a strip around the torus
T< in the imaginary direction. We will consider analytic functions in these domains.

DEFINITION 3.4. Given p > 0, we denote by 'I['g the set

T¢={0 e (C/Z)" : Re(6;) €T, [Im(6;)|<p, j=1,..d} .
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When we consider functions of 6 € ']I‘g and r € D, we can think of them as
functions from 'H‘g into H}* which are analytic 2. The spaces which we will consider
are the standard Bargmann spaces taking values into H7".

Given a function u = u(6, x) which we expand as

(3.17) u(f,x) = Z 2 kb, (z) = Z kOB (1) g

kezd keZd n>1

we will consider the space of analytic functions of 6 endowed with the H7 (Tg; H)
norm defined below. We emphasize that we are considering 'H‘z as a 2d-dimensional
real manifold with boundary. Again, for simplicity, we just consider the even Sobolev
exponents j.

Precisely, for p > 0, j,m € 2N, setting Ay = Zizl Vo, Vg, (where the bar
denotes complex conjugation), we define the H7 (']I‘g; H7") norm as:

[[ul

o= [ 1+ D30,y o

d J
- V.V 1)2 0, d*6 .
/Tg”(,; 0. Vs, +1) (0, )3

We denote by A, ;. the space of functions analytic in § whose norm || - ||, jm is
finite. Note that A, ; ., are Hilbert spaces, since the norm (3.18) clearly comes from
the inner product

(3.18)

(, v) = /T (1, (Dg + 1) o) e @29

Moreover they are complete, since the limit in the || - ||, j m-norm of analytic functions
is an analytic function ([42]).

REMARK 3.5. We think of a function w € A, jm as an analytic function from 'H‘z
into HY, say 0 — u(0,-). In this way, the problems considered here look closer to the
formulation of the varactor problem considered in [7]. The PDE looks formally like an
ODE in H}' and the response solutions will be analytic functions from the torus into
H7'. For sufficiently high m, these will be classical functions which are analytic in the
t variable and differentiable in the variable x. Hence, they will be classical solutions

for the PDE.
4. Precise statement of the results.

4.1. Approximate solutions of the fixed point problem. For all models
we can give a definition of “approximate solution” as follows.

DEFINITION 4.1. Let us consider a family of functional equations
(4.1) F(U)=0,

2 When we consider domains which are closed with a smooth boundary, we refer to analytic
functions as functions which are analytic in the interior and that extend continuously to the boundary.
For us, using domains which are compact is slightly more convenient in order to quote embedding
theorems, etc. Nevertheless, in order to avoid repetitions, we omit that analyticity is meant only for
the interior and that we assume the extension to the boundary.
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where Fz : Apjm — Ap.jm is an operator that maps e-dependent families into families
(of course the operator F. may have an explicit e-dependence). We say that

M
(4.2) UM =3 ",
k=0

for some M € Z4 is an approzimale solution up to order M of (4.1), if

| Fo(UED)]

prdsm = O(EMH) .

4.2. Main results. Our main results are provided by the following Theorems 4.2,
4.3, 4.6.

Theorem 4.2 is based on a contraction mapping argument and it states the exis-
tence of a solution, provided we assume the existence of an approximate solution.

Theorem 4.3 gives sufficient conditions for the existence of an approximate solu-
tion up to any order under some non-resonance assumptions on the frequency: the
higher is the order of approximation we want to reach, the more restrictive will be
the condition on the frequency.

Theorem 4.6 summarizes the results above, i.e. it gives the existence of an analytic
solution under the requirements of Theorem 4.3, which provides the approximate
solution. The proof of Theorem 4.6 relies on applying Theorem 4.2 to the approximate
solutions provided by Theorem 4.3.

In the Theorems 4.2, 4.3, 4.6 we will assume that f belongs to the space of
functions A, ;. as in Proposition A.3, which ensures the validity of the Banach
algebra property.

THEOREM 4.2. Assume that f is in A, jm for p>0, j,m € 2N, j>d, m > (/2
(m > {/2+1 in the case of Neumann boundary conditions). Let h: B x D — C with
B C C open set, and let D be either of the form D1 or D2 as in Section 2.1. We
assume that h is analytic in B and C™(D) N C(D) in x.

Consider the models A, A°, B, B’ with D, N, P boundary conditions; assume that
the hypotheses H1-H2 are satisfied (see Section 3.2.2), and that the non-linearity
h satisfies BCD or BCN (See Section 2.2) in case of D or N boundary conditions,
respectively (depending on the boundary conditions considered for the equation). For
models A’, B’ assume also H1’-H2’.

For model A assume that the zeroth order term co (see (3.8)) admits a solution
(some sufficient conditions are given in Appendiz B) and that for some M € N,
M > 2, there exists an approzimate solution in € of (3.3) up to order M.

Let € be in the domain Qg = UysQy p with B > By for some By > 0 sufficiently
large, o > 0 sufficiently small, where

(4.3) Qop={e=¢6+ineC : ¢>Bn?, 0<|e| <20}
and 0 in the strip of size p >0
T¢={0 € (C/Z)* : Re(d;) €T, |Im(0;)|<p, j=1,...d}.

Then, there exists a function U = U.(0,z) € A, jm, which provides an exact solution

of (3.3).
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For model A’ assume that the zeroth order term co (see (3.8)) admits a solution
(some sufficient conditions are given in Appendix B) and that for some M € N,
M > 2, there exists an approximate solution in € of
(4.4)

(w-V9)2U5(9,3:)+§(w~V9) ALU(0,2)— AU (0, 2)—Apco(z)+h(co(x)+U: (0, z),x) = f(0,x) .

Let € be in a domain of the form (4.3). Then, there exists a function u = u(f,x) =
co(x) +U:(0,2) as in (3.1), belonging to A, jm, which provides an exact solution of
(4.4).

For model B we assume that there exists an approxzimate solution of

(4.5) e*(w-Vp)2U(0,2) + (w-Vo)U(0,2) — AU (0, 2) + h(U.(0, x),z) = f(0,x)
up to order M with M € N, M > 2. Assuming that € belongs to the domain
(4.6) Qs={e=€6+inecC: Re(—?)>6}u{e=¢ecR: <€ <26}

for some § > 0, then there exists a function U. = U.(0,x) € A, j.m, which provides
an ezact solution of (4.5).

For model B’ assume that the zeroth order term admits a solution (see Section 5.2)
and that for M € N, M > 2, there exists an approximate solution up to order M in
-Ap,j,m Of

(4.7) €2(w-Vo)2U.(0,2) + (w-Vo)U:(0, ) — ALU.(0, ) +ch(U.(0, ), z) = f(0,z) .

Assuming that € belongs to Qs as in (4.6) for some § > 0, then there exists a function
U. =U.(0,x) € A, jm, which provides an exact solution of (4.7).

In all the cases above, the solution U, is analytic in the considered domains as a
function of € and it is asymptotic to the approrimate solution.

Note that Theorem 4.2 involves mainly regularity assumptions and the require-
ment that there exist approximate solutions at least of order 2. Sufficient conditions
for the existence of an approximate solution (given by the expansion to any arbitrary
order) are provided by the following result.

THEOREM 4.3. Assume that f is in A, jm for p>0, jym e 2N, j>d, m> (/2
(m > /2 +1 in the case of Neumann boundary conditions). Let h: B x D — C with
B C C open set, and let D be either of the form D1 or D2. We assume that h is
analytic in B and C™(D) N C(D) in z.

Consider the models A, A’, B’ with either D, N, P boundary conditions and as-
sume that h satisfies either BCD, BCN in case of D, N boundary conditions, respec-
tively (depending on the boundary condition considered for the equation). Assume that
the zeroth order term admits a solution (see, respectively, Appendiz B for models A,
A’ and Section 5.2 for model B’). Furthermore:

i) Assume that there exists M € N, such that

2
(4.8) k| Llog |w - k|7t < %” vk € 74\ {0} .

Then, there exists an approzimate solution in € of (3.3), (4.4), (4.7) up to order M.

In particular, if

(4.9) limsup |k| " log(jw - k[~ =0,

|k]—o00
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then we can obtain a formal power series in € (whose coefficients are well defined)
solving the equation up to all orders.

1) If we assume that f is a trigonometric polynomial, then there is a formal power
series in € which is a solution of (3.3), (4.4), (4.7) up to all orders, without requiring
any non-resonance bound on the frequency w.

REMARK 4.4. Recall that we are assuming that w-k =0, k € Z2¢, implies k = 0.

REMARK 4.5. It seems likely that the condition (4.8) (which is even weaker than
the Bryuno condition) is optimal. Each step of the computation of the perturbative
expansion involves solving a differential equation with (w - k)~% as small divisors.
Hence, we expect that the solutions, in general, lose a domain of definition of size
p/M at each step.

Combining Theorems 4.2 and 4.3 we obtain the following result.

THEOREM 4.6. Assume that f, h satisfy the assumptions of Theorem 4.2 re-
garding the regularity, the boundary conditions and the existence of the zeroth order
solution. Fix M > 2 and assume (4.8). Then, we have the following results.

For model A there exists a solution of equation (3.3), which is analytic in € and
0, and satisfies the D, N or P boundary conditions. The analytic solution exists for e
in the domain Qp as in Theorem 4.2 and 0 in ']Tg.

For model A’ assuming H1’, H2’, there exists an analytic solution of (4.4) in
0 e 'H‘z and € with € in a domain of the form Qp as in Theorem 4.2.

