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1. Introduction

The motion of particles in an ideal fluid in R? is described by its velocity field u(z,t),

which satisfies the Euler equation

Ou+(u-V)u=—-VP, divu=0,
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for some pressure function P(z,t). Equivalently, the field u satisfies the equation
—ut+uxw=VB, divu=0,

where the field w:=curlu is the vorticity and B:=P+3%|ul? is the Bernoulli function.
The trajectories (or integral curves) of the vorticity w(x,t) for fixed ¢ are usually called
vortex lines. A solution u to the Euler equation is called steady when it does not depend
on time.

A domain in R? that is the union of vortex lines and whose boundary is an embedded
torus is a (closed) vortex tube. The analysis of thin vortex tubes, in a sense to be specified
below, for solutions to the Euler equation has attracted considerable attention. A long-
standing problem in this direction is Lord Kelvin’s conjecture [28] that knotted and linked
thin vortex tubes can arise in steady solutions to the Euler equation. This conjecture was
motivated by results due to Helmholtz on the time-dependent case, which hinge on the
mechanism of vorticity transport, and Maxwell’s observations of what he called “water
twists”.

Kelvin’s conjecture is basically a question on the existence of knotted invariant tori in
steady solutions of the Euler equation. There is a considerable body of literature devoted
to the analysis of topological and geometrical structures that appear in fluid flows, which
has led to significant results e.g. on particle trajectories and vortex lines [2], [12], [21], [10],
[25], on the relationship between the Euler equation and the group of volume-preserving
diffeomorphisms [2], [9], [19], [6], and on the connection of the helicity with the energy
functional and the asymptotic linking number [3], [15], [16], [29]. However, Kelvin’s
conjecture remains wide open, and indeed has been included as a major open problem
in topological fluid mechanics in the surveys [27] and [23].

There is strong numerical evidence of the existence of thin vortex tubes, both in the
case of steady and time-dependent fluid flows. As a matter of fact, thin vortex tubes have
long played a key role in the construction and numerical exploration of possible blow-up
scenarios for the Euler equation, which in turn has led to rigorous results such as [7] and
[8]. A particularly influential scenario in this direction is [26], which discusses how an
initial condition with a certain set of linked thin vortex tubes might lead to singularity
formation in finite time. As a side remark, let us point out that thin vortex tubes of
complicated knot topologies have been recently constructed experimentally in the fluid
mechanics laboratory at the University of Chicago [20].

Our aim in this paper is to prove that there exist steady solutions to the Euler
equation in R3 having thin vortex tubes of any link and knot type. The steady solutions

we construct are Beltrami fields, that is, they satisfy the equation

curlu = A\u



EXISTENCE OF KNOTTED VORTEX TUBES IN STEADY EULER FLOWS 63

in R? for some non-zero real constant A. As any Beltrami field satisfies the equation
Au=—X2u in R3, it is apparent that the solutions we construct are real-analytic but
do not have finite energy (i.e., u is not in L?(R?)). However, our construction yields
solutions with optimal decay at infinity in the class of Beltrami fields, which fall off as
|u(z)|<C/|z|. In particular, they are in LP(R3) for all p>3.

The motivation to consider the class of Beltrami solutions to the Euler equation to
address the existence of linked vortex tubes comes from Arnold’s structure theorem [4,
Theorem II.1.2]. Under mild technical assumptions, this theorem ensures that the vortex
lines of a steady solution to the Euler equation whose velocity field is not everywhere
collinear with its vorticity are nicely stacked in a rigid structure akin to those appearing
in the study of integrable Hamiltonian systems. Heuristically, this structure should
somehow restrict the way the vortex lines are arranged; partial results in this direction
have been shown in [11], where it is proved that under appropriate (strong) hypotheses
the vortex lines of steady solutions with non-collinear velocity and vorticity can only be
of certain knot types. In contrast, using Beltrami fields we have recently managed to
produce steady solutions of the Euler equation with a set of vortex lines diffeomorphic
to any locally finite link [10].

Before stating the main result we need some definitions. We will say that a bounded
domain of R3 is a (closed) tube if its boundary is a smoothly embedded torus. Therefore,
a vortex tube is a tube whose boundary is the union of vortex lines (or, equivalently, its
boundary is an invariant torus of the vorticity field). A convenient way of constructing
thin tubes is as metric neighborhoods of curves. Indeed, if yCR3 is a closed curve, we
will denote by

T.(7) :={z e R®: dist(x,7) <&} (1.1)

the tube of core v and thickness e. We are interested in the case where ¢ is a small positive
number, which corresponds to the case of thin tubes. Obviously any finite collection of
disjoint tubes in R? can be isotoped to a collection of thin tubes of this form.

Let us consider a finite collection of (possibly knotted and linked) disjoint thin tubes,
constructed using metric neighborhoods of curves as above. Our main result in this paper
is that, if the thickness of the tubes is small enough, this collection can be transformed
by a C™-small diffeomorphism into a union of vortex tubes of a Beltrami field in R3.
Furthermore, the structure of the vortex lines inside each vortex tube is extremely rich:
Firstly, the boundary of each vortex tube is far from being the only invariant torus of the
flow, as the set of invariant tori has positive Lebesgue measure. Secondly, between any
pair of these invariant tori there are infinitely many periodic vortex lines. Thirdly, there
is a periodic vortex line which is close to the core of the initial tube and diffeomorphic

to it. More precisely, we have the following statement, where (as always henceforth)
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all the diffeomorphisms are assumed smooth, and all curves and surfaces are smoothly
embedded in R3. It should be emphasized that the thinness of the tubes is crucially used

in the proof of the theorem.

THEOREM 1.1. Let 71,...,-ynv be N pairwise disjoint (possibly knotted and linked)
closed curves in R3. For small enough €, one can transform the collection of pairwise
disjoint thin tubes T.(v1), ..., To(yn) by a diffeomorphism ® of R3, arbitrarily close to the
identity in any C™ norm, so that ®[T:(71)], ..., ®[Ze(yN)] are vortex tubes of a Beltrami
field u, which satisfies the equation curlu=Au in R3 for some non-zero constant \.

Moreover, the field u decays at infinity as |D?u(x)|<Cj/|z| for all j and has the
following properties in each vortex tube ®[7(;)]:

(i) In the interior of ®[T.(7;)] there are uncountably many nested tori invariant
under the Beltrami field w. On each of these invariant tori, the field u is ergodic.

(ii) The set of invariant tori has positive Lebesgue measure in a small neighborhood
of the boundary 0P[T.(v;)].

(iii) In the region bounded by any pair of these invariant tori there are infinitely
many closed vortex lines, not necessarily of the same knot type as the curve ;.

(iv) The image of the core curve y; under the diffeomorphism ® is a periodic vortex

line of u.

An important property of the structure of the vortex lines inside each vortex tube,
as described above, is that it is stable in the following sense: on the one hand, it is robust
under small perturbations of the field u, meaning that the trajectories of any field which
is close enough to u in a sufficiently high C* norm have the same structure. On the other
hand, the boundary of each vortex tube 9®[7.(y;)] is Lyapunov stable under the flow of
the Beltrami field u. It should be noticed too that from property (iv) in Theorem 1.1
we recover the main theorem of [10] for finite links and improve it by ensuring that
the solution falls off at infinity (while in [10] we had no control at all on the growth
of the solution at infinity). Besides, the proof of Theorem 1.1 shows that the vortex
lines ®(+y;) are elliptic trajectories, and therefore linearly stable, while the vortex lines
we constructed in [10] were hyperbolic, and thus unstable.

After establishing his structure theorem, Arnold conjectured [2] that, contrary to
what happens in the non-collinear case, Beltrami fields could present vortex lines of the
same topological complexity as the trajectories of any divergence-free vector field. By
Kolmogorov—Arnold—Moser (KAM) theory, typically these trajectories give rise to a set of
invariant tori with positive measure and chaotic regions with homoclinic tangles between
these tori. Theorem 1.1 is fully consistent with this picture, and proves the existence of

the aforementioned positive-measure set of invariant tori.
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The paper is organized as follows. In §2 we will discuss the strategy of the proof of
Theorem 1.1. This section, which serves as a guide to the paper, also allows us to explain
the key difficulties that appear in the proof of this result but not in that of [10], which
require the introduction of new techniques and ideas, and make this paper considerably
more involved. In §3 we introduce some objects associated with the geometry of a
thin tube that will be used throughout the paper. In §4 we prove some estimates for
the Laplacian in a thin tube with Neumann boundary conditions. These estimates are
used in §5 to study harmonic fields in thin tubes. In §6 we construct Beltrami fields
in thin tubes with prescribed harmonic part. These fields are analyzed further in §7,
where we prove a KAM theorem for Beltrami fields in generic thin tubes. A Runge-type
approximation theorem by global Beltrami fields tending to zero at infinity is presented
in §8. With all these ingredients, in §9 we prove Theorem 1.1. The paper concludes with

an easy application to the Navier—Stokes equation, which we present in §10.

2. Strategy of the proof and guide to the paper

To prove Theorem 1.1, our basic goal is to establish the existence of a Beltrami field u,
satisfying the equation

curlu = A\u

in R3 for some non-zero constant A and falling off at infinity, such that the field u has
a set of N invariant tori diffeomorphic to the surfaces {07:(v;)}Y,, with {v;}~; being
a set of prescribed (possibly knotted and linked) closed curves. We recall that 7¢(v;) is
a metric neighborhood of the curve v; of small thickness €, as defined in equation (1.1).
By deforming them a little if necessary, we may assume without loss of generality that
the curves ~; are analytic.

The basic idea behind the proof of Theorem 1.1 is carried out in three interrelated
stages. Firstly, we construct a local Beltrami field v, which satisfies the Beltrami equation
in a neighborhood of each closed tube m and has a set of invariant tori given by
07:(m), ..., 07 (yn). Secondly, we prove that these invariant tori are “robust”, meaning
that suitably small perturbations of the local Beltrami field v still have a set of invariant
tori diffeomorphic to 07:(v1), ..., 07z(yn). To conclude, we show that the local Beltrami
field v can be approximated in any C* norm by a global Beltrami field u, which satisfies
the Beltrami equation in the whole space R3 and falls off at infinity in an optimal way.
The robustness of the invariant tori of the local Beltrami field ensure that u has a set
of vortex tubes diffeomorphic to the initial configuration of thin tubes, and that in fact

this diffeomorphism can be taken close to the identity in a C" norm.
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However, the implementation of this basic idea turns out to be extremely subtle. To
understand why, one can start by noticing that the robustness of the invariant tori of
the local Beltrami field relies on a KAM-type argument. To apply this KAM argument,
we need a small perturbation parameter and some control on the dynamics of the local
Beltrami field in a neighborhood of each invariant torus, which is required in order to
show that the local Beltrami field is equivalent to a Diophantine rotation on the torus
and satisfies a suitable non-degeneracy condition.

To construct local Beltrami fields in a neighborhood of the tori 07;(v;) with con-
trolled behavior on these surfaces, it is natural to use some variant of the Cauchy—
Kovalevsky theorem for the curl operator with Cauchy data on the tori (e.g. [10, Theo-
rem 3.1]). This would lead to a local Beltrami field defined in a small neighborhood §; of
each torus 97:(;). Unfortunately, the Runge-type approximation theorem we prove in
this paper does not allow us to approximate a local Beltrami field defined in Q;U...UQyN
by a global Beltrami field, since the complement R3\ (2;U...U€y) has compact connected
components. As is well known, this is not just a technical issue, but a fundamental ob-
struction in any Runge-type theorem.

Therefore, to construct the local Beltrami field v we will not consider a Cauchy
problem but a boundary value problem for the curl operator in each tube. This leads to

a vector field that satisfies the Beltrami equation
curlv = A\v

in a neighborhood of the tubes (because the boundaries are analytic), which allows
us to apply our Runge-type approximation theorem. In this boundary value problem
one can prescribe the normal component of v at each boundary 07:(7;), so that by
setting it to zero we can ensure that each boundary is an invariant torus of the local
Beltrami field. However, we have no control on the tangential component of v on each
torus, so in principle the local Beltrami field does not necessarily satisfy the dynamical
conditions our KAM-type theorem requires for the invariant tori to be preserved under
small perturbations.

To overcome this difficulty we resort to a careful analysis of harmonic fields in
thin tubes. Indeed, we show that in the above boundary value problem for the local
Beltrami field, one can also prescribe its harmonic part (that is, the L? projection of v
into the space of harmonic fields with tangency boundary conditions), and for small A
one expects the local Beltrami field to behave essentially as if it were harmonic. Hence,
we exploit the small parameter ¢ (that is, the thickness of the tubes) to extract detailed
analytic information about harmonic fields through energy estimates, and then utilize

this knowledge to compute the dynamical properties of the local Beltrami field that are
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required in the KAM-type theorem under the assumption that the Beltrami parameter
A is suitably small (in fact, of order €3). A key ingredient in the computation of these
dynamical properties is a set of energy estimates for the local Beltrami field and all
its derivatives that are optimal with respect to the geometry of the tubes, i.e., the
parameter €.

The local Beltrami field can now be approximated in any C* norm by a global
Beltrami field u that falls off at infinity as C/|z| using a Runge-type theorem. When
using the KAM argument to guarantee that u still has a set of invariant tori diffeomorphic
to {07-(v:)}Y.,, one has to face the problem that the local Beltrami field is in fact a small
perturbation of a field that does not satisfy the non-degeneracy condition (equivalent to
a rotation of the disk with constant frequency), which requires a fine analysis of the
terms controlled by each small parameter: the thickness ¢, the Beltrami constant A and
the error in the Runge-type approximation.

We shall next present a sketch of the proof of Theorem 1.1, where we explain the
different intermediate results that are needed in the demonstration and their interrela-
tions. This short sketch is also intended to serve as a guide to the paper. For the sake

of clarity, we will divide the proof into three stages.

Stage 1. Construction of the local Beltrami field. The local Beltrami field v
is obtained as the unique solution to a certain boundary value problem for the Beltrami
equation. Our goal is to estimate various analytic properties of this field, and for this it
is natural to introduce coordinates adapted to a Frenet frame in each tube T.=7.(;),
which essentially correspond to an arc-length parametrization of the curve ~; and to
rectangular coordinates in a transverse section of the tube. Thus we consider an angular
coordinate «, taking values in S}:=R/¢Z (with ¢ being the length of the curve 7;), and
rectangular coordinates y=(y1,y2) taking values in the unit 2-disk D?. Details are given
in §3.

To extract information about the local Beltrami field, a useful tool is the boundary
value problem for the Laplacian on scalar functions with zero mean and zero Neumann

boundary conditions in the thin tube 7.:
AYp=pin T, O,¢lor. =0, / ¥ dx=0.
7.

When written in the natural coordinates («,y), we obtain a boundary value problem in
the domain S} x D?, with the coefficients of the Laplacian in these coordinates depending
on the geometry of the tube strongly through its thickness ¢ and the curvature and

torsion of the core curve ~;.
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It is clear that we have the H* estimate

101 x () < Cekllol mr—2(7)-

However this estimate, where the constant C; ; depends on € in an undetermined way, is
far from being enough to compute the dynamical quantities for the local Beltrami field
that are needed in the KAM-type theorem. Therefore, in §4 we prove energy estimates
for the function 1 and its derivatives that are optimal with respect to the parameter ¢.
In particular, in order to be able to compute the desired dynamical quantities for the
local Beltrami field later on, it is crucial to distinguish between estimates for derivatives
of 1 with respect to the “slow” variable a and the “fast” variable y. The estimates for
the function v and its derivatives that we will need are stated in Theorem 4.11.

These estimates are immediately put to work in §5 to derive a perturbative expres-
sion for the harmonic field in each thin tube 7 for small €. (Of course, the problem
degenerates for e=0 and the asymptotic results we prove do not correspond to a Taylor
expansion.) We will use the notation h for the harmonic field in 7, which is unique up
to a multiplicative constant. In fact, we need to compute h up to corrections that are
suitably small for small €; as before, different powers of € are required for the slow and
fast components of the field. To first order, the harmonic field can be written in the
coordinates (a,y) as

h=0447(a)(y102—y201)+0O(e), (2.1)

where 7 stands for the torsion of each curve 7; and O(g) denotes some vector field whose
components in these coordinates are bounded by a multiple of ¢ in the C*(S} x D?) norm.
By equation (2.1), the field h is an O(e) perturbation of the rotation of constant frequency
given by the total torsion foz 7(a) da. From the point of view of KAM theory, this is a
very degenerate case, so it is not hard to guess that one needs to compute h (at least) up
to order O(e?), as we do in Theorem 5.1. As a matter of fact, we will see later on that the
non-degeneracy condition that appears in the KAM theorem is that a certain quantity,
called the normal torsion, must be non-zero, and that it actually vanishes modulo terms
of order O(g?), which justifies why we need good estimates for h.

In §6 we show that, for any non-zero constant A that is small enough (say, smaller
than some fixed e-independent constant), there is a unique vector field that is tangent

to the boundary of each tube 7, satisfies the equation
curlv = \v (2.2)

in the tube and whose harmonic part (i.e., the L? projection on the space of harmonic

fields) is h. (This is, of course, different to what happens in the case of compact manifolds
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without boundary, where Beltrami fields are always orthogonal to harmonic fields.) We
also prove estimates that measure how the field v becomes close to h in the C* norm
for small € and A. The key result is Theorem 6.8, which will be crucial in verifying the

conditions in the KAM argument for the preservation of invariant tori.

Stage 2. Preservation of the invariant tori. In Stage 1, for small enough ¢
and )\, we have constructed a local Beltrami field v, which satisfies equation (2.2) in a
neighborhood of Ufil T.(7;) and has a set of invariant tori given by 7 (;). Furthermore,
the estimates we have proved provide a very convenient expression for the local Beltrami
field, up to terms that are of order €3 (when A=¢?) in a suitable sense.

In §7 we analyze the robustness of the invariant tori using the Poincaré map II
defined by the local Beltrami field at a transverse section of each tube. In each tube, II is
then a diffeomorphism of the disk that preserves a certain measure, while the intersection
of each invariant torus with the transverse section is an invariant circle of the Poincaré
map. The persistence of the invariant tori will rely on a KAM theorem for the Poincaré
map (Theorem 7.6) that applies to individual invariant circles.

To apply the KAM theorem, one has to verify that the rotation number of II on the
invariant circle is Diophantine and that II satisfies a non-degeneracy condition (namely,
that its normal torsion is non-zero). Computing these dynamical quantities using the
estimates for the local Beltrami field is non-trivial. On the one hand, the rotation number
depends on the behavior of the trajectories for arbitrarily large times, so a delicate
treatment is required in order to uniformly control the effect of the O(¢?) terms in the
vector field. On the other hand, the normal torsion, which is required to be non-zero,
turns out to be zero modulo O(e?), since the Poincaré map is a small perturbation of a
constant-frequency rotation of the disk, which is a highly degenerate case from the point
of view of KAM theory.

The estimates proved at Stage 1 are tailored to permit us to overcome these diffi-
culties, yielding expressions for the rotation number wyy and the normal torsion Ny that
depend on the geometry of each curve «; through its curvature > and torsion 7 (see
Theorems 7.4 and 7.8):

¢
wH:/O 7(a) da+0(e?),

2t
Nn=—57r8€ /0 s#(a)?7(a) da+0O(e?).

These expressions allow us to prove the main result in Stage 2, which is that for
“generic” curves «; the hypotheses of the aforementioned KAM theorem are satisfied, so

that the invariant tori of the local Beltrami field v are robust: if u is a divergence-free
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vector field in a neighborhood of the tubes that is close enough to v in a suitable sense
(e.g., in a high enough C* norm), then u also has an invariant tube diffeomorphic to
each 7.(7;), and moreover the corresponding diffeomorphisms can be taken close to the

identity. This is proved in Theorem 7.10.

Stage 3. Approximation by a global Beltrami field. In §8 we prove a Runge-
type approximation theorem for Beltrami fields that decay at infinity (Theorem 8.3).
More precisely, we will show that the local Beltrami field v, considered in the previous
stages and defined in a neighborhood of the thin tubes 7:(y;), can be approximated in
any C* norm by a Beltrami field u that falls off at infinity as |[D7u(z)|<C;/|x|. This
decay is optimal for the class of Beltrami fields.

The proof of this theorem consists of two steps. In the first step we use functional-
analytic methods to approximate the field field v by an auxiliary vector field w that
satisfies the elliptic equation Aw=—\2w in a large ball of R? that contains all the tubes.
In the second step, we define the approximating global Beltrami field v in terms of a
truncation of a suitable series representation of the field w, ensuring that u has the
desired fall-off at infinity.

Completion of the proof of the main theorem. In §9 we use all previous results
to complete the proof of Theorem 1.1. Indeed, from the robustness of the invariant tori
of the local Beltrami field, it immediately follows that the global Beltrami field u has a
set of thin vortex tubes equivalent through a C™-small diffeomorphism ® to {7 (;)} Y,
provided € is small enough. More precisely, what is proved is that there is some constant
€0, which depends only (albeit in a rather non-trivial way) on the geometry of the curves
7; and on the allowed smallness for the diffeomorphism @, so that the statement of the
theorem holds for any thickness e<eyp.

The remaining properties of the vortex lines stated in Theorem 1.1 are established
in this section too, using results derived throughout the paper. In particular, we show
that near the curve ~; there is an elliptic periodic trajectory of the field u. As a side
remark, notice that this elliptic periodic trajectory is obviously linearly stable, but is not
granted a priori to be Lyapunov stable. Therefore, as shown by the counterexample of
Anosov and Katok (cf. e.g. [13]), it is not guaranteed that there are invariant tori of the
field in a neighborhood of the elliptic trajectory. A careful (and non-trivial) analysis of
the dynamics near the elliptic trajectory for small € and A would be required to prove

the existence of these tori.

Before beginning with the technical part of the paper, it is convenient to provide

a short comparison between the proof of Theorem 1.1 and that of the main theorem in
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reference [10], where we showed that there are steady solutions to the Euler equation
with a set of vortex lines diffeomorphic to any given link. In this reference, the proof was
also based on the construction of a local Beltrami field with a “robust” set of periodic
trajectories, which was then approximated by a global Beltrami field. However, the
implementation of this basic principle is totally different.

To begin with, the robustness of periodic trajectories in [10] relies on the hyperbolic
permanence theorem (which is essentially an application of the implicit function theo-
rem) instead of a considerably more sophisticated KAM argument. To construct a local
Beltrami field with prescribed periodic trajectories «; that are hyperbolic, as required
by the permanence theorem, it is enough to prove a suitable analog of the Cauchy—
Kovalevsky theorem for the curl operator: indeed, since the field is divergence-free, it
is enough to assume that the field used as Cauchy datum is exponentially contracting
into the curve 7; on the Cauchy surface to obtain a local Beltrami field that has ; as a
hyperbolic periodic trajectory. All this is in strong contrast to the case of vortex tubes,
where the construction of the local solution with a robust set of prescribed invariant tori
requires the analysis of the boundary value problem and the KAM argument described
in Stages 1 and 2 (§§4-7).

The approximation theorem we use in this paper is also different from the one
employed in [10]. The reason for this is that in [10] we had no control on the growth of the
global Beltrami field at infinity, even in the case of connected links. On the contrary, the
approximation theorem we prove in this paper (Theorem 8.3) yields Beltrami fields with
optimal fall-off at infinity. The proof of these approximation theorems is considerably
different: the old theorem is based on an iterative scheme that uses a theorem by Lax
and Malgrange and works for the curl operator in any Riemannian 3-manifold, while the
new one is based on different principles and takes advantage of the geometry of Euclidean
3-space to ensure that the global Beltrami field falls off at infinity.

Notice that the main theorem in [10] applies to locally finite sets of curves, while
in Theorem 1.1 in this paper we can only take finite sets of curves ~1,...,yn. Some

comments in this regard are made in Remark 9.2.

3. Geometry of thin tubes

In this section we introduce some notation, including a coordinate system, that will be
used throughout the paper to describe functions and vector fields defined on thin tubes.
These tubes will be characterized in terms of the curve that sits on its core and its
thickness e, which is a parameter that will be everywhere assumed to be suitably small.

Let us start with a closed analytic non-self-intersecting curve with an arc-length
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parametrization v: S} —R3, with S}:=R/¢Z (throughout the paper, when the period is
27 we will simply write S'=Si_). This amounts to saying that the tangent field 4 has
unit norm and ¢ is the length of the curve. We will abuse the notation and denote also
by ~ the curve parameterized by the above map (i.e., the image set v(S})).
Let us denote by 7. =7.(7) the metric neighborhood with thickness ¢ of the curve =,
that is,
T.:= {2z € R3: dist(x,7) <e}.

This is a thin tube having the curve « as its core. It is standard that, for small €, the
boundary 97; is analytic. The normal bundle of the curve v being trivial [22], one can
associate with each « €S} two orthogonal unit vectors e;() in R?® perpendicular to the
curve at the point y(«). For convenience, we will make the assumption that the curvature
of the curve v does not vanish, which allows us to take e;(«) and es(«) as the normal
and binormal vectors at the point y(«). It is well known that the assumption that the
curvature does not vanish is satisfied for generic curves [5, p.184] (roughly speaking,
“generic” refers to an open and dense set, with respect to a reasonable C* topology, in
the space of smooth curves in R3).

Using the vector fields e;(«) and denoting by D? the 2-dimensional unit disk, we

can introduce analytic coordinates (a, y) €S} xD? in the tube 7; via the diffeomorphism
(o, y) —>y(a) teyrer(a) +eyzez(a).

In the coordinates («,y), a short computation using the Frenet formulas shows that the

Euclidean metric in the tube reads as
ds® = Ada® 427 (ya dys —y1 dyo) da+e*(dy? +dy3), (3.1)
where x=3x(a) and T=7(a) respectively denote the curvature and torsion of the curve,
A= (1—eseyr)*+(e7)?y)?, (3.2)

and |y| stands for the Euclidean norm of y=(y1,y2). As is customary, we will denote by
gi; and g% the components of the metric tensor and its inverse, respectively.

We will sometimes take polar coordinates r€(0,1), #€S*:=R/27Z in the disk D?,
which are defined so that

y1=rcosf and yo=rsiné.

The metric then reads

ds® = Ada®—2e%1r? df da+e? dr® +&*r? df?, (3.3)
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where we, with a slight abuse of notation, still call A the expression of (3.2) in these
coordinates, i.e.,
A= (1—esrcos)*+(err)> (3.4)

Notice that the coordinate r is simply the distance to the curve . For future reference,
we record that the volume measure is written in these coordinates as
dV := Bdady= Brdadrdf (3.5)

up to a factor of 2, where dy:=dy; dy, and

B:=1—exy; =1—exrcosb. (3.6)

4. Estimates for the Neumann Laplacian in thin tubes

In this section we will derive some estimates for the Laplace equation Ay =p in the thin
tube 7. with zero Neumann boundary conditions. As we will see, to gain control on the
function 1) it is convenient to attack this equation in the coordinates (a, y) €S} x D? that

we introduced in §3, in terms of which the Laplace equation can be written as
AYp=p in S} xD?  9,0=0 on S} xID?, (4.1a)

where the Laplacian A is now interpreted as an e-dependent differential operator in the
variables («,y) or (a,7,0). In order to ensure the existence of solutions to this equation,
we suppose that [ odV =0, which allows us to uniquely determine the solution 1 by
demanding that it also has zero mean:

/wda dy=0. (4.1b)

(Here and in what follows, we omit the domain of integration when it is the whole domain
S xD?. We could have used the measure dV in the above formula too, but this choice
is slightly more convenient.) For future reference, we record here the expression of A in
the variables («,r,6):

A= 1 ¥ +11/J+ A Yoo )+ 11/1 +2T¢ +T’—5T(J{T’—z’7)cosﬂ

= ) rr r r 232 60 B2 aa B2 af B3

1 [ ssin0(B%—(err)? s cosf er(s' cos—7siné

L(FIOE ) eost ) erl cost—Taesing)
rB B B

0
(4.2)

9

As usual, we denote partial derivatives by subscripts when there is not risk of confusion.
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Given a subset QCS} xD?, we will use the notation

1/2
lolla = ( /Q ¥ dady)

for the L?(Q)-norm of the function ¢, omitting the subscript when €2 is the whole domain

S} x 2. In this section we will use the notation

Dy ]2
61y = 0+ (43)
for a homogeneous Sobolev norm in which the derivatives associated with the “small
directions” of the thin tube are weighted with an appropriate e-dependent factor. The
usual H* norm of the function v (c, ) will be denoted by ||| g+

In what follows, we will assume that 1 is a solution of the Laplace equation (4.1)

with zero mean and zero Neumann boundary conditions, which ensures that
/gijﬁiw(?jcp dV =— / opdV (4.4)

for any p€ H'(S} xDD?). As usual, the scripts i and j range over the set of coordinates
{a, y1,y2}, and summation over repeated indices is understood. It is important to notice

that, for any function ¢,
[ g 0se0s0av =40 ey, (45)

so that the Hg1 norm is essentially a more convenient way of dealing with the natural
H' norm associated with the metric. We will use this identity many times in this section
without further comment.

The structure of this section is the following. We will start by estimating the L?
norm of the derivatives of the function ¢ with respect to the “slow” variable « (§4.1).
The proof of these estimates is standard. We recall that the reason why « is called
the slow variable is that it parameterizes the “large” direction of the thin tube 7, as
opposed to the “fast” variable y, which is obtained by rescaling the small section of the
tube. Estimates for the derivatives of ¢ with respect to the “fast” variable y with optimal
dependence in the small parameter € are presented in §4.2. They are more complicated
to obtain, basically because one has to consider an auxiliary function in order to get rid
of the contributions to 1 that only depend on the slow variable. The resulting estimates

for v, which we will often use in forthcoming sections, will be stated in §4.3.
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4.1. Estimates for derivatives with respect to the “slow” variable

In this subsection we will prove H* estimates for the derivatives of the function v with
respect to the “slow” variable a (cf. Proposition 4.3). We will begin with the following
proposition, where we estimate the L? and H L norms of the function 1. As is customary,
throughout this article we will use the letter C to denote e-independent constants that

may vary from line to line.

PROPOSITION 4.1. The function v satisfies the estimate

[+l g2 < Cllell-

Proof. By the expression of the metric in the coordinates («,y), it is clear that for

small enough € one has

. D. |2
[siowowavzaroe) [(v2+ 228 ) dady> 4 [wieiner)dady

The rightmost term in the inequality is bounded from below by 2 /i1(|¢||?, where p1; stands
for the first non-zero Neumann eigenvalue of the flat solid torus:

1 ::inf{/(g@i—i—DygpQ)dozdy:goeCM(S}XDQ),/godady:O and |<p||:1}>0.

Hence we infer that
[ < Clill g (4.6)

for some C>0.
To conclude, we can now use the weak formulation of the equation (4.4) with ¢=1

and the Cauchy—Schwarz inequality to derive that

117, < (1+0(e)) /gijaﬂﬁ O dV < (140(e)) el lvll < Cllell 11l g2 -
The proposition then follows from this inequality and the estimate (4.6). O

In the following lemma we record an elementary inequality that will be of use several

times in this section.