For model B with D, N, P boundary conditions, provided the existence of an
approximate solution, there exists an analytic solution of (4.5) in 6 € 'I['g and € in a
domain of the form Qs as in (4.6) for some § > 0.

For model B’ with D, N, P boundary conditions, assuming H1’-H2’ there exists
an analytic solution of (4.7) in 6 € 'H‘z and € in a domain of the form Qs as in (4.6)
for some § > 0.

REMARK 4.7. Note that the non-resonance condition which we need to impose
on w to obtain the existence to all orders is more restrictive than the non-resonance
condition we need to obtain the existence of an analytic solution defined in the domain
Q. p or Q5. Since, as we argued in Remark 4.5, we believe that the conditions are
optimal, it seems that given an My and an w that satisfy (4.8) for M = My, but not
for M = My + 1, then we can obtain functions that have an expansion up to order
My, but not My + 1.

It seems, therefore, possible to arrange the existence of models with a solution
analytic in a domain of the form Qs g or s, but without Taylor expansion beyond a
certain order.

REMARK 4.8. By restricting the domain in Theorem 4.6, we can obtain stronger
contraction properties for the operator T defined in (3.14).

For example, for model A one possibility would be to consider only one of the
domains Qq g defined in (4.3) with o small enough. Another possibility is to consider
conic domains defined as

Y5, ={c€C: |Im(e)|/le]<d, o<l|e|] <20}

for some &, o > 0. We refer to [7] for further details on the study of the solution of
a forced strongly dissipative ODE on conic domains. By restricting to the real line, it
seems possible to obtain results for finitely differentiable non-linearities.
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5. Existence of solutions of the zeroth order term. The existence of so-
lutions of the zeroth order equation for models A, A’ has a very extensive literature
and can be done by a variety of methods; with reference to classical textbooks like
[45, 2, 39], we defer the presentation of some of such results in Appendix B. For mod-
els A, A’, we will produce several (even infinitely many) solutions of the zeroth order
equation.

In this section we confine ourselves to discussing models B, B’, using arguments
based on an implicit function theorem in Banach spaces. However, we mention that
there are other possibilities which we have not covered, for example methods based on
index theory ([19, 6]). We will show that each of these solutions of the zeroth order
equation continues into a formal solution to all orders and that, furthermore, it can
be modified to be a true solution.

5.1. Solution of the zeroth order term for model B. The zeroth order
equation for model B is:

(5.1) (w-Vo)Uo(0,2) — AyUp(0, ) + h(Up(0,z),x) = f(6,2) .

We will solve equation (5.1) by reducing it to a fixed point problem and providing
conditions that ensure solvability.
Let us denote by I' the operator

(5.2) l'=w-Vo+ L,
where L is given by
(5.3) Ln=—-An+h(0,2)n.

We assume that

h(0,2) =0 .
Then, (5.1) becomes
(5.4) TUs(0,2) + G(Uy (0, ), ) = f(0, )
with G given by
(5.5) G(Uo(0, %), ) = h(Uo (6, x), ) — I (0, z)Us (6, ) -

We notice that I" is a diagonal operator in the Fourier basis, since it is separated in
the sum of two parts, one of which acts only on 6 and the other acting only on x. If
we assume that £ satisfies H1 and H2 and we denote its eigenvalues by \,, then

D0, ) = (2miw - k4 \,)e?™ %%, .

Thus, we notice that T' is invertible and we can reduce (5.4) to the following fixed
point problem:

(5.6) Uo(0,2) = T~ G(Uy(0,x),z) + T~ f(6,2) .
We define the operator T by

(5.7) TWU)=-T"*GU@,x),z) +T7 f(6,z) .
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Using properties of composition of functions, see Proposition A.9 in Appendix A, we
can show that for Uy, Vo € A, j m, then T satisfies the inequality:

T (Uo) = T(Vo)llpjom = [IT7" h(Uo,z) =T h(Vo,z) — TR (0,2)Uo + T 1 (0,2)Vol| p.jom
< Cao [T j.m U0 = Vollp.jim -

where the Lipschitz constant of the composition with G is bounded by a constant C
times «. Finally, if we choose g small enough so that 7 is a contraction, we obtain
a solution Uy in a ball of radius ag. Thus, we have proven the following result.

PROPOSITION 5.1. Assume that f is in A, jm for p > 0, j,m € 2N, j > d,
m > (/2 (m > {£/2+1 for Neumann boundary conditions). Let h : B x D — C with
B C C open set, and let D be either of the form D1 or D2. We assume that h is
analytic in B and C™(D) N C(D) in z and let h(0,z) = 0.

Consider model B with either D, N, P boundary conditions and assume that h
satisfies, respectively, BCD, BCN in case of D, N boundary conditions (depending on
the boundary condition considered for the equation). Then, the zeroth order term of
model B given by equation (5.1) admits a solution Uy contained in a ball around the
origin in Ay jm of small enough radius aq .

5.2. Solution of the zeroth order term for model B’. The zeroth order
equation for model B’ is

(5.8) (w-Vo)Up(0,z) — AyUp(0,2) = f(0,2) ,

which can be solved under the assumptions H1’-H2’. In fact, defining the operator
I acting on U as in (5.2), but with A, instead of £, we can write (5.8) as

TUy(0,z) = f(0,x) ,

which can be solved, because I' is invertible (using H1’-H2").
Indeed, the operator I' is diagonal in the Fourier basis. Let us expand Uy as

Uop(0,2) = Z Z "R 0P, (2)Uo ko

keZd n>0

for some coefficients Uy i,»; in a similar way, let

fO.2)= > > 0, (2) i .

keZd\{0} n>0
Then, we obtain:

~ fk n

5.9 Uypn = ———————

(5:9) 0.k, (2miw - k + \%)

for k # 0 (with A3 € R denoting the eigenvalues of —A,) and Uo,o,n = 0. From
(5.9) we see that the assumptions H1’-H2’ and the regularity of f(6,z) imply the
regularity of Up. Because of H1’-H2’, we have that |2miw - k + 5| > v for some
v > 0; using the character of the norms in Fourier coefficients, we obtain the desired
result.
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6. Proof of Theorems 4.2, 4.3 and 4.6 for model A. In this section we
present detailed arguments that complete the proof of Theorems 4.2, 4.3 and 4.6 for
the case of the dissipative wave equation (2.1) of model A; in Section 7 we will present
the necessary modifications in order to have the results for models A’, B, B’.

We start by proving the existence of an approximate solution up to prescribed
orders (Section 6.1); then, we bound the operator N; in (3.4) providing estimates in a
parabolic domain (Section 6.2) and we conclude by showing the existence of a solution
of (3.7) through a fixed point argument (Section 6.3).

6.1. Existence of an approximate solution up to prescribed orders. In
this section we describe the construction of the approximate solution up to a pre-
scribed order M, as in the statement of Theorem 4.3.

For model A described by equation (2.1), the first order term ¢y of the expansion of
the response solution (see (3.1)) satisfies the semilinear second order elliptic equation
(3.8).

To perform the formal manipulations that lead to the approximate solution up to
order M, we find it convenient to write the equation (3.3) as
(6.1)

[e(w- Vo) + (w- Vo) —eA U0, ) — eApco() +eh(co(x) +U(0,2),2) = cf(0,z) .

We assume that a solution ¢y for (3.8) can be found as described in Appendix B.
Next, we write formally U. = U.(6) in powers of ¢ (see (3.2)). We now show that we
can define an approximate solution of (6.1) as a finite truncation of (3.2) up to order
M. Inserting (3.2) into (6.1), we get

(6.2)
> (W Vo) +(w Vo) —eAL]U; (0, 2) —eAgco(z)+eh(co(2)+Ue (0, 7), 2) —e f(0,2) = 0.,

Hence the first order in € in (6.2) is given by (3.9). Since ¢ satisfies (3.8), then the
equation for the first order in € becomes

(6.3) (w-Vo)Ur(0,2) = f(0,2) = (f) ()

and it is easy to see that by the non-resonance condition (4.8), equation (6.3) has a
solution in A, ;. for some p’ < p: a proof of this fact can be found in [7] for the
case of the varactor equation (see also [10]) and can be straightforwardly extended to
the present situation. In fact, let us define g(0,2z) = f(0,z) — (f)(z); let us expand
Ui and g as

Ur(0,2) = Y Y ™0 (2) Urpn,  g02)= > > 0, (2) jrn

kezd n=>0 kez4\{0} n>0

for suitable coefficients Ul,k,m Jk,n- From (6.3) we obtain that

% gk: n
Utk = : )
L 2miw - k
which is well defined thanks to (4.8). The appearance of the small divisors is the
origin of the loss of analyticity domain.
Note that Uy (0, ), as a solution of (6.3), has a free parameter, namely (Uy)(x),
which is determined at the subsequent order.
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Recalling the definition (3.5) of £, the order €2 in (6.2) is
(w - Vo)Ua(0,2) = ~[(w- Vo)* + LIV1(0,2) ,

which admits a solution Uz(6, ), provided that the average of the right hand side is
zero. In particular, the average of Uy must satisfy the equation £({U;)) = 0 and since
L satisfies H1-H2, then (U;) = 0.

Now, by using the non-resonance condition (4.8) up to order M, one can proceed
recursively to compute the functions U; in A, j ., up to order M. We have that for
any N < M — 1 the function Uy, satisfies a recursive relation of the form (3.12).
Again, we must require that the average of the right hand side of (3.12) is zero, which
provides the average of Uy, i.e.