LEMMA 4.2. Let Dfl,y denote the tensor of l-th order derivatives with respect to the
variables (o, y). For any well-behaved (e.g., smooth) functions p, @, x and X on S} x D?,

one has

- 1/2 - 1/2
/ID )0ip 06 xX| dovdy < eCy (/g”f’w@ijd‘/> (/g”aﬂajﬁid‘/> :
In particular,

[ 1DL,(Bg")0i5 0,71 dady < Cielel 1915,
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Proof. This is an immediate consequence of the expression for the metric and the
function B in the coordinates (a,y) (see equation (3.1)) and the Cauchy—Schwarz in-

equality. O

We are now ready to prove the estimates for the derivatives of ¢ with respect to the

slow variable o that we will need in this paper.

PROPOSITION 4.3. The k-th partial derivative of the function ¢ with respect to the

angle o satisfies
195+l 4 < il v

where k is any non-negative integer.

Proof. Let us take p=1,4 in equation (4.4) and integrate by parts to get
[ 056005000V = [ e dV ~ [ 0u(B) 000,01 dady

The left-hand side is bounded from below by (14+0O(¢))||%« /%, , while from the definition

of the norm H! and Lemma 4.2 it stems that

2
HY
=

[ tbonav| <O el 1l
‘ [ ou(Bs) 000030 dady‘ < Cell g Il
Using Proposition 4.1 to estimate ||¢|| 5, in terms of | o||, we infer that

IalZ < Cllellllval

which readily implies the desired bound for k=0. When £k is a positive integer, the proof
is totally analogous and can be obtained by induction on k using =022, the only
difference being that one needs to estimate the term [ ppdV as

k+1
[ et oav|<Cldlue Y- 10201y < Cllel+Clelel05 vl

j=1

by the induction hypothesis. O

4.2. Estimates for the “fast” variables

To estimate the derivates with respect to the “fast” variable y in an optimal way, it is

crucial to ensure that the terms that only depend on « are not considered when estimating
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the norms of the function. A convenient way of doing this is by considering the auxiliary

function

D)= (o)== [ vley)dy. (47)

which is obtained from v by subtracting its average in the fast variable. It should be
emphasized that, if we were not to subtract this average, the estimates we would obtain
would not be strong enough for our needs in later sections. The key estimate in this
subsection is Theorem 4.8.

An immediate observation is that, of course
DJ 0k = DI ok (4.8)

whenever the number j of derivatives we take with respect to y is greater than zero, and

that ¢ has zero mean:

/ Y dady=0.
Moreover, the function v satisfies the equation
AP =g in SExD?, 9,4 =0 on S} xdD?,

with
1
o(o,y) = Q(a,y)—;A/DQ Y(a,y') dy'.

The estimates for ¢ we derive in the previous section guarantee that the norm of o

can be bounded by a multiple of the norm of the initial source term p.

PROPOSITION 4.4. The H* norm of o is bounded by

el + < Crllol mx-

Proof. Observe that the action of the Laplacian (which we compute in the coordi-

nates (o, y)) on the function ¥ («,y’) is

Ap(a,y') = (1+0(€) 051 (e, y' ) +0(e)datp(e, i),
where O(¢™) here stands for an e-dependent quantity Q(«,y) bounded as

Qg < Cre™
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for all k. Therefore, one finds that

IDjokel = |Djoke-tojeka [ wta)ay
D2
. 1 k+2
:HD;aQQ—W / 2 (a,y) dy +3 / 0 () dy!

D2 = Jp2

) k+1
<D} ok oll+ (14 Ce) |05 29||+Ce > [0l

=1

<Cllellgx,

where in the last step we have used Propositions 4.1 and 4.3. The claim then follows. [

To derive energy estimates for v, we will use that one obviously has
[aowoav—- [ opav (4.9)

for all pe H1(S}xD?). Our first result will be an estimate for the L? norm of 1 and
Dy’l/;. While we can readily derive a bound for these quantities using Proposition 4.1,
the estimates we prove here are much sharper for small €. This will be crucial in the

derivation of optimal estimates for .

PROPOSITION 4.5. The function 1) satisfies the H' estimates
1D+ Dyl <Celoll  and |8t < Cello]|-

Proof. Choosing ¢=1 in equation (4.9) and in view of the expression of the coeffi-

cients of the metric (3.1), one immediately obtains that

19117 < @+0G@E)llel 141 (4.10)

Since ¥ (a, -) has zero mean in the disk D? for any fixed «, by Poincaré’s inequality there
is a positive constant C, independent of £ and « (namely, the first non-zero Neumann

eigenvalue of the disk), such that
[ ptanPay=c [ day?dy
D2 D2

Integrating this inequality in «, the H' norm of ¢) can be estimated as

1

_ _ c -
191, > [ 103 ) dyda> S5
Together with equation (4.10), this yields ||v||<Ce?||g|| and ||¢)|| ;1 <Ce|a||, so the claim

follows directly from Proposition 4.4. O
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It is particularly easy to derive preliminary estimates (which will be instrumental in
the proof of Proposition 4.7) for the derivatives of ¢ with respect to a due to Proposi-

tion 4.3. Notice that these bounds will be substantially improved later on.

PROPOSITION 4.6. The derivative of 1) with respect to o satisfies
IDyO P < Celloll v and |05 24]| < Cillof

for any non-negative integer k.

Proof. The claim is an immediate consequence of the definition of ¥ (cf. equa-

tion (4.7)) and Proposition 4.3, since obviously the L?(S} xD?) norm of the function
85;/ b(a,y) dy’
D2

is bounded from above by C||9%]|, which was in turn estimated in the aforementioned
proposition. O

We are ready to show that the second derivatives of 1) with respect to the fast
variable y are bounded by a factor of order £2. The proof of these estimates makes

essential use of Propositions 4.5 and 4.6.

PROPOSITION 4.7. The second derivatives of the function 1) with respect to the fast

coordinates are bounded by
| Dy < Ce?[|o]].

Proof. We will denote by D% the 2-dimensional disk of radius R, R being a fixed real
smaller than 1. Let us start by proving interior estimates. For this, we will denote by 0,
the derivative along a y-direction (that is, 9y or 92), and consider a smooth function x(|y|)
equal to 1 for |y| < R and equal to zero in a neighborhood of 9D?. Taking =0, (x?0,¢) in
equation (4.9) (here and in what follows we will not sum over the index a) and integrating
by parts, one readily obtains

I%:/giﬂ'aiaaz/?ajaaz/?f av =I,—I,—1Is, (4.11)
where
Ii= [ g0u0C 00 av,
Loi= [ 0,(Bg")0:50,(x%0,5) dasd

L= / 0t 9905 (x?) 0:uth dV.
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Let us estimate these integrals. The first one can easily be controlled using the Cauchy—

Schwarz inequality and Propositions 4.4 and 4.5:
IAES ‘ / ox 05 dV‘+ / 20a(x*)0at) dv‘

<Cllall(Ixoz ¢l +110a91) < Celloll+Ce?[le]*.

The integral I can be controlled using an analogous argument, Lemma 4.2 and Jensen’s

inequality. This leads to the estimate

1l <| [ 08905 00,6 dady 4] [ 0,510,600 0 da
< el T+C10u( [ @u(Bg 01003 dady )

<O o1 +C<2 o] / 100(Bg)0:5 8| dov dy

< 2ol 1+C= oll 4611 1
<Ceo|| T+C<) el
where in the fifth line we have used that ||x|| 4. =|Dyx||/e=C/e. A similar argument

shows that
3] < CllOav |l Xl 2 < Cellell.

Feeding these bounds into equation (4.11), we obtain
I? < CellollI+Ce?le]?,

so that I<Ce||p||. From the definition of the function x and the identity (4.5) it then
follows that
1D lss wpz, < Ce2lell, (4.12)

which is the desired interior estimate.

To prove the estimates up to the boundary, we begin by showing that the H L norm
of

Dt = 11020 — Y2019

is bounded in terms of ||g||. For this, we will find it convenient to take a smooth function
X(|y]), equal to 1 for |y|> R and vanishing in a neighborhood of the origin, and use polar
coordinates throughout without further notice. If we now take p=x21g¢ in equation (4.4)

and integrate by parts, we readily find that
[ o0ui 05502 av

Z/E%GXQ dV—/ae(Bgij)ﬁi@ 9;(xX*bg) dav dy—/g”@i% Ve0;(x*) dV,
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where the indices i and j now range over the set {r,0,a}. Notice that the reason we
are now using polar coordinates is that 0y does not commute with the derivatives with

respect to (y1,y2). Arguing as above, one finds that
[ g 0ui 05032 av < el

which ensures that
[900lls1 x e +1[Prollsy xar < C?[loll, (4.13)

where Ap:=D?\D? is the annulus of inner radius R.

To estimate the derivative 1), it now suffices to isolate this quantity in the equation
At=p. From the expression of the Laplacian in these coordinates (4.2) it is apparent
that for r>R one can write v, as

e 2 —0=0(e7?) ([P0l + |1 ) + O™ o+ O(1) ([as| +|Yaal +[val)-
From Propositions 4.5-4.7 and the estimates (4.13), it then follows that
e llst xar < Ce?[loll-

This yields the desired boundary estimates, completing the proof of the proposition. [J

The results we have established so far show that the derivatives of 1) can be bounded

in terms of the source o as

[0[|+ | Dy || +1| D2 || < Ce2|l ol (4.14a)
00|+ 1Dy datb|| < Celloll, (4.14D)
1024] < C]lol. (4.14c)

However, having in mind the applications in the forthcoming sections, we would rather
have estimates where the right-hand side always has a factor of 2.

In the following theorem we show that this can be achieved by replacing the L2 norm
of o by its H' norm (thus using estimates that are weaker in terms of the gain of
derivatives), and provide a generalization for higher derivatives. It is worth emphasizing
that both the estimates (4.14) and those in the following theorem are optimal with respect

to its dependence on the small parameter ¢, as can be checked easily.

THEOREM 4.8. For any non-negative integers j and k we have the bound
10505011 < Cjeellel e,

where J:=max{j—2,0}.
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Proof. The proof proceeds by induction on J+k, that is, on the number of derivatives
in the right-hand side of the inequality. The case J+k=0 follows from Propositions 4.5
and 4.7. To avoid cumbersome notation that might obscure the argument, we will sketch
the procedure for the case J +k=1, where one has to estimate 9,1 and Dyaav,/_z (improving
the bounds in Propositions 4.5 and 4.6), D;@ad—) and qul_) Once this case has been
worked out in detail, it is straightforward to prove the general result using an induction
argument.

Let us begin by estimating the quantities having derivatives with respect to «,
that is, 0,1, Dyaau? and Dg@ad_}. An easy computation using the expression of the

Laplacian (4.2) shows that the commutator
0:=A(0at)) —0a(AY)
can be written as
0=0(e" " )DY+0(e)paa+O(1)Dydath+ 0O (e~ ) Dythp+O(e)hq.

Now from the H? estimates proved in Propositions 4.5-4.7, one obtains that the L? norm

of the commutator is bounded by
lloll < Cello]|-

The function 9,1 obviously satisfies the zero-mean condition

dat(a,y’) dy' =0, (4.15a)
D2
the boundary condition
9(0ath) =0 (4.15b)
on S} x9D?, and the equation
A(0a)) = On0+0. (4.15¢)

As the L? norm of the right-hand side is bounded by C/||g|| 1, an immediate application
of Propositions 4.5 and 4.7 (applied to the boundary problem (4.15) rather than to (4.1))
shows that

[ball+1Dytball+1Djvall < Ce?|lol mr-

To estimate DSJJ we will argue essentially as in the proof of Proposition 4.7. One

starts by proving interior estimates, which are obtained by feeding the test function

@ = 02(x"020)
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into the identity (4.9). As before, x(y) is a smooth function which vanishes in a neighbor-
hood of D? and is identically equal to 1 in a disk of radius R and the script a (which is
not summed) denotes any y direction. In order to get boundary estimates, one can start
by noticing that the same argument as we have used above to control derivatives with

respect to a also works for 9p1h=1,021 —y2017. Indeed, the L? norm of the commutator
0:=A(9p)) — s (AY)

is also bounded by Cel|g|| as a consequence of Propositions 4.5-4.7, and besides dpv

satisfies the boundary value problem
A(0py)) = 0po+0 in Sy xD?, 9,090 =0 on S} x ID?, (v, y') dy’ = 0.
D2

It then follows that the L? norm of the derivatives Di@gi/? are bounded by Ce?| o/ .
Hence one can now differentiate the equation Ay)=g with respect to r and isolate 93¢
to show that the norm ||3§7J1||s} xAp in a neighborhood of the boundary is bounded by
Ce?|lo|| g1, as claimed.

This proves the induction hypotheses for J4+k=1. For higher values of J+k, the
idea is exactly the same. Derivatives with respect to a (or ) are dealt with by taking
derivatives directly in the equation and invoking the induction hypotheses. To estimate
the highest derivative with respect to r, one combines interior estimates with the test
function

@ =0 HhH1 (29T +h+1)

with the direct isolation of 9/7*¥%24) in the equation 9/ **(Avy—pg)=0. O

4.3. Pointwise estimates

Taking into account that qu/_;:Dyw we can combine the results in the previous two
subsections to obtain H* estimates for ¢ in which the derivatives with respect to the
fast and slow variables are controlled in terms of different (and optimal) powers of €. To
begin with, we can put together Propositions 4.3 and 4.6 and Theorem 4.8 to arrive at

the following bounds.

THEOREM 4.9. The functions 1 and 1) satisfy the H* estimate

[l ez < Crllelle— and |9 e < Cre?|loll s

for any non-negative integer k.



84 A. ENCISO AND D. PERALTA-SALAS

Remark 4.10. It is not hard to prove that these estimates are optimal with respect
to the dependence on €. To have a rough idea of why this is true, the reader might want
to consider the problem

Ay
22

Yaa+ =p in S;xD?  9,0h=0 on S} xOD?, /wdadyzm (4.16)

which can be understood as a simplified version of the problem (4.1). Here and in what
follows, A, :=071p+03¢ stands for the standard Laplacian in the variables y.

For future reference, it is convenient to invoke the Sobolev embedding theorem and

record the following estimate for the C* norm of the function .

THEOREM 4.11. The function v satisfies the C* estimates

[¥llor < Crllollas  and  [|Dyllcr < Cre®|loll mrs

for any non-negative integer k.

Proof. This follows immediately from Theorem 4.9 upon noticing that Dyz/;:Dyw
and using the Sobolev inequality ||¢||cr <C||l@l| gr-e- O

Remark 4.12. It is clear that the same bounds we have proved for the function v hold
true if we assume that ¢ solves the model problem (4.16) instead of AyYy=p. In particular,

for future reference we record here that this function also satisfies the estimates

D51 e
[l erwee + —"5—— < Cilloll» and 1Dyl i < Cre® ol - (4.17)

5. Harmonic fields in thin tubes

In this section we use the estimates proved in §4 to compute the harmonic field in a thin
tube up to terms that are suitably bounded for small €.