(64) £(<UN>) = —<SN(C(),U1...,UN_1)> .

The existence of (Uy) satisfying (6.4) is guaranteed by assumptions H1-H2, since
the spectrum of £ is bounded away from zero.

In this way we obtain the approximate solution up to order M under the assump-
tion (4.8). It follows that we obtain a well defined approximate solution to all orders
under the condition (4.9); for instance one can adapt the argument given in Appendix
H of [11]. Finally, if we assume further that f is a trigonometric polynomial of degree
J > 0, then Uy is a trigonometric polynomial of degree N.J and we can obtain the
formal solution up to any order N. This concludes the proof of Theorem 4.3.

6.2. Bounds on the operator N.. In this section we will obtain bounds on
N, in appropriate spaces, when ¢ is contained in the domain Q2p defined as the union
over o of the domains (4.3). We will also remark that it is not possible to obtain the
same bounds when ¢ is on the imaginary axis: indeed, we present separate arguments
that lead us to conjecture that the bound on the spectrum of N. cannot be obtained
when ¢ is imaginary.

Note that, since £ acts on the x variable only and w - Vg on the 6 variable, we
can apply separation of variables and obtain that the spectrum of N is
271

Ak = Mk(e) = —(2mw - k)? + . (w-k)+ A\ -
As already pointed out, the invertibility of V. will follow from the fact that its spec-
trum is bounded away from zero. For a general operator, the bounds on the inverse
would need not only to estimate the spectrum, but also the spectral projections,
though this is trivial in this case since L is self-adjoint and w - Vy is anti self-adjoint,
so that £ 4+ w - Vg is a normal operator.

We study the spectrum of N., when ¢ ranges in the domain

(6.5) Qopa={e=&+ineC:{>Bn%, 0<|e| <20} .

Afterwards, we will fix a in such a way that we can use the fixed point argument of
Section 6.3 and it will turn out that the best choice is a = 2, thus leading to defining
the solution in the domain Q, g2 = Qs p as defined in (4.3). To study the spectrum
of N., we will use the maximum principle for A, j as a function of ¢; hence, we will
get a lower bound on |\, x| on the boundary of the domain.

Let us suppose that \,, — co whenever n — oco. We will show later that this
assumption can be relaxed to encompass the case that the sequence of the \,’s has
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a finite supremum, even if this case does not appear in the applications we have in
mind. Thus, we can fix K € N large enough so that A\ —1 > Ay; we will first provide
a bound for 1 <n < K on the whole region Q; 5 4.

For every n € N, we want to estimate infycza (o} [Anx(€)|? for € € Qg B qo; there-
fore, we study the behavior of

leAnk(e))? = | —e(2rw - k)% + (27w - k) + ey |?
== (E+in)2rw-k)* +i(2rw - k) + (€ +in)Aa |
=& [ (2mw - k)2 + M) + [-n2nw - k)2 + (27w - k) + nha)? .
For a given n, consider the function
(6.6) Du(r,6,m) = & (=72 4+ An)* + [n(=7% + An) + 717,
where 7 € R, £ +in € Q, B o. Clearly,

T, (27w -k, €,m) = [(€ + in) Ak (€ + i) ;

since infrer I'n(7,&,m) < infreza joy Tn(2mw - £, €, 7m), it suffices to bound from below

infTE]R Fn (7—7 67 77)
Let us start by considering the boundary {{ = Bn®}, namely we consider ¢ as

(6.7) e=DBn“+1in

with n € R\{0}, B > 0 large enough, say B > By for some By € R;. Clearly, for
every n we have that

523125-'1-7;77 kezig\f{o} [eAni (@) 2 rirelnf@lF"(T’ Bl -
We recall that H1 and H2 imply that inf,,>1 |\,| = A1 > 0.

Obtaining lower bounds of (6.6) for e of the form (6.7) is very simple: indeed
it is the sum of two non—negative terms, which vanish at very different places. We
analyze carefully each of the places where one of the terms vanishes. If none of the
terms vanishes, the lower bound is clear.

Let us define the three regions

I = [V = 107200 VA + 1073/,
(6.8) I ==V =107 A, =V + 1073/

and the complement of 7, UJI_. When 7 is in such complement we have
(6.9 Tu(r&mn) > (Bn®)*(=7° + Aa)? > CE(By*)?AL > CE(Bn*)* A
for a suitable constant C; > 0. When 7 € I} U I_ we have

A =21 = [V =7l [V 7 < 1073V (24 109 VA,

so that we obtain
Lo(,&m) = (A = 72) + 7]
> 7% = 2|7 | A — 7]
> 72— 2|7 In[ (2+1073) 1073 \,, .
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Since we have that |7| < (1 + 1073)y/A, and 72 > (1 — 1073)2)\,, we obtain for
T E I+ ul_:
) 3

Lo(r,6,m) > (1—107%)2), —2(1+107%) (24 107%) 1072 A2 |n] .
Since we are considering A\ < \,, < Ag, the following inequality holds for all 7:
(6.10) Lo(7,€,m) > C3(By*)?
for some constant Cy > 0, provided |7 is sufficiently small to satisfy the condition

C2(Bn®)? +2(1+107%) (241071072 X% In| < (1 —107%)% \, .

We now consider the remaining parts of the boundary of the region Q, 5 o, start-
ing from the circle |¢|> = 0 and we begin from the case |\, — 72| < § for some positive
0. Then, for o sufficiently small and setting ¢ = & + in, we have

Lo(r,6m) = 0(12 = Xa)? + (1= 2p7) (7% = ) + A
(6'11) 2(,..2 2 1 2 A 2
ZU(T _)\n) +§(T _An)+)\n27203€

for C3 > 0, if 0 and ¢ are small enough with 0 < 6 < A; and provided

A1
<4q/=—.
€< /50

When |\, —72| > d, we have -as before- that the minimum of ', (7, £, n) is reached
for |\, — 72| = § and we obtain the following bound:
(6.12)
To(1,6,m) = [e?(An — 722 + 72 4 21n( Ny — 72) = €202 + (n(\n — 72) +7)2 > €262 .

Of course on the circle |¢|? = 402 we can reason in the same way, possibly changing
the constants.

Let us discuss now the case n > K; again we distinguish two cases.
For 7 such that |\, — 72| < 1 we have 72 > A\ — 1; therefore for || sufficiently
small and for some C; > 0 we obtain the bound:
1
Co(r &) = [ n = 72)2 + 72 4 2mn(Ay = 7%) 2 72 = 2|7 [n] = 57°

1 A
(6.13) >S50k =) > 5 > G

provided [£] is sufficiently small, namely

A1
< — .
€< /5
Finally, for [\, — 72| > 1, n > K, we have
(6.14) Lo(r,&m) 2 X — 772 2 62

Casting together the bounds (6.9), (6.10), (6.11), (6.12), (6.13), (6.14), there
exists a constant C5 > 0, depending on A;, such that for every n,

(6.15) Lo(7,€,m) > Cs max{(Bn®)? &%} = Cs¢? |
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since we are in the domain Q, g C {{+in € C: |£| > B|n|*}. This concludes the
bounds on the spectrum of N..

REMARK 6.1. (i) The bounds providing the invertibility of N, fail when € is on
the imaginary axis.

(ii) We do not assume that the spectrum is discrete; we could take the spectrum
ranging over any set of the real line.

(7i1) The discussion above does not depend explicitly on the boundary conditions
assumed for the PDE. However the boundary conditions enter through the assumption
H2.

(iv) The case in which

sup A, = A < o0
n>1

is even simpler than the previous discussion, since in this case we can reason exactly
as we did just for the case n < K.

To use the fixed point argument formulated in Section 6.3, we need the bound

[N

Z 060'2

(Tn(7,€,m))

for some constant Cs. This bound will be used in (6.18) below and, in view of (6.15),
it amounts to requiring

€] > Cso?
for some constant Cg > 0. This inequality is in turn implied by
1B > Cgo”
which is possible only if
|Bn®| = Co(B*** +n?) .

Therefore, since |n| < 1, we must have o < 2; in conclusion, we take o« = 2, being the
best possible exponent, thus leading to define the domain Q, 5 as in (4.3).

6.3. Existence of the fixed point. As we have discussed in Section 3, we can
rewrite (3.7) as a fixed point equation, namely

U(0.2) = N7 (f(0,2) — (f)(z)) = NT'G(U)(8,2)

where U denotes a function of ¢ defined by U, = U.(6,z). In this way, we define an
operator T acting on functions analytic in €, taking values in A, j ,, given by

(6.16) TU) =N f = (f) = NZ'G(U) .

For a fixed ¢, we find a fixed point of 7 by considering a domain P C A, ;,, with
T(P) C P on which T is a contraction. Since we want to obtain analyticity in e, we
reinterpret (6.16) as an operator acting on a space of analytic functions in £ and we
consider the domain P in the space A, ;.5 consisting of analytic functions of e
taking values in A, j ,, with € ranging on the domain Q, 5.
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We endow A, j m o, With the supremum norm

(6.17) U]

pim.oB = sup ||U|lpjm
€ o,B

for which A, jm,- B is a Banach Space. Moreover, due to Proposition A.3 of Ap-
pendix A, if j > d and m > £/2, then A, j m,o 5 with the norm (6.17) is a Banach
Algebra.

Notice that (6.15) and the fact that N. is diagonal implies that we can estimate
its norm in the domains €2, g. We note that the infimum is reached at the boundary
of the domains, namely

(6.18) 1IN

-1 _—2
pjma,B < CrB™ 0" %0

for some C7 > 0, provided that B is sufficiently large. Using the Banach Algebra
property of A, jm o 5 and the fact that DyG(0)(6, ) = 0, we note that the operator
7T- is Lipschitz in a ball B4(0) C A, j m,o, B of radius o > 0. Indeed, using Proposition
A.9 we have that the Lipschitz constant of the composition with G is bounded by a
constant times «. Thus, we have shown that

IT(U) = TV)lpjimes < CeB o a|lU =V jmos -

We continue as in [7] by showing that 7 is a contraction in a ball centered around
the approximate solution that gets mapped into itself. First, we notice that the
approximate solution UM = UM (0, z) (see Definition 4.1) satisfies

1™

pgmiaB < Cs0

for some Cg > 0.

We fix cg > 0 which will be the radius of a ball around zero in A, j m + B, so that
we will take the constants corresponding to this ball. We will refer to this ball as the
ambient ball.

Our next goal will be to identify balls around the approximate solutions such
that the operator 7 maps them into themselves and is a contraction. The following
discussion is very similar to what is done in [7].

Consider a ball Bs(UM) of radius 8 around UM . We will impose several conditions
on 3 that ensure that the ball is mapped into itself by 7 and that T is a contraction.

The ball Bg(U™M) is contained in the ambient ball, Ba, (0) € A, jm.o,5, provided
that

(6.19) Cso+ B <ap.

Hence, we will assume (6.19) to ensure we can use the constants of the operator in
the ambient ball.
The operator T is a contraction on Bg(U™M) provided that

(6.20) C7(Cso+B)B to™t < 1.
Moreover, we have that the approximate solution satisfies the inequality

ITW™) = UMpjimos < Coo® B~ o™
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for some constant Cy > 0, since UM is a solution at least to O(¢®) as in Theorem 4.2
or 4.6. The ball Bg(UM) is mapped into itself, whenever

(6.21) C7(Cso+B)B to 1B+ CoB o? < .

Notice that to fulfill (6.19), (6.20), (6.21), we are allowed to choose . Namely,
we want to show that for some B large enough and for all o sufficiently small, say
o < 0*(B), we can find 5 > 0 such that the three conditions (6.19), (6.20), (6.21) are
satisfied.

It is natural to choose

8 =100 ¢
and, then, (6.19), (6.20), (6.21) are implied by

(6.22) (Cs 4+ 100)0 < ayg
(6.23) C7(Cs +100)B~' < 1
(6.24) 100C7(Cg 4+ 100)B~ + CoB~ 1o < 100 .

We see that we can choose B large enough so that (6.23) is satisfied and, then, (6.22),
(6.24) are satisfied for o small enough.
In conclusion, we obtain that 7 admits a fixed point in the domain P, provided
o and B are suitably chosen. This fixed point will be a function analytic in Q, p.
As a corollary, the solution is locally unique, namely we have the following result.

COROLLARY 6.2. For a fized € € Q, p with o, B such that (6.19), (6.20), (6.21)
are satisfied, let UM be an approzimate solution. Then, for any 0 € T, we have that

(6.25) lim 77" UM@)=U(®) .

In particular, the convergence in (6.25) is uniform for e € Q, p with Q, p as in (4.3),
since |[UM —U|| < Co™ for a positive constant C' > 0, which implies that the solution
is analytic for € € Qs p.

7. Modifications of the proof in Section 6 to models A’, B, B’. In this
Section we consider models A’, B, B’, providing the necessary modifications to the
proof developed for model A. In particular, we concentrate on the extension of Theo-
rem 4.3 to construct an approximate solution and on the bound of the eigenvalues in
a suitable domain Q, g, as it was done for model A in Section 6.2. The other parts of
the proof can be extended to models A’, B, B’, trivially. The existence of the order
zero solution is considered in Appendix B, and Sections 5.1, 5.2, respectively.

7.1. Model A’. For model A’ we look for a response solution of the form (3.1)
and define the operators N, £ and G as
1
N.U®B,z) = [(w- V)2 + ~(W- Vo)A, + LU0, x)

LUB,x) = —-AU(0,z) + h'(co(z), 2)U(0, x)
(7.1)  GU)(O,x) = h(co(z) + U (0, 2),2) — hico(z), ) — k' (co(x),z)U(0,z) .
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The equation (4.4) is equivalent to the equation
NEUE(evx) + G(UE)(H,.’L') = f(97 z) — <f>(CL') )
while the function ¢y must satisfy (3.8)

To construct an approximate solution, let us again write formally U, as U, =
> ;=1 €’Uj. Then, after solving equation (3.8) for ¢ (see Appendix B), at the first
order in € we need to solve

(W : v@)AwUl(ev‘r) = f(e,.%') - <f>(CL') )

which yields the non-average part of U; using H2’ and the non-resonance condition
on w. At the second order in € we obtain the equation

(w- Vo)A Uz(0,2) = —[(w - Vg)? + LIU1 (0, z) ,

from which we first deduce that the average (U;) should be zero by imposing that the
right hand side has zero average and noting that £ is invertible. Then, we determine
the non-average part of U, by solving the remaining equation.

At the order N > 3 we obtain the equation
(7.2)
(W Vo)A Un(0,2) = —[(w-V)? + LIUn-1(0,2) + Sn (co(x), Ur (0, 2), ..., Un—2(6, ))

for a suitable function Sy, depending on ¢y and on the functions U; with j < N —1;
by imposing that the average of the right hand side of (7.2) is zero we get

£(<UN71>) = <SN(C(), Ul..., UN,2)> .

After fixing the average of Un_1, we obtain the non-average part of Uy by solving
equation (7.2).

To conclude the proof for model A’, we proceed to estimate the eigenvalues of the
operator N, in a way similar to that of model A.

Indeed, let us write ¢ = £ + in with € belonging to the domain Q, g defined in
(4.3); denoting by A5 the eigenvalues associated to —A,., we have:

ledn k| = | — e(2mw - k)% 4 i(2mw - k)AL + X, |?
=2(2mw - k)2 = A2+ [-n(2rw - k)2 + (27w - k)AL +nh\,)? .
As for model A, we introduce an auxiliary function I'y,(7,£,7) to obtain bounds on
the eigenvalues of N.:
(7.3) Do(r &) = (1% = Xa)? + (=72 + Xa) + TA]%
Again we fix K € Z such that Ax —1 > A1 and consider first the case n < K. Define
the regions I and I; as in (6.8). In the region (I_ U ;)¢ we obtain
Lo(r,6m) 2 (7% = Mn)? 2 C1o€2A5 > Cro€\E

for a suitable constant C'ig > 0.
Within the region I_ U I} we have
Lo(r,&m) 2 (07> + 725 +0Aa)” 2 72 (A3)7 = 2] 7] A — 7227
> 72 (A)% = 2230 7|2 +107%) 107% A,
> (1107320, (A)2 = 22821 + 107322 +1073) 1072 || > C11€2,
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for some constant C7; > 0, if
(74)  C&+ 202 (1+1073) (24 1073) 103 A¥/2|p| < (1 — 103)2(A2)2), .
In the case n > K, we recall the expression of T',,(7,£,7n) in (7.3). Then, we
consider the subcase |\, — 72| < 1, which provides 72 > A — 1, so that one obtains

for |n| sufficiently small:

To(r,6m) = [P (An — 72)2 + (A2 T2 + 27 A2 (A — 72)
(A2 = 2X2 | ||

Y

M
2 Y

Y

1 1
5()\1%)272 > 5()\1A)2 Ak —1) > (A})?
provided

1
Il < AV = 1.
In the case |\, — 72| > 1, recalling (7.3) we obtain
Lon(r,&m) > §2|/\n - 7'2|2 >

Concerning the boundaries |¢| = o and |¢| = 20, again we can reason as for model

A.

Note that the assumption H2’ is crucial in order to get the bound; if A, is the
standard Laplace-Beltrami operator, the invertibility of the operator N is guaranteed
only for D boundary conditions, because H2 is violated for N, P boundary conditions.

This concludes the discussion of the invertibility of the operator N, for model A’.
The existence of a fixed point can be done in full analogy to model A; see Section 6.3.

7.2. Model B. To construct an approximate solution, let us write formally
Us(0,2) =Up(0,z) + Zjoil e9U;(0, ). Given the zeroth order solution (see (5.1)) as
in Section 5.1, we proceed to determine the higher order terms, matching powers of
the formal series expansion in the equation

(7.5) e*(w: Vo)’ Ue(0,2) + (w - Vo)Us(0, 2) — AoUc (0, 2) + (U= (0, 2),2) = f (0, 2) .
At first order in €, we get the equation
(7.6) (w- Vo) Ui (0,2) — AU (0,2) + B (Up(0,z),2)U1(0,2) =0,
which can be used to determine U;. Indeed, writing (7.6) as
[(w-Vg) —Ar + K (Uo(0,2),2)] Ui (6,2) =0,
we may fix U; = 0.

REMARK 7.1. Note that if Uy is contained in a ball around the origin in A, jm
with small enough radius as in Proposition 5.1, then the operator

(7.7) I'=(w-Vg) — Ay + 1 (Up(0,2),2)
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is invertible. Indeed, if we write it as the sum of the invertible operator (5.2), intro-
duced in Section 5.1 plus the multiplication operator T defined as

To= [h/(Uo(e,fL'),CL') - h/(ov x)]¢ )

which is small when Uy is in a small ball, we obtain the inverse of T =T +T by a
Neumann series argument.