We recall that a vector field A in the tube 7. is harmonic if it is divergence-free,
irrotational, and tangent to the boundary. The vector space of all harmonic fields in the
tube will be denoted by

H(TZ):={hcC®(Q,R?):divh=0,curlh=0 and h-v=0}. (5.1)

It is standard that the space H(7Z:) is 1-dimensional, as it is isomorphic to the first
cohomology group of the tube with real coefficients.
Let us consider the vector field in S} xID? defined by

ho := B~ %(0a+10p). (5.2)
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It can be readily checked that hg is irrotational (with respect to the metric (3.3)) and
tangent to the boundary.
By the Hodge decomposition [14], there is a function ¢ such that

hi=ho+ Vi (5.3)

is harmonic. Clearly this is the only harmonic vector field in S} x D? up to a multiplicative
constant. By Vi we are denoting the gradient of the function v with respect to the
metric (3.3), that is,

_ Ya+Te 9

A +527"2T¢o¢
s Aote r Ty,

Uy
ot g2 O+ (erB)?

A\ (5.4)

The fact that the field h is divergence-free implies that 1 solves the Neumann boundary
value problem
At =0 in S} xD? 9, =0 on S} xID?,

where
0:=eB3r(T3sin 0 — 3 cos ) (5.5)

is minus the divergence of hy (and, as such, satisfies f 0dV=0). We will also assume
that f 1 da dy=0 in order to determine v uniquely.

In the following two sections we will need some estimates for the harmonic field h
(or, equivalently, for the function 1) that depend on the particular form of the source
term p. These estimates are obtained in the following theorem, where we calculate, up
to some controllable error, some derivatives of the function ¢ that we will use later on.
To simplify the notation, we will write O(e™) for any function x satisfying the bound
lIx||cx <Cre™ for all k (and also for numbers whose absolute value is smaller than Ce™,
but the meaning should be clear from the context).

THEOREM 5.1. Consider the functions

o= 2%(r®—=3r)(r3¢sin 6 —5¢' cos0), (5.6)
1= £54(r4—2r2)(7}{2 sin 20— s¢5¢’ cos 20), (5.7)

which are obviously of order O(e®) and O(e*), respectively. Then 1 is related to these

functions through the estimates
=0(?),
Dyw = DySDO +O(54>7
Dot = Do +09p1+0O(e°).
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Proof. Let go:=er(rsxsinf—3' cosf). It is easy to see that the function pg(a,y) is

the only solution to the problem
Aypo=¢"00 in SyxD?,  drpolr=1 =0, / @o dy =0,
D2

for any value of the angle a.
Consider now the function 1, :=v% — g, which obviously has zero normal derivative
on S} xdD? and has zero mean because so do ¢ and ¢g. The Laplacian of ¢; is given by

A
Arpy = 0— Ao = (0—00)+ ( g;PO _A(p()).
Using equation (5.5), the first term in brackets can easily be shown to be
0—00 =3e%3r% cos O (Tssin O — 3¢ cos ) +O(£?),

while the second can easily be dealt with using the formula (4.2) for the Laplacian:

A x sinf 0
g;po —App = - <cos€8rgao— T%DO> +0(e%).

Using the definition of ¢y, this yields
Ay = 01+02+0(€%),
with
01:=23e%r? (37 sin 20— 3 cos20) and 0y := £’ (3—14r?)ses
of order O(£?), so the estimates we proved in Theorem 4.11 then ensure that

P1=0(?) and Dy =0O(e?).

This shows that ¥»=0(e?) and D,y=D,po+O(e?).
To calculate D,y up to O(e°) we will consider two auxiliary functions ¢; and 2.

The function ¢1(a,y) is the solution to the problem
Bypr=on i SIxDY, Dl =0, [ prdy=0.
D2

The existence and uniqueness of the solution are standard given that the right-hand side

/ o1 dy=0
D2

satisfies
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for all @. In fact, the solution can be computed in closed form using separation of
variables, which readily yields the formula for 1 given in the statement (equation (5.7)).

The function ¢ is the solution to the problem

A
82@2%-;7;02:92 in S}X]DF, Orpal|r=1=0, /cpg da dy=0.

Again, the existence and uniqueness of solutions is standard because the right-hand side

satisfies the zero-mean condition
/ 02 dady =0.

(The reason why we are including derivatives with respect to « in the definition of 9 but
not in that of ¢ is that the source term g2 has zero mean when averaged with respect
to a and y but not when averaged in y only.) Obviously 2 does not depend on 6.

We can now estimate 1y: =11 — 1 — 2 using the same argument as we used with ;.

We start by noticing that, by construction, 9,12=0 when r=1 and the integral

/ o dady
S xD2

is zero. The Laplacian of 19 is
Atpy = 014 02— A1 — Ay +0(e%)

A A
= ( ;;;,01 —A<p1> + (aiapg—i- ;;;,02 —A(pg) +0(e3)=0(e?).

To pass to the third line we have used the expression of the Laplacian in polar coordinates
(equation (4.2)) and of ¢, as well as the estimates for s that stem from Theorem 4.11
and Remark 4.12. Another application of Theorem 4.11 shows that D,1=0(£%). Since
Jpp2=0 and

Y =po+p1t+p2t+i)e,

the theorem follows. O

6. Beltrami fields with prescribed harmonic part

Our goal in this section is to construct a Beltrami field v in the thin tube 7¢, tangent to
the boundary, whose harmonic part is a fixed harmonic field h. We will be particularly
interested in the way the Beltrami field v is related to the harmonic field h as the
parameter A tends to zero, since in the next section it will be crucial to have good

estimates for this relation in order to compute some dynamical quantities of the field v.
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This section is divided into three parts. In §6.1 we prove an existence result for a
boundary value problem for the curl operator in tubes in which we can prescribe the
harmonic part of the solution (Corollary 6.3). In §6.2 we will provide estimates for an
auxiliary vector equation with constant coefficients (Proposition 6.6), which are used in
§6.3 to prove the desired estimates, optimal in ¢, for the boundary value problem under

consideration (Theorem 6.8).

6.1. An existence result for the curl operator

Let us begin by making precise what we understand by the harmonic part of a vector
field w in the thin tube 7. that is tangent to the boundary. We will define its harmonic
part to be the vector field

h
Pw:zzi/ h-wdz,
[12ll72 (7. J.

that is, its projection to the space of harmonic vector fields H(7:), as introduced in

equation (5.1). In this subsection, we will denote by

k
ol iz =S [[ \Diof? di
j=0"T

the usual H*¥ norm of a vector field in the tube 7. CR® and write L?(7.) for H°(T.).
Throughout, we will use the notation C. for positive constants, possibly not uniformly
bounded in the small parameter ¢, that may vary from line to line.

In the following proposition we present the basic existence result that we will use
to show the existence of Beltrami fields with prescribed harmonic part. The result is
probably known to some experts but we have not found it in the literature. The proof
relies on a duality argument for a suitable energy functional and the Fredholm alternative

theorem.

PROPOSITION 6.1. Let f be an L? vector field in T, which is divergence-free. There
s a countable subset of the real line without accumulation points such that, if the constant

A does not belong to it, then the equation
curlw— A w=f, divw=0, (6.1)

has a unique H' solution w that is tangent to the boundary 0T, and has zero harmonic

part.
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Proof. Let us consider the Hilbert spaces of vector fields

F:={Fec L*T.,R?:div F =0},
W= {wec H" (7., R?): w is tangent to 07.},

where the tangency condition is to be understood in terms of traces. It is well known [14]
that, because of the tangency condition imposed on W, the H! norm is equivalent to the
norm

Jwl[3y == chrle%?(TE)+||divw”%2(7’a)"’_prll%?('fi)
in the sense that, for all weW,

[[wllw
Ce

<Nwll () < Cellwllw.

Consider the scalar product E: WxW—R associated with the norm |||y, given
by
Elw,u) ::/ (curlw-curl u+divw divu+Pw-Pu) dz.
T.

By the Riesz representation theorem, for any L? vector field F there is a unique wp €W
such that
E[wp,u]z/ F-curludz (6.2)
T.

for all ueW.
We claim that, for any F€F, condition (6.2) is equivalent to demanding that wpg

be an H! solution to the equation
curlwp=F, divwp=0, (6.3)

in the tube 7, that is tangent to the boundary and has zero harmonic part. One side of
the implication is obvious, so we only need to prove that if wg satisfies condition (6.2)
with F€F, then it solves equation (6.3).

For this, let us take suitable choices of the field u in equation (6.2). Letting u=Pwg
be the harmonic part of wg, we obtain that Pwg is zero. To see that divwpg is zero too,
it suffices to take u=V1, with ¢ being the solution to the boundary value problem

Ay =divwp in T, lor. =0, / Y dr=0.
T

Notice that, in order to show that the solution exists and Vi belongs to the space W,

we need to use that wg is in H' and is tangent to the boundary.
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Since Pwp and div wp are zero, condition (6.2) can then be written as

/ curlG-udm+/ (Gxv)-udo=0 (6.4)
7. 07,
for all ueW, where

G:=curlwp—F

and do denotes the induced surface measure on the boundary. Letting u vary over the
space of smooth vector fields of compact support in 7., we immediately infer that G
must be irrotational. Now that we know that the first term in (6.4) is always zero, we
can take an arbitrary field u tangent to the boundary to derive that G X v must be zero,
so that G is divergence-free, irrotational and orthogonal to the boundary. By the Hodge
decomposition theorem, this ensures that the field G is identically zero. Hence we have
proved that wg is the only solution to the problem (6.3). Notice that, as an immediate

consequence of the equivalence of the H' norm to || - ||y on W,

lwrllg (1) < CellFllp2 ¢z (6.5)

for some constant that depends on £ but not on F'.

Let us consider the operator K mapping a field FF'€F to its solution wpg, which
we regard as a linear map K:F—F whose image lies in W. It is standard in view of
the estimate (6.5) that the operator K is compact, so by the Fredholm alternative the
equation

Kw— %w =f (6.6)
has a unique solution for each f €F and any constant 1/\ that does not belong to the
spectrum of the adjoint operator K*. This spectrum is a bounded countable set that
only accumulates at zero.

Let w be the only solution to equation (6.6) with f:fo/)\, for an arbitrary field f
in F. Since w=K (A w+ f) belongs to the image of K, from the above discussion it stems
that the field w is tangent to the boundary, divergence-free and has zero harmonic part,

and by the definition of K satisfies curlw=Aw+ f. The proposition then follows. O

Remark 6.2. The proof of the proposition shows that the values of A for which there
is not a unique solution to the equation (6.1) are given by the reciprocal of the eigenvalues

of the compact operator K* that we defined in the proof.

As a direct application of the previous proposition, we derive the following corollary,
which gives the existence result for Beltrami fields with prescribed harmonic part that

we will use later on. Of course, it is apparent that this corollary is totally different from
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the results that one has on compact manifolds without boundary, where the Beltrami
equation has no solutions but for A belonging to a countable set and these solutions (i.e.,

the eigenfunctions of curl) are necessarily orthogonal to harmonic fields.

COROLLARY 6.3. For any constant \ not belonging to a certain e-dependent count-

able set without accumulation points, there is a unique solution to the equation
curlv=>v, divv=0,

in the tube 1. that is tangent to the boundary and whose harmonic part is Pv=nh.

Proof. Tt follows immediately from Proposition 6.1 by taking v=h+w, with w being
the only solution to equation (6.1) with f=Ah. O

6.2. Estimates for an equation with constant coefficients

In this section we will prove estimates for a curl-type equation with constant coefficients
on the domain S} xD?. This equation with constant coefficients is closely related to the
Beltrami equation on the thin tube 7. and will be used subsequently to estimate the
difference between the Beltrami field v and its harmonic part h. As before, the natural
coordinates on the domain Sé xD? will be denoted by (a,y), and we will consider polar
coordinates (a,r, ) where convenient.

Vector fields on S} x D? are regarded as functions W: S} x D —R3, whose components
are denoted by

W =W,, Wy, Wa).

We will sometimes write W,,:=(W7, Ws). On these vector fields we will consider the

action of the differential operators

DivW := 0, Wo+01 W1 +0aWo,

aZVQV(X _aaW278aW1_ 81‘/2[/0),
3

€
and we will say that a vector field W is tangent to the boundary if y-W,=0 (in the

Curl, W := (81 Wo—0, W1,

sense of traces) on the torus |y|=1. Obviously, Div and Curl, are related to the standard
divergence and curl operators through a rescaling, but for our purposes these forms of
the operators are more convenient.

We will also consider the functional Q@ that maps each field W to the real number

QO[] ::/Wa dady.



92 A. ENCISO AND D. PERALTA-SALAS

This is obviously related to the projection onto the space of “harmonic fields” associated
with the operators Div and Curl., which is spanned by the constant field (1,0,0), so
when Q[W]=0 we will simply say that the harmonic part of Q[v] is zero. All integrals
are taken over S% xD? unless otherwise stated. To control the behavior of the vector

fields, in addition to the usual H* norms we will consider the norms
W1 Ze = Wallzgs +e Wyl (6.7)

These norms should not be confused with the norm || - || ;. that we considered for scalar
functions in §4. We will simply write || -||c for the corresfponding L? norm (k=0), and
reserve the notation || - || for the usual L? norm, where factors of & do not appear.

In the following proposition we compute the lowest eigenvalue of a self-adjoint oper-
ator associated with Curl. to show how the L? norm of a vector field W can be controlled
using that of Curl, W.

PROPOSITION 6.4. Let W be an H' wector field on S xD? with DivW =0 that is

tangent to the boundary and has zero harmonic part. Then

c|\w
[|Curl, W || > M
€
Proof. Tt is an easy consequence of [31] that Curl, defines an unbounded self-adjoint

operator on the Hilbert space
H:={W e L*(S; xD?* R*):DivI¥ =0, Q[W] =0 and W is tangent to the boundary},

endowed with the scalar product associated with the norm ||-|l. The domain of this
operator consists of the H' vector fields in H such that Curl, W is also in H. Hence, to
prove the proposition it is enough to see that the eigenvalues of this operator, in absolute
value, satisfy |u|>C/e.

Exploiting the symmetry of the equations (that is, rotation of the angles o and 8),

it is not hard to see that the eigenvalue equation
Curl, W = uW,

with W divergence-free, tangent to the boundary and with zero harmonic part, can be
solved in closed form. Indeed, the symmetry ensures that the eigenfunctions can be

chosen of the form (here, and in similar formulas, ¢ denotes the imaginary unit)

W = emotim0 (4 (1) eq +vo(r)er +us(r)eq),
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where n and m are integers, v;(r) are functions of the radial variable and the unit vectors

eq, er and ey are defined in the obvious way:
eq:=(1,0,0), e,:=(0,cos0,sinf) and eg:=(0,—sinb,cosh).

Using this expression, a tedious but straightforward computation shows that the eigen-
(1)

values with the smallest absolute value are 4 j%l) /€, where j;’ denotes the first positive
zero of the Bessel function Jj. O
In the proof of the main result of this subsection we will need the following identity.
LEMMA 6.5. Let W be a vector field tangent to the boundary of S;xD?. Then
e2[[0aWy 12+ Dy Wy | +10a Wall* + 72| Dy Wal[?

=||Div W||?+||Curl. W% — W, |? dadf,
£ )

S} x OD?
where we are writing dadf for the induced surface measure on S} x OD?.

Proof. One can easily check that

2 2 2
||DivW2+||Cur1€W||§:aaWa||2+Z(€2|8aWi||2+W>+Z 10 W;]|% 45,
i=1 i,j=1
where
Si= Y /([“)iWZ—@-Wj—ajWi@in)dady.
i,je{a,l,Q}
We can now integrate by parts to write
2
S=— Z/ (y; Wi0iW, +1y;Wo 0 W;) dov df
i,j=1"S;xoD?
2 2
= Z/ Wjai(iji)dacw:Z/ W2 dodb.
ij=178}xoD? i—1 /S xoD?