At the generic order N > 2, we obtain the equation:
(7.8) T (Un(0,7) = —(w- V) *Un—2(0,7) + Sx(Uo(0,2), ..., Un_1(0, 7)) ,

where Sy is a known function of the U;’s with j < N. If the operator I is invertible,
we can determine Uy uniquely.

Now we assume that it is possible to solve the zeroth order equation (5.1) (some
sufficient conditions have been presented is Section 5.1) as well as to solve the recursive
equations (7.6), (7.8) by taking Uy in a small ball around the origin in the A, ; ,,, norm.
We proceed to study the conditions under which (7.5) can be solved.

We start by introducing the operator

Ae =e*(w- Vo) + (w- Vo) — A, + 1 (0,2) .
If this operator is invertible, by the same argument as in Remark 7.1 the operator

A =e*(w-Vg)? + (w- Vo) — Ay + W (Up(0,2), )

is invertible whenever ||Ug||,,;,m is sufficiently small. Now, if we write equation (7.5)
as

(7.9) AU-(0,2) + H(U:) (0, 2) = f(0,2)
where we write U, = Uy + U. with U, = Z;’il elU;(0,z) and
H(U:)(0,2) = h(U:(0, x),2) — h'(Uo(0, x), 2)Ue (0, ) ,
we are led to solve the equation
Us(6, ) = —AZ'[H(U:)(0, ) — f(6,2)] -
Let us define the operator 7 acting on a function U = U (6, z:) by
(7.10) TIUNO, 2) = —AZ HU) (0, 2) — f(0,2)] .

Using Proposition A.9 of Appendix A, we can show that for U,V € A, j,, then T
satisfies the inequality:

ITW)~TWV)lpgom = IAZ (HO)=AZ (HV))llpjom < Cao A7 g g U=V

pJym s

since the Lipschitz constant of the composition with H is bounded by a constant times
Q.

As in the case of model A, to check that 7 maps a small enough ball around an
approximate solution UM (), x) into itself and it is a contraction, we need to investigate
the domain on which A, can be inverted with “good bounds”.
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The multiplier A, ;. associated to /~\5 is given by
)\n,k,s = 52(27Tiw . k)2 + 2miw - k + A\, ,

where the eigenvalues A\, of L = —A, + h/(Up(6, x), z) satisfy H1-H2 with the as-
sumption that ||Upl|,,j,m is small. For a given n, we consider the function

Lo(1,e) = =% i1 + A\

for 7 € R. We are interested to evaluate the quantity inf|T,(7,)]. This function
can be easily analyzed geometrically, since the part corresponding to —e272 4+ 47 is
a parabola. The infimum is generated by considering the minimum distance of the
parabola from the quantity A, (which is a real number).

For ¢ = 0 the parabola coincides with the vertical axis, so that if A\, # 0, the
distance is always positive. Indeed, the parabola —e272 4 i passes through the origin
and it is tangent there to iR. The axis of the parabola coincides with —e2.

We assume that

(7.11) Re(—e?) >d>0,

setting € = Bn? +in, then (7.11) amounts to requiring that n? — B?n* > ¢ > 0, which
is satisfied for n sufficiently small. Finally, we obtain the estimate:

Re(—€%72 +47 + Ap)| > 672+ Ay > Ay

which ensures that the spectrum of A. is away from zero due to H1-H2. Therefore,
we infer that the operator ', (7, €) is invertible and we get uniform bounds within the
domain

Qs ={e=&+1in: Re(—¢?) > 6}

for 6 > 0.
Let us conclude by considering the case of € real which is not covered by (7.11),
say € = £ with £ € R as in (4.6) with ¢ small enough. Then, setting

Lo(r,8) = |- & +ir+ Mf> = (M — €777 + 72,
it follows that
d
d—rn(r, €) =27(264% — 20,62 + 1) .
-

We have two cases:
case 1. 2),&% < 1, so that the minimum is attained at 7 = 0 and one has T',,(0,¢) =
A2 > \%
case 2. 2),£? > 1 and hence the minimum is attained at 7 = £/(2),,£2 — 1)/(2¢%)
(T (74, &) are equal for parity reasons) and one has

D VA N VS S B
46 T €2 28t T 2 4t Tt T

Fn(ﬂ:aé) =

)

for £ small enough.
Summarizing, for ¢ real we get

(7.12) Lp(7,€) > min{)\j, 1} .
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7.3. Model B’. We write the solution as U.(8,z) = Uy(6, z) + U.(6, x), where
U. = > 521 €'U;(0,x). The zeroth order solution has been already discussed in Sec-
tion 5.2. With respect to model B, the only modification is that here we do not
need the assumption ~(0) = 0. To determine the higher order terms Uj;, we start by
considering the equation

(7.13) €2 (w-Vp)2U.(0,2) + (w-Vo)U (0, 2) — AL U (0, 2) +eh(U-(0,2),x) = f(6,2) .

Inserting the series expansion for U. into (7.13) and matching the same powers of ¢,
we get the equations for the functions U;, j > 1.
At the first order in € we obtain the equation:

(7.14) (w-Vo)Ur(0,2) — AU (0,2) = —h(Us(0, ), x) .
Let A = (w-Vg) — Ay; then (7.14) can be rewritten as
(7.15) AU (0, 2) = —=h(Up(8,x),x) ,

and note that the right hand side is a known function, once we solved the zeroth order
equation.
At the order N > 2 we get a recursive equation of the form

(716) AUN(Q,LL') = SN(UO(G,:E), Ul(ﬁ,x), vy UN_1(9,!E)) s

for a function Sy depending on the terms Uj;, 0 < j < N, which are assumed to be
determined at the previous steps.

Both equations (7.15) and (7.16) can be solved, provided the operator A is bound-
edly invertible in the spaces A, j . This requirement is satisfied under the conditions
H1°-H2’ on the eigenvalues of —A, appearing in A.

After solving the zeroth order equation as well as (7.16) up to a finite order N, we
consider the formulation of (7.13) as a fixed point equation and establish the existence
of solutions.

Let us define the operator A, as

A =e%(w-Vg)? + (w-Vp) — Ay ;
then, equation (7.13) can be written as
AU(0,2) + Ho(U.)(0,2) = f(6,7)
where H, is defined as
H.(U.)(6,) = h(U.(6,2), ) .
We need to solve the fixed point equation

(7'17) Ue(0,2) = _A_l[HE(Ua)(GVT) - f(@,x)] :

=

The invertibility of the operator A, in the space A, j » has been already discussed
for model B and we conclude that condition (7.11) together with H1’-H2’ ensure
that the spectrum of A, is bounded away from zero, if Uy is in a sufficiently small
ball around the origin, as required in Proposition 5.1. Comparing (7.10) for model B
and (7.17), we conclude that we can reason as for model B to apply the contraction
mapping argument.
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8. Optimality of the results. The domains of analyticity for response solutions
established in Theorem 4.2 are not optimal. Clearly, many details of the argument
can be optimized and it is quite possible that one can use better fixed point theorems
or better arguments.

Nevertheless, we want to argue in this section that the results presented cannot
be improved very dramatically and are qualitatively optimal.

We will present rigorous results (Theorem 8.2) and heuristic arguments (Conjec-
tures 8.6, 8.7, 8.8) that indicate that the results obtained are qualitatively optimal
and quantitatively almost optimal.

In particular, we believe that the domains of analyticity of the response solutions
for models B, B’ do not contain sectors with aperture bigger than /2 for generic
perturbations. Note that /2 is precisely the critical aperture of the Phragmén-
Lindelof theorem ([36, 43]), which makes the function theoretic properties of the
perturbative functions very tantalizing. Of course, this has deep consequences for
the properties of the asymptotic expansions and how to recover the function from the
computed asymptotic expansion (note that not even the uniqueness of the asymptotic
expansion is clear for functions in these domains).

The argument presented in this section is very general and it applies to many
problems that can be reduced to a fixed point problem with parameters and which
satisfy some mild conditions on analyticity and compactness. In particular, it applies
to the treatment of the varactor problem carried out in [7], but we will not formulate
here the precise results in this case, even if they have less technicalities than those
used in this work.

The argument we present here goes by contradiction. We show rigorously (see
Theorem 8.2) that, if there is a family of solutions u. whose domain includes a res-
onance (see Definition 8.1), if we embed the problem in a two parameter family of
problems, then for most families we do not have a two parameter family of solutions.
The second rigorous result (Lemma 8.3) strengthens a bit the previous one by show-
ing that if we had solutions for all the one-parameter families in a neighborhood (in
the space of analytic families), we could find an analytic two-parameter family. The
conclusion of the two results above is that it will be very unlikely to find a family
of problems, so that the domain of the response function includes a resonance. That
is, if we find a family whose solutions include a resonance, we can find arbitrarily
small perturbations whose response solutions have a domain that does not include
the resonance.

By examining the argument carefully, and by proposing alternative points of view,
we speculate — but we do not prove it rigorously — that this argument applies to all
resonances simultaneously. This leads to Conjecture 8.6.

Of course, since our contradictions are obtained by constructing perturbations
which cannot be continued, if we consider a restricted class of models, one has to
wonder whether the perturbations can be constructed in this class.

Similar lines of argumentation have appeared in the literature. Notably, we have
been inspired by the use of uniform integrability in [37] to obtain insights on the
problem of integrability.