To pass to the second identity we have used that y-W,, is zero on the boundary, so the
second summand in the first integrand vanishes, and taken advantage of the fact that W

is tangent to the boundary to integrate by parts a second time. O

In the following proposition, which is the main result in this subsection, we prove
an estimate for the operators Div and Curl. that is “optimal” with respect to the small
parameter €. In the proof of this version of the inequalities we will also derive another
one in which the right-hand side has one derivative less than the left-hand side, as is
customary. However, the estimate we will need later on is the former, which is why it is
the one that appears in the statement. It is not hard to check that the dependence on ¢

of both estimates is sharp.
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PROPOSITION 6.6. Let W be any vector field in S} xID? that is tangent to the bound-

ary and satisfies the equation
Curl, W=F, DivW =y,
for a scalar function ¢ and a vector field F. Then

Walls +1DyWallpe < Cr(ell Fll s +lloll ax +[QIW]),
10aWallmr < Cr(I1Fllax+llol mx),
Wyl zr+ellOaWyll s+ Dy Wyl e < Co(1Fll e+l el e +1QIW]I)

for constants that depend on k but not on €.

Proof. We can write the field W as the sum of three fields:

W=V+ (aaw, 0y 827’[’>+<Q[W],0,O). (6.8)

g2 g2 IS} xD?|

The scalar function @ that appears in the second vector field is defined as the only

solution to the Neumann boundary value problem

Ay
22

D2+ =0 in §pxD? 9,91 o2 =0, / Ydady=0, (6.9)
S§xD?
and it should be noticed that the third vector field (which corresponds to the harmonic
part of W) is constant. As a consequence of these definitions and the properties of W,
the field V' is tangent to the boundary, has zero harmonic part (Q[V]=0) and satisfies
the equation
Curl, V=F, DivV =0. (6.10)

The H” estimates stated in Remark 4.12 (equation (4.17)), applied to the boundary
problem (6.9), provide suitable control of the second field that appears in equation (6.8)
(that is, the “gradient” part) and its derivatives, as they show that

D,0s
||3a¢||m+||8§qp||m+%

| Dy || g N | Dy 0| 115 N | DZap|| gy
g2 € g2

<C||Q||Hk-

The third field in equation (6.8) is trivial to control as it is constant. Therefore, to prove

the proposition it is enough to derive suitable estimates for the field V.
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Hence, our goal is to show that the vector field V' satisfies

Vel +11Dy Vallgx < Cel|Fl g, (6.11a)
HaaVaHHk <C||F||H§7 (611b)
IVyllere +ell0aVyll me+ 1 Dy Vyll e < ClE || 15 (6.11c)

For this we start by noticing that, when applied to equation (6.10), the L? estimate
proved in Proposition 6.4 yields ||V <Ce||F ||, or equivalently

Vol <Cel|Flle  and [V, || <C[F]. (6.12)

To prove the inequalities (6.11), we start by using estimates for boundary traces and
interpolation to control the term

§i= /S P =1Vl xone) < OWVa ey ariany S CIVIIT I+ 1D, )
ZX

that appears in Lemma 6.5. Together with the L? estimate (6.12), we can then apply
Lemma 6.5 to the field V to infer that

10aVal SCIFle;  1DyVal < CellF,

C
10aVyll < ZUIFNle, 1Dy Vyll < CIE] e
This proves the estimate (6.11) for k=0.

The derivation of higher-order estimates from these inequalities is standard. To
show the basic ideas, let us sketch the proof of the k=1 estimates. Interior estimates
are obtained by considering the identity shown in Lemma 6.5 for the vector field 9;(xV),
where i=1,2 and x is a smooth function, compactly supported in S} xID? and equal to
one in the region |y|<%. Besides, it is easy to estimate derivatives of V with respect to o
because the field 97V is still tangent to the boundary, divergence-free, has zero harmonic

part and satisfies the equation
Curl. (02V) =0l F.

Analogous properties can also be shown for the globally defined field
0V +(0, Vo, V1),

with the angular derivative Oy:=y102 —y201, so the same argument can be applied for this
field. Since the second summand is obviously controlled by the previous estimates, this
yields good H! estimates for gV. To get estimates for the field V up to the boundary,
it now suffices to control the radial derivative 0,V in the region |y|>%, and this can be
readily done by writing the equation (6.10) in polar coordinates, taking its derivative
with respect to r and isolating the terms having two radial derivatives. This process can
be readily iterated to get the desired HF estimates. The details, which can easily be

filled in using these comments, are omitted. O
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6.3. Estimates for Beltrami fields in thin tubes

In this subsection we establish some estimates for Beltrami fields defined on the tube 7.
The point of these estimates will be to control the difference between a Beltrami field v
and its harmonic part b in terms of the Beltrami parameter A, while ensuring that the
dependence on ¢ of these estimates is optimal. As we did in §4 (but not §6.1), we will
identify 7. with S} xD? through the coordinates (a,y).
Given a vector field v in the tube, we will consider its components (v,, v1, v2), defined
through the relation
V=0q0q+1v101 +v205.

We will use these coordinates to define the norms H¥, just as in equation (6.7), of vector

fields in 7, using the obvious formula
[l e = lvallzp +€2[lvy |1

Here the Sobolev norms in the right-hand side denote the usual scalar norms and we are
using the notation vy:=(v1,v2). It should be noticed that these norms reflect to some
extent the effect of the metric on the way vectors are measured; in particular, the L?
norm defined by the above formula is obviously equivalent through constants that do not

depend on ¢ to the perhaps more appealing expression

[ow.vav,

where g denotes the expression of the Euclidean metric in these coordinates and dV is
the normalized volume (cf. equations (3.1) and (3.5)).

We will begin with the following result, whose proof hinges on the analogous esti-
mates proved for an equation with constant coefficients that we established in Proposi-
tion 6.6.

PROPOSITION 6.7. Suppose that the vector field w is tangent to the boundary, has
zero harmonic part (Pw=0) and satisfies the equation
curlw=f, divw=0, (6.13)
m T.. Then
[wl[rrr < Crell fll -

Proof. In the notation of §6.2, let us consider the vector field W: S% xD?2—R3 given
by

W= (Awa+527(y2w1 —Y1W2), W1 +TY2Wa, W2 —TY1Wa ),
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where we recall that A is the function defined in equation (3.2). It can be checked that W
is given by the components (in the coordinates («,y)) of the 1-form dual to w up to a
rescaling of the y components by a factor of e72. It is worth noticing that, as the field
w is tangent to the boundary of the tube 7, a simple computation using the definition
of W shows that the field W is tangent to the boundary S} x dD?, that is, y-W,=0 on
ly|=1. Moreover, the components of the field w on the tube can be recovered from those
of W through the relations

_ Wa +€27'(y1W2 —y2W1)

Wy i , (6.14a)
Wo+e2T(ya Wa —ya W-

wy =Wi— TyelWate Téy; 292 W1)] ) (6.14b)
Wo+e2T(ya Wa —ya W-

wy =Wy ate Téy; =) (6.14c)

where the function B was defined in equation (3.6).

Using the notation

B B

:732—1—52721@ and Bs:=

Bi: =
1 324_527.22/%’

we will also consider the field F: S} xD?—R3 and the function gw:S} xD?*—R defined
by

Fo— Afa+e*r(yafi—11f2) fitTyafa fz—Tylfa)
L B Ll B1 Ll B2 ’

ol (b)) oo 4o

Notice that, by the definition of the functions A and B, we trivially have

| E N e <Ol fll e (6.15)
low | e < Ce(|Wll g + 100 Wall e+ Dy Wy [l 11 (6.16)
A straightforward computation shows that equation (6.13) can be written in terms

of the field W as
Curle W=F, DivW =ow. (6.17)

To derive estimates for W, we start by analyzing Q[W]. To this end, we recall (cf. e.g. [31])

that if do denotes the induced surface measure on the disk

{(,y):a=0a0} C T,
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the fact that the field w has zero harmonic part (Pw=0) is equivalent to the assertion
that

0 :/ gw,v)do= | Bwa|a=a, dy
{a=ap} D2

for each angle ap. Since A— B is of order ¢, using the above equality one can estimate
QW) = /Wa dady’

= /(Awa+527(y2w1—y1w2)) do dy‘
(6.18)

= /((AB)wa+62T(y2w1y1w2))d04dy‘

< Cellwa ] +Ce|lwy |
< Ce|[Wa | +Ce2([W I,

where to derive the last inequality we have used the expression of the components of w
in terms of those of W given in equation (6.14).
We are now ready to derive some estimates for the vector field W. Since W is

tangent to S% x 0D?, we can apply Proposition 6.6 to equation (6.17) to obtain

[Wallze < CENF | mx+low | s +QIWT), (6.19a)
[0aWallge < CU|F| mx+llow [ mv)s (6.19b)
[Wyllee + [ DyWyll e < CU|F|| e +low | e +[QIW]]). (6.19¢)

Going back to equation (6.16), this yields
low [l < Ce([[Flms +Wall e+ Wy ll re)-

Plugging this inequality and the bound (6.18) for Q[W] into equation (6.19), we imme-
diately get

IWall e < Ce([[F | s+ Wall s + Wyl mx),
Wyl e SCUIF(| s +elWall mr+el[Wy |l 1v).-

From these estimates one readily infers that, for small ¢,
Wallme+elWyllux < Cel Fll g

In view of the formulas (6.14), [|wl||gx <C|[W||gx, so the proposition follows from the
bound (6.15) for the HX norm of F. O
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We are now ready to prove the main result in this section, which estimates the
difference between a Beltrami field in the tube and its harmonic part in terms of the

Beltrami parameter .
THEOREM 6.8. Let A be any non-zero real constant that is smaller in absolute value
than some fized positive constant A. For small enough €, the problem

curlv=A\v

has a unique solution in the tube T that is tangent to the boundary and whose harmonic
part Pv is the harmonic field h. Moreover, the difference between the field v and the

harmonic field is bounded pointwise by
[va = Pallcns)xp2) +ellvy =Ry llon 51 xp2) < CraglA,

where the constant only depends on k and A.
Proof. Let us write w:=v—h, so that the field w is tangent to the boundary, has
zero harmonic part and satisfies the equation

curlw = w+Ah, divw=0. (6.20)

We proved in Proposition 6.1 and Remark 6.2 that this equation has a unique solution
if and only if 1/X is not an eigenvalue of the operator K* introduced in the proof of the
aforementioned proposition. As A is real, this is equivalent to 1/A being eigenvalue of

the operator K, which means that there is a divergence-free L? field u such that

Ku=".
=X

Suppose that 1/X is an eigenvalue of K. By the properties of K proved in Propo-
sition 6.1, this means that the non-zero vector field Ku is tangent to the boundary, has

zero harmonic part and satisfies
curl(Ku) =AKu, div(Ku)=0.
Applying the estimate proved in Proposition 6.7 to this equation, we get
[ Kull2 < CelA[|| Kul| Lz,

which means that
C
IA[>—
€
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for some positive constant that does not depend on ¢.
Therefore the problem (6.20) has a unique solution for all |A\|<A, provided ¢ is small

enough. Moreover, when applied to equation (6.20), Proposition 6.7 ensures that
[wl[rrx < CreAl([wl ge+ 17l 12),

which yields
[wll g < Cre| Al 2]l

provided that ¢ is smaller than some constant of the form C/A. Since the H* norm of

the harmonic field is bounded uniformly in € as
IRl zx < Cr
due to equation (5.3) and the estimates in Theorem 5.1, we obtain
[Jw]zrx < Crel Al

C” pointwise estimates for w are immediately obtained from this bound by taking k=s+2

and using Sobolev embeddings. O

7. A KAM theorem for Beltrami fields with small A

Let us consider the harmonic field h in the tube 7, as introduced in equation (5.3). As
before, we will assume that the thickness € is small. By Theorem 6.8, for any A smaller
in absolute value than some fixed e-independent constant, there is a unique solution v
to the Beltrami equation

curlv = A\v

in 7; that is tangent to the boundary and whose harmonic part is h. We are interested
in the case where the Beltrami constant A is suitably small. For simplicity of notation,
throughout this section we will take \:=e% (although we could have taken any non-zero
constant A=0(e®)) and refer to the vector field v corresponding to this choice of \ as
the local Beltrami field.

Our objective in this section is to study some fine dynamical properties of the local
Beltrami field v. More precisely, we will show that for small values of £ and “most”
core curves 7, the boundary of the tube 7; is an invariant torus of the field v that is
preserved (i.e., there is a small perturbation of 7; that is still invariant) under suitably
small perturbations of v. For this, we will see that the key point is the analysis of

the harmonic field h, which is close to the local Beltrami field v as a consequence of the
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estimates proved in Theorem 6.8 and the fact that the Beltrami parameter A=¢? is small.
At this point, it is worth emphasizing that, to some extent, the proofs of the dynamical
properties that we study in this section ultimately depend on the estimates derived in
84. In particular, if the dependence on € of these estimates were worse, we would not
be able to check the non-degeneracy conditions of the KAM theorem we prove in this
section.

This section is divided into four parts. In §7.1 we consider the trajectories of the
local Beltrami field, after a rescaling of the field (which does not alter their geometric
structure), and calculate these trajectories perturbatively in a suitable range of time
(Proposition 7.1). In §7.2 and §7.3 we use these perturbative expressions to compute
the rotation number and normal torsion of the Poincaré map of the local Beltrami field
(Theorems 7.4 and 7.8), which are the quantities that control the stability of the torus
in the KAM theorem that we establish in §7.4 (Theorem 7.10).

7.1. Trajectories of the local Beltrami field

In this subsection we aim to compute the trajectories of the local Beltrami field v per-
turbatively in the small parameter €. From Theorem 6.8 and the fact that the Beltrami
parameter is A=¢?, it follows that the local Beltrami field v is close to the harmonic field

in the sense that
||/Uoé_hallck(s%xm2) <Cre* and ||vy—hy||ck(sl}x@2) < Ched. (7.1)

Since the harmonic field can be written as h=ho+Vv (with hy and Vi respectively
given by (5.2) and (5.4)), from the estimates for ¢ proved in Theorem 5.1 we infer that

Vo =B 2(1490+719)+0(e?) =1+0(e).
In particular, as v, does not vanish for small €, we can consider the analytic vector field

X = o (7.2)
We will use this vector field to study the geometric structure of the trajectories of the
local Beltrami field, since both fields have the same unparameterized trajectories and
the vector field X presents certain computational advantages, as we shall see in the
next subsection. Before we go on, and identifying the tube 7 with S} xID? through the
coordinates (a,y), let us note that the field X is well defined in a small neighborhood of

S% x D2 because so is the local Beltrami field v.



102 A. ENCISO AND D. PERALTA-SALAS

The trajectories of X are given by the parametrization («(s), r(s), 8(s)), where these
functions satisfy the system of ordinary differential equations (ODEs)
a=1, (7.3a)
. B,
"= e2(1+1ba+T70)
i T+ (er) "2 Ay + T4
1+ +790
These equations can be read off from the definition of the field X and its connection
with the harmonic field (equation (7.1)) and formulas (5.3) and (5.4) for the harmonic
field and the gradient of ). The point of the trajectory not only depends on the “flow

+0(e%), (7.3b)

+0(e). (7.3c)

parameter” s, but also on the initial conditions (g,70,6p) at s=0. Without loss of
generality, in this section we will always take ag=0, and make the dependence of the
trajectory on (rg, fp) explicit by writing

(a(s; To, 90)’ T(S; 7o, 00)7 9(5§ To, 90))

when appropriate.

Throughout, it will be convenient to denote by 6 not only the angular coordinate in
S!, but also its lift to the real line. It should be noticed that the formulas we will give
below are actually valid for the lifted coordinate too, which will be of use in §7.2.