8.1. Statement of rigorous results on optimality. The key to the arguments
in this section is the concept of resonance for a parameter family of solutions.

DEFINITION 8.1. Let O, be an analytic family of bounded operators from a Banach
space to itself. We say that g is a resonant value for the family O., whenever the
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operator O, has a zero eigenvalue.

We say that the resonance is isolated if for all 0 < |e — o] < 1, we have that O
is invertible. Note that the arguments presented here do not require that the resonance
is 1solated.

In our applications to non-linear problems, say F.(U.) = 0, we will take as the
linear operators O, the derivatives at the solution O. = DF.(U.).

Of course for a general family of operators there are other alternatives between
having an eigenvalue zero and being invertible (e.g., having continuous spectrum,
having residual spectrum, etc.). In our case, the operators have a spectrum which is
the closure of the set of the eigenvalues.

The important fact about resonances is that if £¢ is a resonant value, the range
of the operator O, has codimension at least 1.

To prove our results it will be useful to introduce a two-parameter family, say F. .,
so that it will be easier to compute obstructions generated by resonances. Precisely,
our result is based on the following arguments:

(7) we will show (see part (b) of Theorem 8.2) that given a two-parameter family
of problems, F. ,(Us,,) = 0, such that DF, ((Us) is resonant, we cannot
expect to obtain solutions analytic in g near = 0 (we call this phenomenon
“automatic analyticity”);

(i4) we will show that if there is a perturbative solution for every one-parameter
family, there has to be a jointly analytic solution in two parameters (see
Lemma 8.3);

(7i7) the consequence of these two results is that it is impossible that there is a
solution that drives through the resonances for every one-parameter family
(see part (a) of Theorem 8.2).

We will work mainly with the equation (3.7), but - as anticipated before - we

extend it adding a parameter for the nonlinearity. In particular, we rewrite (3.7) as

(8.1) ]:a,u(Ua,u) = NaUa,u + AM(U&M) =0,

where A,(Us,,) = G,(Us ) — f+ (f) and G, is any smooth function of p such that
Go =G.
We define the family of operators O, as

(82) O, = DJ:E,O(UE,O) = N+ A6(U€,0) :

We will argue that if O, has a resonance at € = ¢, it is very difficult to have a family
A, that allows us to have U, , analytic in pu and which solves Fz, ,(Usy.n) = 0.

To make all this precise, we endow the space of analytic families of linear operators
with the topology of the supremum of the norm in a complex domain, so that it is a
Banach space. We will always consider the domains in p to be a ball around p = 0.
The domains in € could be either a ball around € = 0 for the perturbative expansions
or a ball around € = g, where ¢ is a resonance. When dealing with functions of two
variables, we consider domains which are the product.

The key to the argument is to show that if there are analytic solutions, the family
Feo,n has to satisfy constraints and that generic families violate them. Of course,
if one considers specific models in (8.1), it could in principle happen that the family
automatically satisfies the constraint. We will however show that this does not happen
in general and that, even in specific models for (8.1), it is unlikely that one can make
deformations satisfying the constraints imposed by the existence of analytic solutions.
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THEOREM 8.2. Let F. be an analytic family of analytic operators from a Banach
space to itself. Assume that there is a family U defined in a domain of analyticity
including eq, such that F.(U;) = 0 and that ¢ is a resonant value for the DF.(U.)
family.

Consider an arbitrary small ball B C C centered at €9 and define Ap the space of
analytic families of operators defined in the ball endowed with the supremum topology.

Then, we have the following results.

(a) In any sufficiently small ball of Ap centered at F.,, we can find a family of
operators F. such that the domain of analyticity of the solution of ﬁg(Ua) = 0 does
not include eg.

(b) For restricted two-parameter families F ,, of the form (8.1), we have the same
result. Namely, if there is an analytic family U. o satisfying Fe o(Uez0) = 0 and €g is
a resonant value for DF. o(Us ), then for an open and dense set of families A,,, we
can find arbitrary small values p, such that the family F. , does not admit a solution
U, which is analytic near p = 0.

8.2. Proof of Theorem 8.2. The first element in the proof of Theorem 8.2
is the following elementary lemma showing that if one has analytic solutions for all
equations, then they have to be analytic in a second parameter. Afterwards, we
will identify obstructions for analyticity in two parameters near a resonance (this
obstruction is very similar to Poincaré’s obstructions to uniform integrability ([37,
§81], see [14] for a reexamination of [37] with modern techniques and for a converse
of the results of [37]).

LEMMA 8.3. Consider a family of equations F.(U) = 0, where F. is an ana-
lytic family of nonlinear operators. Endow the space of analytic operators with the
supremum topology.

Assume that for all G. in a neighborhood of F. in the space of analytic functions
there is an analytic solution U., which is locally unique. Then, for every two-parameter
family F. ., such that F. o = F., there exists a solution U ,, which is analytic in the
two parameters for arbitrarily small values of .

8.2.1. Proof of Lemma 8.3 . Given a family of operators depending on two
parameters F ,, we fix o, 8 and consider the one parameter family defined as G. =
Fe.ae+p- By the hypothesis, if a, are small, we can find a solution U, so that
ga(Ua) = 0.

Geometrically, if we let 8 vary, then the lines (g, ae + ) form a foliation. For a
different value of «, we obtain a transversal foliation. The solution is analytic when
we restrict it to the leaves of each of the two transversal foliations. Note that we are
using the hypothesis of local uniqueness to conclude that the solutions for two families
are the same.

Precisely, if we choose a1 # a9, we can consider a change of coordinates from

(Evlu) to ﬂla ﬂQ given by
(8.3) aje —p =P, aze —p = Pa

which gives

. —p1+ P2 [ —azf1 + a1
- + Qo ’ - + Qo '

By hypothesis the solution Ug, g, of the two-parameter family F. , is analytic in £, for
B2 fixed and in B for f; fixed. This is the hypothesis of Hartogs theorem ([30, 33]),
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so that we can conclude that the function Upg, g, is jointly analytic in 8i, B2 and,
hence, it is jointly analytic in €, u.

If the operators act on infinite dimensional Banach spaces, we can reduce the
proof to the classical result for complex valued function by observing that we can
apply Hartogs theorem to £(U.), where £ is a linear functional from the Banach space
to the complex. It is also well known ([42, 28]) that functions that are analytic in this
weak sense are strongly analytic. Alternatively, we could just note that the proof of
Hartog’s theorem works for functions taking values in Banach spaces. This ends the
proof.

REMARK 8.4. It is amusing to note that Lemma 8.3 allows one to improve the
results of [37]. It immediately shows that if all systems in a neighborhood remained an-
alytically integrable, any two parameter family would be uniformly integrable. Hence,
the obstructions to uniform integrability discovered by [37] show that we can get non-
integrable systems in any meighborhood. Of course, even if Poincaré was one of the
creators of the theory of several complex variables, he did not know about Hartogs
theorem. Under the extra assumption of uniform boundedness (which is not so unrea-
sonable in the present case), the analogue of Hartogs theorem was presumably known.

Our next result shows that there are obstructions to the existence of solutions
analytic in two variables in two-parameter families near resonances. This is an ele-
mentary application of power-series matching. Notice that the argument works in the
generality of mappings into Banach spaces, since it is really a soft argument which
applies in many other contexts.

One subtlety is that, if we consider the restricted class of families of operators as
in (8.1), it can, in principle, happen that the obstructions vanish for the restricted
family. So, when we consider restricted families such as (8.1), we will need to verify
that the family is general enough to be affected by the obstructions.

LEMMA 8.5. Consider the two-parameter family F ,. For some g, assume that
the following equation holds: Fe, 0(Us,.0) = 0. If the range of DF., o has codimension
at least 1, then the space of families for which there is a solution is contained in a set
of infinite codimension.

Moreover, for the restricted families of the form (8.1), if we can find Ue o solving
Fe0(Uep) =0, then there exists an arbitrarily small pu, such that the family F.,,, does
not have solutions close to U o, which are analytic near p = 0.

Proof of Lemma 8.5.
If there is a solution U, of F. ,(U. ) = 0 analytic in x, we should have:

(84) D.}—EO)Q(UEO)Q) BMUEO)Q + 8H fao,O(Uao,O) =0.

Clearly, if the perturbation is such that 0,F:,,0(Usy,0) is not in the range of
DF., .0, then there is no possibility of finding a solution of (8.4) and, a fortiori, no
possibility of finding an analytic solution.

Of course, the families F ,, for which the first jet is in the range is a codimension
one set of perturbations. Hence, the derived necessary conditions imply that the
perturbation has to be in this set.

Obviously, the necessary condition above is not the only one. Indeed, one can
obtain even more obstructions for the existence of another branch by considering
higher order terms. Matching terms up to order N, we obtain that

(8'5) D-Fso,O(Uao,O)(au)NUao,O + (au)Nfao,O(Uao,O) +Rn =0,
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where Ry is an expression involving only derivatives of order up to N — 1.

Clearly, the fact that Ry + (0,)"Y Fzy,0(Usy,0) is in the range of DF. o gives
another obstruction for the perturbations.

If the range of DF;, o has codimension k, we claim that the set of families that
matches the necessary conditions up to order N is a submanifold of codimension
Nk. In particular, the set of maps that satisfy all the obstructions is contained in a
submanifold of infinite codimension, which becomes a very meager set in the sense of
Baire category theory.