In the following lemma we will compute the trajectory of the field X at time s€]0, ¢]
up to a controllable error. We will assume that r is bounded away from 0 so that the
trajectory cannot reach the coordinate singularity {r=0} (i.e. {(«,r,0):r=0}, by abuse
of notation) at any time s€[0, £]. This is convenient in view of the terms 1/r? that appear
in the equations and is not a restriction for the applications that we have in mind, as
we will be only concerned with initial conditions near the invariant torus {r=1}. For
simplicity, in this lemma we will abuse the notation and denote by O(g/) a quantity

Q(ro, 0o, s) that is uniformly bounded as
|05 95, Q(r0,00,5)| < Ciye’

for rg in any fixed compact set of the interval (0,1] (which is the domain where polar

coordinates define a diffeomorphism), 6y€S* and s€(0, £], provided ¢ is small enough.

PROPOSITION 7.1. Consider the solution to the system (7.3) with initial condition
(0,70,60) and ro>0. At time s€|0,£], this solution is given by

OZ(S;TO,QO) =S,
r(s;70,00) =ro+0(e),
0(s;70,00) =0 (s)+e0W) (5) 4203 (5)+0O(%),
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where each quantity 09 (s)=01)(s;r0,00) is of order O(1) and given by

0 (5):= 00+ / 7(5) ds,
0

0™ (s):= ’Ero?’ [5¢(s) sin 0% () — 5¢(0) sin 6],
0 (s):= 12;7257% /OS x#(5)%7(5) ds+ 3(T3+2T%6;f§%(s)%(0) cos By sin 0 (s)
— (3_T%)6524}:§S)%(0) sin 0 cos 9(0)(3)4— (27—501‘?));30;527"3)%(5)2 sin 26(%) (s)
(274 147‘80—327"3)%(0)2 sin 26,. ’
384r§

Proof. Converting the ODEs (7.3) into integral equations, one has, for s€|0, ¢],

a(s;ro,bo) =s, (7.4a)
: _ ’ B2, - 3
7"(377‘0,90)—T0+/(J 2 (1% o+ 709) ds+0(e”), (7.4Db)
14 (er) T2 A +TY0

ds+0(e?). (7.4c)

0(s;7r9,00) =0 +/
A S T

In these equations all the functions under the integral signs are evaluated along the

trajectories, i.e., at the point
a:§, T’:'f’(g;T‘o,gO), 9:9(5;7’0,00). (75)

Let us solve the equations perturbatively. We start by noticing that, as a consequence
of the bounds for ¢ derived in Theorem 5.1 (and its connection with the functions ¢

and ¢; introduced in this theorem), the integrands can be expanded in ¢ as

T+(57")_2A¢9+T¢a o Ay 3\ Ay 3
1+a+T09 (T+52r2+wa)(l—wa+0<s )=T+55+0(E),  (76)
BQwr _ 87‘@0 +O(€2) (77)

e2(1+1a+T109) g2

Since 79>0 and s€[0,¢] (which allows us to control the effect of the denominator 1/r?

for small enough ¢), we immediately infer from equations (7.4b) and (7.4c) that
r(s;70,00) =r0o+O(e) and  6(s;r0,00) =0 (s)+0O(e). (7.8)

Of course, we define each function H(j)(s) as in the statement of the proposition.
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Now that we have the zeroth-order expression of the trajectories, we will next com-

pute them up to second-order corrections. For convenience we will use the notation
Ro(r):= %(73—37“) and Ry(r):= %(r‘l—??ﬂ)

for the dependence of ¢y and ¢ on r, respectively. We start with the analysis of the
radial coordinate of the trajectories. Using again equation (7.7) and the zeroth-order

estimates for the trajectories (7.8), we derive that
s 5 0) (5
r(s;70,60) =ro+/ [&%(S’To—i_oi)z,e (5)+0()) +0(e%) | ds+0(e°)
0

s s o 00 (3
:ro-i-/ 8T<p0(s,7;02,0 (5)) ds+0(e?)
0

=ro+eRg(ro) /OS [7(5)2(5) sin 0V (5) — 5 (5) cos 07 (5)] d5+O(e?) (7.9)

— ro—eR}(ro) /0 ) %(z@) c0s60)(5)) d5+0O(2)
=roter®(s)+0(e?),

where

r(s):= 2 (1—13)[5(s) cos 01V (s) — 52(0) cos fy).

To pass to the second line we have used the mean-value theorem and the obvious C*
bound ¢o=0(e?), and to complete the calculation we have just plugged in the formulas
for ¢o (equation (5.6)) and the definition of #(®)(s). In a totally analogous manner we
can compute 0(s;7g,0g), up to O(g2),

Atg

0(s;79,00) = 9(0)(3)+/OS |:(€1")2 +O(53):| d‘§+0(€3)

(5,70+0(¢),0(9) (5)+0(e))

s !
:0(0)(8)+/ 89900(8770079 (8)) d§+0(€2)
0

(e70)2 (7.10)
—§0)(5) 1 ZR0lro) / [7(8)5¢(5) cos 69 () 4 (5) sin 0)(5)) ds
T‘O 0

=00 (5)+e0W (s)+O(e?).

To complete the proof we need to calculate 6(s;7g,6) up to O(?). The procedure
is as above but the computations are more tedious. We start by noticing that the term

Atpg that appears in the integrand (7.6) can be written as

Ahg = Ogipo + (Dgipr — 2321 cos 0 Dgipg ) +O(°), (7.11)
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where we have used the estimates we established in Theorem 5.1 (recall that ¢ was
introduced in equation (5.7)). Notice that the first summand is of order O(g?), while the
term in brackets is of order O(e?).

We can now use the integral equation (7.4c) for the trajectories, the expansion (7.6)
for the integrand (together with (7.11)), and the expression for the trajectories up to
second-order terms (equations (7.9) and (7.10)) to get

ds
(5,m0+erM +0(e2),0(0) +£0(1) +O(£2))

+/S Ogp1 —2e 1 cos 0 Dgpo
0

(s: 0, 80) = 600 (s)+ / i

o e2r?

o ds+0(e%).

(8,r0+erM +0(2),000+£0(1) 40 (£2))

For simplicity of notation, we omit the argument 5 when there is no risk of confusion.
An elementary Taylor expansion and the mean-value theorem show that the first integral

(let us call it I1) is given by

* [ a0 dopo 0590 1), _
j 960\, (1) (5.1 Y80 p(1) 3
s 2
=0 (s)+ / o, (290}, 5 4 %090 1) (5 d5+0(c).
0 67'2 57’2 (577‘0’0(0))

The second integral, which we call Iy, can be immediately simplified using the mean-value

theorem, finding that

I /5 Qg1 —2ex1 cos 6 Dgpg
2 =
0

.0 ds+0(e%).

(5,70,0(9)

The integrals I; and I can be computed in closed form after replacing the functions

o and ;1 by their expressions, given in equations (5.6) and (5.7). For example,
Iy=Ji+J2+0(e%),

where

* Ogipr
Jy =
1 /0 2272

_ ERE(O) /Os[r(sw(s)? cos 20 (5) 4 5¢(5) ' (5) sin 20 ()] ds

(5,70,6(0)

2 S
_13203-2)

96 [5¢(5)2 sin 20(%) () — 5¢(0)? sin 26,
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and

ds
(5,r0,0(0)

Jyie -2 /5 2 cos 0 Ogpo
0

er

2e? s
:—LO(TO)/ 308 0O [13¢cos 0 + 5 sin 0] ds

To 0
R s 1d
= o) TOO(TO)/O [Tz2+2ds(z2 sin29(0))] ds
e2(3—rk

= T) {2 / 73¢% d5+3(s)% sin 26(0) (5)—(0)*sin 290} )
0

The other terms can be dealt with using analogous arguments, arriving at the formula

for (2 (s) that appears in the statement. O

To conclude this subsection, we will show that the trajectories of the field X on the
invariant torus r=1 satisfy certain functional equation up to some controllable errors.
The reason why we need to consider this way of describing trajectories on the invariant
torus is that, in order to compute the rotation number later on, we will need to understand
the trajectories on the torus for arbitrarily large times. The expression for the trajectories
we obtained in Proposition 7.1 is not well suited for this purpose, while the functional
equation below turns out to be much more convenient. In order to describe the errors that
appear in the functional equation, in the following proposition we will use the notation
sO(e™) for any quantity (6o, s) that is bounded as

105,Q(00, 5)| < Cj(1+|s))e" and 0,05 Q(fo. 5)| < Cje"
for non-negative integer j (we could have considered higher derivatives with respect to s
too, but we will not need this feature).

PROPOSITION 7.2. Consider the trajectories of the system of ODFEs (7.3) with initial
condition (ag,r0,00)=(0,1,00). The function 0(s)=0(s;1,60y) satisfies the approximate

functional equation
0(s)= 90+/Os 7(3) dg—i[%(s) sin 0(s) —¢(0) sin O] +sO(£?).
Proof. The starting point is the differential equations for the trajectories (7.3) with
initial radius ro=1. It is obvious that the radial component of the trajectory is
r(s;1,0p) =1,

which simply shows that the set {r=1} is an invariant torus. Therefore, equation (7.3c)
for 0(s) becomes

THe 2 Ay +T0
1+¢a +7—1/19

e Apg—1g
1+¢o¢ +T1/J9

0(s) = +0(E®) =71+ +0(e%), (7.12)
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where the functions in the right-hand side are evaluated along the trajectories (s, 1,60(s)).
Expanding the fraction that appears in the second identity using the estimates for

proved in Theorem 5.1 we therefore arrive at

4 0020(5,1,0())

= +0(e?). (7.13)

6(s)=7(s)

Notice that the fraction is of order O(e). Converting (7.12) into an integral equation, an

immediate consequence of this estimate is that

0(s) =6 (s)+ / %05, 1,69))

ds+s0(£?).
0 3

This integral can be evaluated, modulo sO(g?), using the formula (7.13) for the

derivative 9, the expression for ¢q, and integration by parts, we obtain

/ 80('00d§:—5/ [x70059+z’sin0]d§:—5/ [52(04O(¢)) cos O+ 3 sin 6] d5
0o € 4 Jo 4 Jo

= 7% /OS %(zsin 0) ds+s0(?) = 72 [5¢(s) sin 0(s) — 2(0) sin O] +sO(?).

Here, of course, all the integrands are evaluated at the point (5,1, 6(3)). O

7.2. Rotation number of the Poincaré map of the local Beltrami field

We will denote by ¢, the time-s flow of the field X, which maps each point («g, 79, 6p)
to the trajectory of the ODEs (7.3) at time s that has the latter values as initial con-
ditions. Since the field X, introduced in equation (7.2), is tangent to the boundary of
the domain S} xD?, it is standard that the flow ¢ is a well-defined diffeomorphism of
S} xD? for all values of s.

Let us now consider the Poincaré map of the field X, which is the tool we will use to
analyze the dynamical properties of the flow (and which coincides with that of the local
Beltrami field v). For this, we start by considering the section {a@=ag}, which is clearly
transverse to the vector field X. The Poincaré map of this section, HaO:W%W, sends
each point (rq,600)€D? to the first point at which the trajectory ¢, (g, 70, 60) intersects
the section {a=ag} (with s>0). The reason why we are considering the field X is that
it is isochronous in the sense that this first return point is given by the time-¢ flow of X,
that is,

I, (10, 00) = de(co, 70, 60). (7.14)

We will omit the subscript when o =0, and use Cartesian coordinates y in the disk when

convenient.
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One should notice that, since we are assuming that the curve « is analytic, the
boundary of the tube 7; is also an analytic surface, so it is standard [24] that the field
v is analytic in a neighborhood of the closure 7.. This ensures that the Poincaré map is
also a well-defined analytic map in a neighborhood of the closed disk D2.

In the following proposition we will show that the Poincaré map of the Beltrami
field preserves a measure on the disk. For later convenience, we will state this result in

terms of the associated 2-form rather than the measure.

PROPOSITION 7.3. The Poincaré map II preserves the positive measure on the disk
corresponding to the 2-form
AN:=Gp(r,0)rdrndd

on the disk D?, with
GA(7,0) := Bvy|amo = 1+e3(0)7 cos 0+ O(£?). (7.15)
Proof. That the function G (y):=Bva|a=0 has indeed the form given by the right-

hand side of (7.15) is an immediate consequence of the estimates for the function ¢

proved in Theorem 5.1 and equation (7.1). Given a Borel set BCD? and a small positive

(B) :Z/BA

Bs:=(—5,8)x B

4, let us denote by

its area and let

be a small thickening of the set {0} x B in the closed domain S} xD2.
Since the divergence of v is zero, from the definition of X it stems that its flow
preserves the volume
dV =, dV.

Clearly the V-volume of the set Bj is

5
V(Bs) ::/B dV:/é/BBva dy do
s _

(7.16)
—25(14+0(5)) / Bualao dy = 20u(B)+O(52).
B

Let us now observe that the image of the set Bs under the time-¢ flow ¢, is given by

¢e(Bs)=|J {a}x1a(B). (7.17)

—i<a<d
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By the continuous dependence of the flow on the initial conditions and equation (7.14),

the Poincaré maps corresponding to different values of the angle « satisfy
|ITL,, 7HHCO(D2) <Co

for |a| <4, so we can use the decomposition (7.17) to show that the V-volume of bo(Bs)

is

_ )
¥ (66(Bs)) = [ 5 /H 4 Bredvdo
)

(7.18)
:/ ( Bualao dy+(’)(5)> da = 26u(T1(B)) + O(52).
—s \Jn(s)

Equating the V-volumes of Bs and ¢4(B;s), given by equations (7.16) and (7.18), and

considering small values of §, we then obtain that

as claimed. O

Since the local Beltrami field v is tangent to the boundary of the domain S} x D?, the
image of OD? under the Poincaré map II is also contained in D?. Hence, the restriction

of IT to OD? defines an analytic diffeomorphism of the circle, which will be denoted by
| yp2: OD? — D2,

Using the coordinate @ to identify the circle 9D? with R/27Z, the latter circle diffeomor-

phism can be naturally lifted to a diffeomorphism of the real line that we will denote

by II: R—R. As is well known, a basic tool in the study of circle diffeomorphisms is the

rotation number (or frequency) of the map, which is defined as
" (6y)—6

T (0) 60

wr = 1i
n—00 n

(7.19)
Here II" denotes the nth iterate of II and 6 is any real number. Since the Poincaré map
of a flow is homotopic to the identity, it is standard that the above limit exists and is
independent of the choice of 6y [30].

We shall next compute the rotation number of the circle diffeomorphism II|gpz using
the functional equation satisfied (up to controllable errors) by the trajectories of the field
X on the invariant torus. The reason is that, in order to compute the rotation number
to order O(g?), we need to iterate the Poincaré map an arbitrarily large number of times,
which requires fine control of the growth of the errors for large times.

The following theorem asserts that the rotation number is given by the total torsion
not only modulo O(¢), as can be shown without relying on the functional equation, but

also modulo O(g?). The fact that the O(g) correction is zero will be important later on.
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THEOREM 7.4. The rotation number of the circle diffeomorphism I|gpe is

¢
wnz/o 7(a) da+0(e?).