The proof of the first claim of the lemma is very easy. The key observation is
that the obstruction at order N (see (8.5)) involves that a given expression is in the
range of DF,, o. This expression is very complicated in the coeflicients of order up
to N — 1, but its dependence on the coefficient of order N is very simple. Hence,
we obtain that for each of the functions satisfying the condition at order N — 1, the
obstruction at order N takes the form that the N—th derivative should be an explicit
expression over all the previous ones plus the range of DF., . Since the range of
DF., 0 has codimension k, this increments by k the codimension of the solution of
(8.5). In the limit we obtain that the solution of (8.4) is contained in a set of infinite
codimension.

The second claim of the lemma is obtained observing that for the families of
operators as in (8.1), then equation (8.4) gives restrictions to the derivatives 9,F, 0.
Then, we want to show that the range of d,F, 0 is in the complementary of the
range of DF,, ¢. Given that in the restricted family one has 9,F:, = 0,A4,(U:,,)
and recalling that the set of A, has infinite codimension, then we conclude that the
range of 0, F, 0 is not in the range of DF; o and therefore the family F. , does not
admit solutions close to U o, which are analytic near ;¢ = 0. This ends the proof.

Now we are in the position to finish the proof of Theorem 8.2. Consider the family
F. of analytic operators and let g be a resonant value. Let B C C be a ball around
€o. We assume that all the perturbations of the family admit an analytic solution
that goes across the ball B. If indeed there were solutions for all perturbations, then
using Lemma 8.3 the family should be analytic in two variables. However, near a
resonance, which is contained in the ball B, by Lemma 8.5 we obtain that there
are many perturbations for which this is impossible. Hence, we conclude that the
assumption that there were solutions for all perturbations analytic in the ball B is
false. This provides part (a) of Theorem 8.2.

We conclude by mentioning that part (b) of Theorem 8.2 is obtained from a
straightforward implementation of the second statement of Lemma 8.5. This ends the
proof.

Note that the proof of Theorem 8.2 goes by contradiction. We started by assuming
that all the systems gave solutions that were analytic in a ball and we concluded that
they were not, except in a set of infinite codimension. This, of course, contradicts the
hypothesis that for any perturbation, there are analytic solutions extending through
a neighborhood of the resonant ¢y and we conclude that there is one family which
does not extend.

Unfortunately, this does not allow us to conclude anything beyond the fact that
there are families which do not admit solutions that extend through the resonance.
Once we conclude that the hypothesis fails, we cannot obtain any of the conclusions
that we obtained from assuming its existence (and which we used to derive a con-
tradiction). In particular, the argument does not allow us to conclude that the set
of families which extend is infinite codimension. The infinite codimension statement



36 R.C. CALLEJA, A. CELLETTI, L. CORSI, R. DE LA LLAVE

was predicated on the fact that we had at least a solution.

If, indeed, we could show that the set of functions for which a solution extends
through a resonance is infinite codimension, we could use Baire category theorem to
show that there is a residual set of families for which the analyticity domain does not
include any resonance. Even if the argument above does not allow us to conclude that
rigorously, we formulate the following conjecture.

CONJECTURE 8.6. For an open and dense set of families (in the topology indicated
above), there is no solution defined in a neighborhood of any of the resonances.

Notice also that for the equations considered in (8.1), if we have a perturbative
solution of the equation, the resonances of the perturbed equation have to be close to
the resonances of N.. Hence, we also have the following conjecture.

CONJECTURE 8.7. Consider the problem in (8.1). For an open and dense set
of nonlinearities, the response solution has a singularity at a distance less than C|e|
from the resonances of Ne.

We hope that, perhaps, the argument used in Theorem 8.2 can be strengthened
to obtain Conjecture 8.7. There could also be other strategies to prove Theorem 8.2,
which are direct and not just by contradiction. A more constructive argument could
possibly take the form of observing that, near the resonances, one small change in the
model leads to a very large change in the response function. Hence, one could hope to
pile up perturbations of the model in such a way that the model remains well defined,
but that the response function breaks down.

To apply the above results to our models, one slightly delicate point is that the
linearization depends on the solution U.. Arguing again by contradiction and in a
non-rigorous way, we observe that we can compute the eigenvalues of N.U. + uG(U:)
by using a perturbative expansion as in [29]. Even if a full proof will be complicated,
one can imagine that the eigenvalues can be continued analytically in p. Hence, the
values of £ for which an eigenvalue vanishes will move continuously (of course, if
there are some non-degeneracy assumptions, which is reasonable to conjecture hold
generically) and they will move differentiably.

Hence, we are lead to the following conjecture.

CONJECTURE 8.8. For a generic family, we can find a constant C', such that
no ball of the form {e : |e —eg| < Cel}, with g9 a resonance for N., is completely
contained in the domain of analyticity of the response function. In other words, for
each of the balls as above, we can find a point not in the domain of analyticity.
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Appendix A. Some properties of A, ;.

A.1. Characterization of the norm in terms of the Fourier coefficients.
Here we provide a norm equivalent to (3.18) which can be expressed in terms of the
Fourier coefficients. In this way, it is easy to study the boundedness of operators
which are diagonal in the Fourier basis (products of complex exponentials in 6 and
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eigenfunctions of £ in x). As before for two equivalent norms || - ||, || - ||, we will write
=111

PROPOSITION A.1. Let uw € A, jm have a Fourier expansion as in (3.17). We
have:

1/2
eAlklp . o1 3m
llull p.jm = Z (m)® k> + 1) el 3m + =i
wenavgoy B P) £ B(0,p)
1/2
S T ) R+ 1A i ? + g2 /
— v + Zl ’&k,’ﬂ + n ao)n ?
B(k, p) B(0, p)

kEZI\{0},nEN
where for k € Z¢ we denote |k| = |k1| + -+ + |ka| and

4mp

d .
, Amlj| if 7 #0
B(k,p) = k; = o
( 7p) Jl;[la( va)v a(],p) { 1 ij:O
Proof. For d =1 we have that for k£ # 0:
6477‘]9‘9 — e_4ﬂlk|p
a(k, p)

Of course, when k = 0, the integral is just 4mwp. For any k # 0 we have that the
integral can be bounded as

|627rik9|2d29 :/ e—47rk1m9 d(Im(G)) _
T, | Tm(9)[<p

(A 1) C €4ﬂ‘k‘p < / | 277ik0|2d29 <C
. - e
a(k,p) = Jx, =" alk,p)

edrlklp

with C_ =1 — e *7 and C, = 2. For d > 2 we can use Fubini’s theorem, applying
(A.1) to each factor and obtaining the following inequalities:

< |62ﬂ-ik~(~)|2d2d9 < e’lkle '
_B(kup)_ Td N +B(k7p)

P

Finally we note that the Laplacian is diagonal in the exponentials, so that
[(Ag +1)7/2e2mk012 — ((27)4 |k|2 4 1)7|e2™F 0|2 |

where |k|y denotes the Euclidean norm.
Since the exponentials are orthogonal with respect to the L? inner product, we
obtain

/”(A PR 0 ST (o) 3+ 1) i ol
0 P m = & . '
K B vty BEoP) i " B(0,p)

This concludes the proof. O

REMARK A.2. Since the Fuclidean norm |k|s in d dimensions is equivalent to
the £*-norm |k|, we can substitute |k|o for |k| in the polynomial factor and obtain an
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equivalent norm in the Banach space. On the other hand, if we change the £'-norm
of |k| in the argument of the exponential by the (*>-norm, we obtain a non-equivalent
norm in the space of analytic functions.

The space A, j,m is a closed subspace of the Sobolev space of maps from the 2d
dimensional manifold 'H‘z into the Banach algebra H}'. Indeed for m > ¢/2 (i.e., in the
case considered in this paper), we can (i) apply Sobolev embedding theorem, (ii) ob-
tain Banach algebra properties under multiplication, (iii) apply Gagliardo-Nirenberg-
Moser inequalities for composition.

In particular, since Tg is a 2d-dimensional real manifold, the Sobolev embedding
theorem implies

lull oo (res ey < Cllull s re; ey

whenever j > d for some constant C' > 0. Hence, the convergence in H7(T4; H}")
implies the uniform convergence and it is well known that uniform limits of analytic
functions are analytic.

Summarizing we have the following properties.

ProPOSITION A.3. Let p > 0, j,m € 2N. The space A, j m of functions analytic
in 0, endowed with the norm given in (3.18) is a Banach algebra under multiplication,
when j > d, m > £/2.

PRrOPOSITION A.4. If we have a linear operator M which is diagonal in the
Fourier basis, say

M(e%rik»eq)n(x)) _ /\71716 e2m’k»0q)n(x) ,
for suitable coefficients X\, i, then we have

(A.2) [Mllpjm < Csup [An gl -

o n,k

The bound (A.2) is immediate since the operator M is diagonal in the Fourier
basis and the norm is just the sum of the Fourier coefficients.

REMARK A.5. We can also dispense with the assumption that L has a discrete
spectrum, provided we assume it is self-adjoint.

In general, if L is self-adjoint in L% (D), the spectral theorem for self-adjoint
operators in separable Hilbert spaces ([15, 25, 42, 50]) shows that there is a positive
measure (. defined on the reals and a unitary operator V- from LQBC(D) to L?(M, ),
where M is a measure space, such that

VLV~ fl(z) = F(2)f ()

for some multiplication operator F. We recall that the role of M is to account for
the multiplicity. Very often M is just copies of R, the number of copies being the
mazximum multiplicity. The multiplication operator, then, is just a multiplication by
the coordinate x. Of course, the unitary mapping and the measure p depend heavily
on L, even if we do not include it in the notation.