Proof. By the definition of the flow, equation (7.19) simply asserts that

O(nt)—06
wrr ;= lim 7(71 ) 0,
n—00 n
where 0(nf)=60(nt;1,6p) denotes the angular component of the trajectory solving the
system (7.3) with initial condition (0,1, 6p), evaluated at time nf. Since the curvature

() and torsion 7(«) are ¢-periodic, Proposition 7.2 then ensures that

nt 1
wp = lim 1(/ Tds—wz(o)[sin0(n£)—sin00]+n£0(52)) :/ Tds+0(?). O
0 0

n—oo N

7.3. The non-degeneracy condition for the Poincaré map

In this subsection we will compute a quantity associated with the Poincaré map II (some-
times called the normal torsion of the map) that was introduced to analyze the stability
of individual invariant tori of symplectic diffeomorphisms [18], [17]. As we shall see,
the assumption that the normal torsion is non-zero plays a role that is analogous to the
twist condition in the classical theorem by Arnold and Moser on perturbations of inte-
grable symplectic maps. As the name can be misleading, it is worth emphasizing that,
in principle, the normal torsion has nothing to do with the torsion of a curve.

Let us begin by introducing some notation. We will consider a domain D in the
plane that contains the closed unit disk D2 and a map [I: D R2. (Eventually, we will
be interested in taking as II the Poincaré map IT introduced in the previous subsection.)
A closed curve DCD is invariant if its image II(T) is contained in T'. If T is an invariant
curve of ﬁ, one says that ﬁ|p is conjugate to a rotation of frequency w through the
diffeomorphism ©:S'—T if

O~ Lell|peO(9) = ¥+w

for all ¥ in S'. When I'=0D?, we will abuse the notation and also denote by © the
diffeomorphism S'—S' corresponding to the angular component of the above diffeo-
morphism S'—dD?. (Therefore, in the case of OD? the above diffeomorphism will read
as y=(cos O(¥),sin O(v)) in Cartesian coordinates and (r,0)=(1,0(¥)) in polar coordi-
nates.) From the context it will be clear which interpretation of © must be considered

in each case.
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Definition 7.5. Let [:D2—D2 be a diffeomorphism of the disk that preserves the
measure defined by the 2-form G(r,0)rdrAdf. We will denote the radial and angular
components of i by (ﬁr, ﬁg), respectively. Assume that ﬁ|aD2 is a diffeomorphism of the
circle D2 —0D? that is conjugate to a rotation of frequency w through a diffeomorphism
O, which we regard here as a map S'—S!. The normal torsion of the map II on the

invariant circle 9D? is the real number

2m 1 0,11y(1,0(9))

Ni= ) GTwem G,em)

dy.

The reason why we consider the above quantity is that it appears in a non-degeneracy
condition of a theorem by Gonzdlez-Enriquez and de la Llave [17]. In fact, the result [17,
Theorem 1] is much more general, and we will only need a concrete application that
we state next in a form that is particularly well suited for our purposes. The normal
torsion was also considered for the same purpose by Herman in [18] when G(r,0)=1 and
O(¥)=4v. Before stating the theorem, let us recall that a number w is Diophantine if

there exist a positive constant C' and v>1 such that

%_E > km (7.20)

for any integers p and k with k>1.

THEOREM 7.6. (Gonzdlez-Enriquez and de la Llave [17]) Consider a small neigh-
borhood D of the closed unit disk D? in R2. Take an analytic map [I: D—R2 that is a
diffeomorphism onto its image preserving the measure G(r,0)r dr df, with G analytic in
D. Suppose that the following two conditions hold:

(i) The circle OD? is invariant, and ﬁ|8]DJ2 is conjugate through an analytic diffeo-
morphism ©:S'—0D? to a rotation whose frequency w satisfies a Diophantine condition.

(ii) The normal torsion Ny of the map Il on the invariant circle OD? is non-zero.

Then for each >0 and positive integer m there are & >0 and an integer k such

that, if an analytic map II: D—R2 preserving the same measure G(r,8)r dr df satisfies
[T—TI|| o (py <0,

one can transform the circle OD? by a diffeomorphism ¥ of R? so that ¥(0D?) is an
invariant curve for the map II. Moreover, the map ﬁ|\p(8]])2) is also conjugate to a
rotation of frequency w and the difference W—id can be assumed to be supported in a
small neighborhood of OD? and to satisfy
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Proof. The statement is simply a rewording of [17, Theorem 47], in the particular
case of planar maps and omitting some quantitative estimates that will not be needed
in the rest of the paper. The only point that requires more elaboration is to check what
the degeneracy condition looks like in the situation we are considering in this section.

For the benefit of the reader, let us give some details about how the statement is
derived from [17, Theorem 47], borrowing some notation from this reference without
further mention. The map I is obviously symplectic with respect to the analytic 2-form
A:=G(r,0)r drAdf. This 2-form is obviously exact, since A=d( with the smooth 1-form

on D,
B:= GA(F,0)rdr | db.

Moreover, the 1-forms I B— 0 and I* (B— [ are exact because
| @s-9= [ (aivs-an= [@a-a-o
am? D2

and analogously for I1.
As before, let us now regard © as a diffeomorphism of S!. Consider the embedding
K:S'—D given by
K () :=(cos ©(9),sin ©(1))),

which is analytic by hypothesis.

Therefore, the only hypothesis of [17, Theorem 47] that is not immediate is the non-
degeneracy condition. Let us take Cartesian components (y1,y2) in D and call (f[l, ﬁg)
the Cartesian components of the map II. In the aforementioned reference, the condition

is that the average of the function
S(9) := P(9+w)-[DIL()J (9) "  P(9)]
be non-zero, where the dot denotes the Euclidean scalar product. Here

P(9) :=0'(9) "} (—sin O(¥9), cos (1)),

J(9) = G(K (9)) (? 01>.

Expressing the Cartesian components in polar coordinates,

-~

ﬁl =11, cos ﬁg and ﬁg = ﬁr sin ﬁg,



EXISTENCE OF KNOTTED VORTEX TUBES IN STEADY EULER FLOWS 113

we immediately obtain that

B 9,11, sin(Ily — O (Y +w)) +11,.0, 11y cos(Ily— O (I +w))
B GO/ (1)0' (V+w) ’

S(9)

where the functions whose argument has not been specified are evaluated at K (¢J). Since
ﬁr(K (9))=1 because the circle D? is invariant and, by hypothesis, ﬁ|5D2 is conjugate
to the rotation of frequency w through the diffeomorphism © (i.e.,

-~

Iy (K (9)) =0(9+w)

for all ), we get
O(W+w)O(¥) G(K(W))

In view of the way we defined the normal torsion (cf. Definition 7.5), the statement then

S(0)

follows immediately from [17, Theorem 47] after realizing that
(K (W) =K (+w). O

In order to calculate the normal torsion of the Poincaré map II, let us begin by
computing the diffeomorphism that conjugates II|gp2 to a rotation when its rotation

number satisfies a Diophantine condition.

PROPOSITION 7.7. Suppose that the rotation number wy of the Poincaré map of the
local Beltrami field is Diophantine. Then the circle diffeomorphism Il|gp2 is conjugate to
a rotation of frequency wy through an analytic diffeomorphism ©:S'—0D? that satisfies

O(¥) =9 —1e5(0) sin+0(e?).

Proof. Since the rotation number wy satisfies a Diophantine condition, the map
IT|pp2 is conjugate to a rotation of frequency wr through an analytic diffeomorphism
© [30, Theorem 1.3]. This diffeomorphism can be understood as a change of coordinates
0o=0(9).

Let us now compute the diffeomorphism ©. Writing ,=0(9), the fact that ﬁ| ap2 18
conjugate to a rotation of frequency wry through © means that the trajectory 6(¢; 1, ©(«9))
at time ¢ corresponds to ©(¥+wr), for any choice of ¥. Using the equation for the

trajectory proved in Proposition 7.2 at time /£, this means that © must satisfy the equation
O(9+wn) = O(¥)+wr + 12(0)[sin O(Y) —sin O (Y +wr)]+O(e?). (7.21)

Here we have used the expression for wy proved in Theorem 7.4 (which allows us to

replace f(f 7ds=wi+O(g?)) and that the function s is ¢-periodic.
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To analyze this equation, let us write the O(g?) term in the right-hand side of (7.21)
as R(¥9). Let us identify OD? with S'=R/27Z through the angular coordinate ), so that
O is regarded as a diffeomorphism S'—S'. With a slight abuse of notation, let us still
denote by © its lift R—R. It is standard that this lift can be written as

O) =v+H(9), (7.22)

where H(¥) is an analytic 2m-periodic function.
Let us consider the 27-periodic function

F(9):=H(9)+1e3x(0)sin©(¢). (7.23)
Equation (7.21) then reads as
F(04wn)=F()+R(V), (7.24)

with R=0(g?). Consider the Fourier series of the functions F' and R,

F()= Z Fpe'™  and R(9) = Z Ry,
k=—o k=—o00
Equation (7.24) then asserts that for any non-zero integer k the Fourier coefficients of F
and R are related through the identity
~ Ry,

Fo=——. 2
k elkwn_l (7 5)

We can obviously take ﬁO:O; moreover, ﬁo:O because it is a necessary condition for the
existence of the diffeomorphism ©.
Since wyy satisfies the Diophantine condition (7.20), for large integer values of k we

have the elementary inequality
lethen 1| > Ck|™,

so that from equation (7.25) the H™ norm of F' can be estimated by

oo N 1/2
[Pl < (30 QR IR < IRl < Coe”

k=—o00

for any non-negative integer m. To derive the last inequality, which shows that F=0(g?),
we have used that R=0(e?). In view of equations (7.22) and (7.23), this ensures that

O(V) =1 —1e3(0) sin ©(9) +O(e?).

In turn, this readily leads to the expression for the diffeomorphism © provided in the

statement. O
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We are ready to provide a closed formula for the normal torsion of the Poincaré
map, up to terms of order O(e3). The leading term only depends on the geometry of the
curve (through its curvature and torsion) and, as is to be expected, not on the section of

S} xD? we used to define the Poincaré map.

THEOREM 7.8. Suppose that the rotation number wyy satisfies a Diophantine condi-
tion. Then the normal torsion of the Poincaré map of the local Beltrami field v on the

invariant circle OD? is

5mre?

¢
Np=- S /Oz(a)QT(a)da—i—O(s?’).

Proof. By definition, the normal torsion is

o 1 9,115(1, ©())

N = o @/(19+wl—[)@'(19) GA(L@(ﬁ))

dd,

where IIy(r, 0) is the angular component of the Poincaré map, ©(¢) is the diffeomorphism
defined in Proposition 7.7 (considered as a map S —S') and the function G (r, #) is given
by equation (7.15).

We have already computed all the terms we need to evaluate the integrand up to an
O(e?) error. Indeed, from Propositions 7.1, 7.3 and 7.7 and Theorem 7.4 it stems that,
setting T fo a) da,

win =T+0(e?),
O'(¥) =1—1e5(0) cos ¥+ 0(?),
O (9+wn) =1—%es2(0) cos(9+T)+0O(c?),
GA(1,0(0)) = 1+e5(0) cos 9 +O(e?)
)

orre 260 e(0
W(l,@(’ﬂ))—f ) (E,l,ﬂ

, 002
+&2 0;1,9)+0
5 00 )+ 5~ (61,0)+0()
the functions O(j)(s;ro,ﬂo) being those in Proposition 7.1. Plugging these expressions
into the integral for the normal torsion and using trigonometric identities, one arrives at

the expression

27 Py 2 2
N'H:/O {5 2(0) (s1n(19+T)fs1n19)f51i6/ %(04)27(0‘) dov

252
+

sin T cos(29+T)+ 0(63):| dd

2 27
:7757;5 / 721 da+O(e%),
0

as claimed. O
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7.4. A KAM theorem for generic tubes

In this subsection we will use the previous results to prove a theorem on the preservation
of invariant tori for divergence-free vector fields that are close to the local Beltrami field
v for small enough ¢. As we shall see, the hypotheses of the KAM theorem will hold
true as long as the core curve  of the tube satisfies certain generic geometric conditions.
Details on the validity of these conditions are given below.

Since the local Beltrami field v is analytic in a neighborhood of the closure of the
tube, which we identify with S} xD? via the coordinates («,y), we may assume that v is
defined in some domain S} x D, with D being a neighborhood of the closed unit disk in
the plane. To measure the smallness of a field, we will use the norm |[u|cr g1 xp), which

we define in terms of its components in the coordinates (a,y) as

[ullox sty = lluallor st x o)+ lluyllor st xp)-

We will sometimes find it convenient to refer to a domain bounded by an invariant
torus as an invariant tube of the field. We say that a field w is orbitally conjugate
to a rotation of frequency w on an invariant torus X if there are global coordinates
(@, 9~) ¥ —S!' xSt in which the vector field is linear with frequency w up to a multiplicative
factor, that is,

uly = F (@, 0) (95 +wdy),

where F:S' xS!—R is a non-vanishing function.

In the following lemma we will show that, for a generic core curve -y, the rotation
number of the Poincaré map of the local Beltrami field is Diophantine and its normal
torsion is non-zero. To make precise what we understand by “generic”, we will say
that a certain property holds for a C"-dense set of closed analytic curves if, given any
closed analytic curve v in R3, one can deform it by a diffeomorphism ® of R3, with
|®—id||cmms) as small as one wishes, so that the curve ®(v) has the desired property.
Notice that this does not imply that the property holds for an open set of curves.

LEMMA 7.9. Let m be any positive integer. The set of closed analytic curves for
which the Poincaré map of the local Beltrami field v has a Diophantine rotation number

wrr and non-zero normal torsion N on the invariant circle OD? is C™-dense.

Proof. The result is not hard to prove using the expressions for the rotation number

and the normal torsion derived in Theorems 7.4 and 7.8,

5me?
8

¢ ¢
wn:/ Tda+0(?) and Np=-— / 71T da+0(e).
0 0



EXISTENCE OF KNOTTED VORTEX TUBES IN STEADY EULER FLOWS 117

A way of making things precise is the following. We will consider deformations of the
curve 7, labeled by a parameter §. More concretely, let us denote by (T'(«), N(«), B(a))
the Frenet trihedron of the curve v at the point () (one should not mistake the binormal
vector B(a) for the function B that we introduced in equation (3.6), which will not be
used in this proof). Let F'(a)) be an analytic ¢-periodic function and consider the family

of curves I'(ar,d) in R? given by
I(a, ) :=v(a)+dF(a) B().

If 0 is close to zero, vs=I'(-,d) is a closed analytic curve. Notice that, for §#£0, « is
no longer an arc-length parametrization of «s but, due to the properties of the binormal
field,

IT'| =1+0(5%).

Here and in what follows, we denote by a prime () the derivatives with respect to a. In
particular, the length of 75 is £+ O(3?). We will label the geometric quantities associated
with the curve 75 with a subscript ¢ (e.g., »¢s and 75 for its curvature and torsion).