The above relation means that the unitary transformation sends the operator L
into a multiplication by F(x). This allows us to define the generalized Sobolev norm
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as
1F1m o = / F@)2m V()P dy
R

This is quite analogous to the characterization of Sobolev spaces in terms of the
Fourier series developed in [48]. Again, by Gdrding’s inequality, these spaces are
equivalent to the standard Sobolev spaces in the variable x and we can define A, jm
as the spaces of analytic functions from 'I['g to Hp.

We can also lift the spectral theorem to Fourier series. Indeed, we can consider
the space

po(T? x D) = L*(T?) ® Lo (D) -

Note that the Fourier transform F (if appropriately normalized) is a unitary operator
from L?(T%) to (*(Z) = L*(R, ", 0,). Hence we can consider the operator

V=FaV:L* T ® L4.(D) — L*R x R, (Zén) @dp) .

The analogue of Proposition A.4 is given by the following result.

PROPOSITION A.6. If we have a linear operator M such that
VMV f)(k,2) = Ak, @) f (R, @) |
then, we obtain

[Mllpjm < C sup [A(k, )|
k€Z,xesupport(dp)

for a positive constant C'.

It is important to note that the assumptions that we used in Section 6.2, giving
uniform bounds on the operator N, only assumed that the spectrum lied in the real
line and they were uniform for all X real.

The main applications of the case of non-discrete spectrum appear when D is an
unbounded domain of R? or another unbounded manifold. In that case, one has to
take care of the fact that the Sobolev embeddings are different and the global reqularity
theory for elliptic equations may be different.

A.2. Analytic functions from a Banach space to another. Now we present
some analyticity properties of nonlinear functions in Banach spaces (the literature
on this subject is very wide, see for example [28, 32]). In analogy with the finite
dimensional case, there are results which show that some weak definitions such as
differentiability imply stronger ones (convergence of Taylor series around every point).
In the infinite dimensional cases the results are more subtle since there are different
notions of differentiability and different notions of convergence of power series, but
it is true that extremely weak notions turn out to be equivalent to the strongest one
([28, Chapter III]).

For our purposes, we only need to apply an easy implicit function theorem and
to study the analyticity properties of the nonlinear operator G defined in (3.6). The
Banach spaces in which G acts are the spaces defined in Section 3.5.2.

The following definition of analytic functions will be enough for us.
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DEFINITION A.7. Let X and Y be compler Banach spaces. We say that f :
O C X =Y is analytic if it is uniformly differentiable at all points of 2, namely the
derivative is uniformly bounded and there exists a function v = v(|z|), with y(|]z]) = 0
as |z| = 0, such that the following uniform bound holds:

(A.3) 1f(x +2¢) = f(z) = 2D f ()]l < v(2])
forallz € Q, ¢ € X with |¢] = 1.

REMARK A.8. It is clear that Definition A.7 is a rather weak notion of differentia-
bility. However, it is a remarkable fact (see [28], Theorem 3.17.1) that Definition A.7
is equivalent to requiring that the function f has a Taylor expansion of the form

fla Q=3 2 0 )

[e3

that converges uniformly for ||C|| < M for some M > 0 (indeed, >, || 20 f(z)||M*l <
00).

1t is also true that even weaker notions of differentiability imply (A.3). For our
purposes, Definition A.7 will be enough, since it allows us to apply a contraction
mapping argument. We refer to [28, Chapter III], [32, 26] for other definitions of
analyticity that turn out to be equivalent.

To make sense of the composition, we need an analytic extension of the non-
linearity h to the complex plane with respect to its first argument.

PROPOSITION A.9. Let h: Bx D — C with B an open set in C and assume that
h is analytic in u € B and it is C™(D) N C(D).

Assume that 021032 h(u, x) are bounded in B X D for a1 + as < m. We denote
by O, the complex derivatives and we assume that m > £/2.

Let ug € Ay jm be such that dist(uo(T%,D),C\ B) > ag with ag > 0.

Then, for all w in a neighborhood U of ug in A, jm, we can define the operator

Cplu](0,z) = h(u(f,z), z)

from A, jm to itself, which is an analytic operator in the sense of Definition A.7.
Moreover, for v € A, jm the derivative of Cp, is given by

(DCh[ulv)(0,z) = b (u(8,z),x)v(0, ) ,

where by h' we denote the complex derivative of h with respect to its first argument,
namely h'(u, ) = (01h)(u,x) (in the proof h" will denote the second derivative of h
with respect to its first argument).

Proof. The proof is rather straightforward, but it requires that we interpret
some elementary calculations (the Taylor theorem up to order two with remainder)
in different levels of abstraction.

Because of Sobolev’s embedding theorem we have that the functions w,v are
bounded and continuous, so that, for fixed 6,z and for fixed w,v, we can think of
u(f,x),v(0, z) as numbers and assume that |v(6, )| is so small that u(6, z) + s v(0, )
is in the domain of h for s € [0, 1].
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The fundamental theorem of calculus implies that for all § € ']I‘g, x € D and for
allu € U and all v € A, ., we have:

1
h(u(f,x) +v(0,x),x) = h(u(d,z),z) —I—/O B (u(0,z) + sv(0,x),x)v(0,z) ds

(A.4) o) + h (u(f, z), x)v(d, x)
//h” (0,2) +stvdx),z) vdz)? dtds.

Now we interpret the formula (A.4) as an equality in function spaces.

By standard Gagliardo-Nirenberg-Moser composition estimates in Sobolev spaces
([49, Proposition 3.9]), we have that for some C,, > 0 depending on the norm of w,
one has:

HDah(uaI)HHJ‘(Tg;HgL) < Ca(”U”Lw(Tg;D)) (1+ ||U||H1(Trg;Hgl)) .

It is also easy to check that if u(6,x),v(0,z) are complex differentiable in ¢ and
h is also differentiable in 6, we obtain that A" (u(f,z) + s t v(0,z),z) is a function in
A, j.m with uniform bounds.

Using the Banach algebra properties, we obtain indeed the desired result, since

we can bound the integral by a constant times ||v||2 ; , in the last term of (A.4). O

Appendix B. Solution of the zeroth order term for models A and A’.

For models A, A’ the zeroth order term ¢y must satisfy (3.8). The literature on
the solution of (3.8) is very wide and the results strongly depend on the form of the
non-linearity. To be concrete, we quote - among the others - a result on the existence
of weak solutions (see Proposition B.1), which are indeed regular solutions as noticed
in Remark B.2 below, and a result on the existence of an unbounded sequence of
solutions if h is odd (see Proposition B.3). To fix the notation, let fo(x) = (f(0,x)).

PROPOSITION B.1. (/39], Theorem 9.7) Let D C R, £ > 3, be a bounded open
set, f € H-Y(D); let u, w be, respectively, a lower and an upper ® solution of (3.8)
with D boundary conditions and with u(x) < u(x) for almost every x € D. If the
function h : D x R — R satisfies the Carathéodory conditions* and is increasing in its
first variable, i.e.

h(U1, 117) < h(UQ, I)

with u(x) < up < ug < (x) for almost every x € D, then (3.8) with D boundary
conditions has at least one weak solution u € H}(D), satisfying u(z) < u(z) < u(z)
for almost every x € D.

REMARK B.2. For the models we are considering, it can be proved that all the
weak solutions are smooth: under reqularity conditions on the coefficients defining the

3By a lower (upper) solution of problem (3.8), we mean a function u (@) € H'(D), such that
2¢
h(u,-) (h(w,-)) € L?+2 (D) satisfies
—Agu(z) + hu(z), ) < (f)
(—AaT(@) + h(@(),2) > (f)
and u(z) <0 (@(z) > 0) when z € 9D.

4A function h : D x R — R satisfies the Carathéodory conditions, if h(y,-) : D — R is measurable
for every y € R and h(-,z) : R — R is continuous for almost every = € D.

z)

(
(=)
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elliptic operator A, then a weak solution is reqular. We refer the reader to Chapter
4 in [31] and to [1, 16].

Assuming that A is odd, one obtains an infinite number of solutions as shown by
the following result.

PROPOSITION B.3. ([45], Theorem 7.2) Let D C R, £ > 3, be a smoothly bounded
domain. Assume that

i) h:D xR — R is continuous and odd with primitive hy(z,u) = [ h(z,v)dv;

i1) there exists p < 20/(¢ —2) and C > 0, such that

|h(z,u)| < C(A+ [ul’™)

almost everywhere;
iii) there exists ¢ > 2, Ry > 0 such that

0 < q hp(z,v) < h(z,v) v

for almost every x, |v| > Ro;
1) the quantities p and q satisfy

2
P . 4

t(p—2) q-1°

Then, for any fo € L*(D), the equation (3.8) with co(z) = 0 on the boundary of D,
has an unbounded sequence of solutions co, € Hy*(D), k € N.

REMARK B.4. i) In the above results, the Laplacian can typically be replaced by
any second order uniformly elliptic operator with smooth coefficients (compare with

[2]).

1i) The multiplicity of solutions can be studied using Lusternik-Schnirelman the-
ory, which allows one to find critical points of the variational functional on a given
manifold. The number of critical points is related to the Lusternik-Schnirelman cat-
egory of the manifold, for which a lower bound is provided by the cup length of the

manifold ([2]).

iii) In our discussion we considered D boundary conditions; results are avail-
able also for N boundary conditions (see, e.g., [47, 46, 51]) or can be extended to P
boundary conditions.
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