The results we have presented in this section carry over immediately when one does
not only consider the tube 7; associated with the curve «y, but the family of tubes 7 (vs).
The dependence of the various quantities on the small parameter § is smooth and can
be controlled easily. A tedious but straightforward computation using the well-known

formulas for the curvature and torsion of a parameterized curve shows that

352 = +20x(2F 7+ F1')+0(6?),

"n__ 2
75 —T—é[zFurd <FTF>] +O(5?).
da ”

Since the length of ~s differs from ¢ by an O(6?) term, one readily finds that the rotation
number of the Poincaré map IIs associated with the harmonic field of the tube 7 (vs) is

¢ ¢
wn(;:/ 75(a) da+(9(€2+52)=wn+5/ i (@)F(a) da+O(e?+62).
0 0

Similarly, the dependence of the normal torsion on § can be shown to be

5mde?
8

¢
N, =Nn— / (256" +35° 5/ —63e77 —67%3¢ ) F da+ O (6% +¢3).
0
We recall that, although the Poincaré map Il depends smoothly on the parameter §, the
terms O(e2+462) and O(§?+€3) are continuous, but possibly not differentiable, functions
of 6.
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Perturbing the curve ~y a little if necessary to ensure that the functions s’ and

/11

23" +336% 3¢ — 637 —6725

are not identically zero, we deduce that the function F' can be chosen so that the integrals
¢ ¢
/ #'Fda and / (256" 3% 3¢’ — 6377 —67%3 ) F da
0 0

are non-zero. For small enough ¢ this ensures that, as ¢ takes values in a small enough
interval (—d&g,dp), the values taken by the continuous function wry, (resp. Ni,) cover
an interval centered at wr (resp. Npp) of radius Cdy (resp. Ce2dy). Since Diophantine
numbers have full Lebesgue measure, this immediately implies that one can choose an
arbitrarily small § such that the rotation number wyy, satisfies a Diophantine condition

and the normal torsion NV, is non-zero. O

We can now show that, for a generic core curve v and small enough ¢, a suitably
small perturbation of the local Beltrami field still has an invariant torus that is close to

the original one.

THEOREM 7.10. For any positive integer m there is a C™-dense set of closed an-
alytic curves v with the following KAM-type property: for any 6>0, there is another
positive integer k and some &' >0 such that any analytic divergence-free vector field u
whose difference with the local Beltrami field v of the tube To=T.(7y) is bounded by

lu=vllorspxpy <0’ (7.26)

possesses an invariant tube. Furthermore, one can find a diffeomorphism U of R3, with
| W —id||cmrsy<d and ¥—id supported in a small neighborhood of the torus 97, such
that U(7;) is an invariant tube of u, and u is orbitally conjugate on the invariant torus
0¥ (7;) to a Diophantine rotation.

Proof. By Lemma 7.9, we can deform the curve that lies at the core of the tube 7¢
by a diffeomorphism of R?, arbitrarily close to the identity in the C™ norm, so that,
if we consider the local Beltrami field (which we still denote by v) associated with the
deformed tube, its rotation number wyy satisfies a Diophantine condition and its normal
torsion Ny is non-zero. As before, we will identify this deformed tube with the domain
St xD? through adapted coordinates (c, y).

Consider the Poincaré map II of the local Beltrami field v, which can be safely
considered as a diffeomorphism IT from D onto its image, with D being a neighborhood

of the closed unit disk D2. The Poincaré map of the field u, also defined on the section
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{a=0}, is another diffeomorphism of D onto its image that we will denote by II. The
vector fields u and v being close by (7.26), it is apparent that

ITT—T1|| o4 (py < C' (7.27)

as the Poincaré map is simply obtained by integrating the associated vector field along
a trajectory between two consecutive intersections with the section {a=0}. To avoid
cumbersome notation related to the intersection of the domains of auxiliary maps, wher-
ever appropriate we will assume that the Poincaré maps are defined in a domain slightly
larger than D without further mention. Obviously there is no loss of generality in this
assumption.

We have seen in Proposition 7.3 that the Poincaré map II preserves the 2-form
A=G(r,0)r drAdf, where

GA(r,0) :=Bvg|a=0=1+0(¢),

and v, denotes the a-component of the local Beltrami field v. Mimicking the proof of
this proposition, we immediately obtain that the Poincaré map II of the divergence-free
field u preserves the 2-form A::Gﬁ(r, 0)r dr Adf, with

Gj(r,0) := Bug|a=o-

Notice that u, does not vanish in {0} xD because the difference |uq —vq| is small and
the a-component of the local Beltrami field is close to 1.
Our next goal is to relate the above invariant 2-forms to apply Theorem 7.6. More

concretely, we will show that there is a C™-small diffeomorphism ® such that
A=D*A, (7.28)

where ®* is the pullback of the diffeomorphism. This will be done using Moser’s trick.

We start by noticing that the difference between these 2-forms is obviously exact, as
A—A=dl

with the 1-form I" given by

. (/OT[GA(r, 9)—G1~\(7‘,9)]rd7‘> .

Although we are making computations in polar coordinates, it is readily seen that all the
objects we are considering are well defined also at the origin, and therefore determine

smooth forms in the whole disk D.
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Consider the non-autonomous vector field of class C'*

7 = Jo [GA(7,0) =G (F,0)]F dF
° T[(l_S)GA(T,Q)—l-SGA(r,G)] "

where s will be the flow parameter. It should be noticed that, by the assumptions on
the vector fields, the denominator behaves as r+O(r?) while the numerator is of order
O(r?). The field Z, satisfies the C™ bound

1Zs |l cm(py < C&' (7.29)

for all s€]0, 1] as a consequence of the estimate (7.26).
The time-s flow of the non-autonomous field Z5, which will be denoted by ¢, is

given by the solution to the initial value problem

0
%(bsxzzs(d)sx)a ¢0$=l‘.
Consider the s-dependent 2-form
Ag:=(1—s)A+sA.

A simple computation shows that

0 * % g k(N : _
5200 =05 (A L2 ) =61 (R-Adiz A =0, (7.30)

where Lz  denotes the Lie derivative along Zs and the last equality follows immediately
from the definition of A4 and the fact that the interior product of Zs with Ay is

iz Ay=T.

Thus, if we set ®:=¢;, we obtain equation (7.28) from (7.30) and the definition of As.
Moreover,
|®—id|

Ccm (D) <C¥ (731)

because @ is the time-1 flow of the vector field Z,, whose C™ norm is controlled by
equation (7.29).

Let us now consider the map
=0 'oIled,

which is a diffeomorphism from a neighborhood of D2 (which we still take as D) onto its

image. We shall next relate the new map II to the Poincaré map II. By the definition of
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® and the relation between the invariant 2-forms (7.28), the map il preserves the same
2-form A as the Poincaré map II, and I is close to II by (7.31):

[T~ TL| g )y < OO (7.32)

We are now ready to apply Theorem 7.6 with the maps II and 1I. Indeed, the
previous arguments and the way we have deformed the curve  ensure that the following
statements hold true:

(i) The rotation number wyy satisfies a Diophantine condition, so the map II|gp2 is
analytically conjugate to a rotation of frequency wrr (cf. Proposition 7.7).

(ii) The normal torsion Ny is non-zero.

(iii) The C* norm of II—II is at most C&’ by equation (7.32), with ¢ arbitrarily
small.

Hence Theorem 7.6 ensures that, for any given integer m, if the integer k is large
enough and & is sufficiently small there is a diffeomorphism ¥ of D with U —id arbitrarily
small in the C™(D) norm and supported in a neighborhood of dD? such that the curve
@(8@2) is invariant under the map Il Furthermore, the restriction of I to this invariant
curve, ﬂ|\if(aln>2)7 also has rotation number wy.

The definition of II then ensures that the curve $oW(AD?) is invariant under the
Poincaré map II of the field w. (As a side remark, notice that this invariant curve is
close to D? but, in principle, is not contained in the closure of D?, which is the reason
why we are considering a slightly larger disk D throughout the proof.) It is standard
that this is equivalent to saying that there is an invariant torus of u whose intersection
with the disk {a«=0} is precisely the aforementioned curve. Since the C™ (D) norm of
the diffeomorphism Do is arbitrarily small by the properties of ¥ and equation (7.31),
one can take a diffeomorphism ¥ of S} xD such that W(S} x9D?) is an invariant torus
of the field v and ¥—id is small in the C™ norm and is supported in a neighborhood of
S xDD?. Indeed, this diffeomorphism can be defined as follows. Take the solution to the

system of ODEs p . » .
r u(a,r, ug(a, T,
da ua((a, T, 0)) and da ui((a,'r, 0))’
with the trajectory (r,) parametrized by the angle « and depending on the initial
conditions (rg,6p). Consider the function ¢, mapping the initial conditions (r¢,6p) to
its time-« flow (r(c; ro,00),0(c; 70, 6p)). Then it is easy to check that the diffeomorphism

U is given, in polar coordinates, by
U(a,7,0) := (a0, oo ®oU(r, 0)).

Actually, this formula simply asserts that the intersection of the invariant torus of the

field w with each section {a=ag}, understood as a curve in the disk D, is the image
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under @,, of the invariant curve ®W(dD?) at {a«=0}. Clearly the formula for ¥ and
the estimates for the maps ® and Y imply that

@ —id]| com (51 x D) < C||®o ¥ —id||cm (p)

can be made arbitrarily small.

To complete the proof of the theorem, it suffices to recall that the map 1/_\[|‘i,(8D2)
has rotation number wy;. This implies that the Poincaré map II of the vector field u,
restricted to the invariant curve @o\il(a]D)Q), also has rotation number wyy, which trivially
implies that the vector field w itself is orbitally conjugate to a rotation of frequency wry
on the invariant torus ¥(S} x dD?). The existence of the diffeomorphism ¥ of R® that

appears in the statement of the theorem is then immediate. O

Remark 7.11. Ultimately, Theorem 7.10 is a result on the preservation of invariant
tori for small perturbations of the harmonic field h, rather than of the local Beltrami
field v. Indeed, if we had considered a Beltrami field with small but otherwise arbitrary
parameter A (possibly 0), we would have found the same expressions for the rotation
number and normal torsion of its Poincaré map, the only change being that the error
terms would be O(2+|\|) and O(e3+|\|), respectively.

We will conclude this section with a result on the persistence of another invariant
set: we will show that, for an open and dense set of core curves v and small enough &,
any divergence-free vector field that is a small perturbation of the local Beltrami field v
has an elliptic periodic trajectory close to the core curve 4. We recall that a periodic
trajectory is elliptic if the non-trivial eigenvalues of the associated monodromy matrix

all have unit modulus but are different from 1.

PROPOSITION 7.12. Suppose that the total torsion of the curve vy satisfies

/f 7(a) da#nw
0

for all integers n. Then for any §>0, there exists some ¢’ >0 such that any divergence-
free vector field w in the tube T, which is close to the local Beltrami field v in the sense
that

[u—vllox (st xp2) <

also has an elliptic periodic trajectory diffeomorphic to the curve {y=0}. Moreover, the

corresponding diffeomorphism W is bounded by
W —id|| cx (s xp2) <0

and is different from the identity only in a small neighborhood of the curve {y=0}.



EXISTENCE OF KNOTTED VORTEX TUBES IN STEADY EULER FLOWS 123

Proof. From the expressions (5.2)—(5.4) for the harmonic field h, the estimates for
the function v proved in Theorem 5.1 and the connection between the local Beltrami

field and h (see equation (7.1)), we infer that the difference v—ho can be estimated as
lv—Phollcn(s) xp2) < Che,
with the vector field hy defined as
ho = 0a+7(a) (Y102 —y201).

It is clear that (a(s),y(s))=(s,0) is an f-periodic trajectory of the field hg. Setting

7= [ ' H(0)do,

an easy computation shows that the monodromy matrix of this trajectory for the field
ﬁo is

1 0 0

0 cosT —sinT

0 sinT cosT

The non-trivial eigenvalues of this matrix are e**”, and hence different from +1 by the
hypotheses of the theorem, thus showing that {y=0} is an elliptic trajectory of ho.

It is then standard that any divergence-free field u that is close enough to ho (say,
||U*BO||CR(S%X]D)2) <d1)) has an elliptic periodic trajectory given by the image of {y=0}
under a diffeomorphism ¥ with [[¥ —id| ok s1xp2)<d. There is no loss of generality in
assuming that ¥ —id is supported in a small neighborhood of {y=0}. Since

[u—hollcr st xp2y < lu—vllcr (st xp2) + v —"ollor st xp2y < ' +Che,

the theorem then follows by taking € and ¢’ small enough. O

8. Approximation by Beltrami fields with decay

In this section we prove a result that allows us to approximate a field v that satisfies the
Beltrami equation

curlv=\v

on a neighborhood of a compact set S, by a global Beltrami field u, which satisfies

curlu = A\u
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in the whole space R? and falls off at infinity as 1/|x|. Throughout we will assume that
the complement R3\S is a connected set. It is not hard to see that this condition is
necessary.

It will be more convenient for us to work with an auxiliary elliptic equation instead

of considering the Beltrami equation directly. To this end, let us denote by

_ cos \|z]

G(z):=

47 ||
the Green function of the operator A+ A2 in R?, which satisfies the distributional equation
AG+ NG = —d,

with the Dirac measure d§p supported at 0. We will use the notation Br for the ball in
R3 centered at the origin and of radius R.

The following lemma, which shows how to “sweep” the singularities of the Green
function, will be used in the demonstration of the global approximation theorem. Its

proof is based on a duality argument and the Hahn—Banach theorem.

LEMMA 8.1. Take R>0 and consider a domain UCR3*\Bag and a compact set SC

Br whose complement R3\S is connected. Let us consider the vector field

v(@) =) omGlz—am),

where {x, }M_, is a finite set of points in Br\S and o,, ER® are constant vectors. Then,
for any >0, there is a finite set of points {z; }5]:1 in the domain U and constant vectors

cj €R3 such that the finite linear combination

J
w(z):=Y_¢;G(x—2z) (8.1)
j=1

approzimates the field v uniformly in S as
||v7w||(;0(5) <.

Proof. Consider the space U of all vector fields that are linear combinations of the
form (8.1), where the points z; belong to the set U and the coefficients c; €R? are constant
vectors. Restricting these fields to the set S, U can be regarded as a subspace of the
Banach space C°(S,R?) of continuous vector fields on S.

By the Riesz—Markov theorem, the dual of C°(S,R3) is the space M(S,R?) of the

finite vector-valued Borel measures on R? whose support is contained in the set S. Let
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us take any measure €M (S, R3) such that fRs f-dpu=0 for all fel. Let us now define
a field FeLl (R3,R3) as

loc

F(e)= [ Gla—)du(z),

so that I satisfies the equation

AF+)\F = —p.

Notice that F' is identically zero on the open set U by the definition of the measure p,
that R?\S is connected and that F satisfies the elliptic equation

AF+)2F =0

in R3\S. Hence the unique continuation theorem ensures that the field F' vanishes on
the complement of S. It then follows that the measure p also annihilates any field of the

form 0,,,G(x—1x,,) because, as the points x,, do not belong to S,

0=F(zm) om= » G(z—2xm) om-du(z).

/ v-dpu =0,
R3

which implies that v can be uniformly approximated on S by elements of the subspace

Therefore

U as a consequence of the Hahn—Banach theorem. The lemma then follows. O

As an intermediate step before proving the global approximation result for the Bel-
trami equation, we will establish the following proposition on the approximation of solu-
tions to the elliptic equation Av=—A2v by solutions defined in a large ball. Throughout,
we will say that a differential equation holds in a closed set if it holds in a neighborhood
of this set.

PROPOSITION 8.2. Let v be a vector field which satisfies the equation
Av=—)\%v (8.2)

in a compact subset S of R3. Assume that its complement R3\S is connected and that
S is contained in the ball Br. Then for any §>0 and any positive integer k there is a

vector field w satisfying the equation
Aw=—-\w
in Bgr that approrimates the field v in S as
[[v—wllcr(s) <. (8.3)

Here § is any fized positive constant.
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Proof. By hypothesis, there is an open subset 225 such that the field v satisfies
the equation (8.2) in 2. We may assume that € is contained in the ball Br. Let us take
a smooth function y: R?®—R equal to 1 in a closed set S’C(, whose interior contains S,
and which is identically zero outside 2. Defining a smooth extension v of the field v to

R"™ by setting v:=xv, we obviously have
o(x)= [ Glx—%)o(Z)dE (8.4)

with g:=—AT—\27.
The vector field g is necessarily supported in Q\S’. Therefore, an easy continuity
argument ensures that one can approximate the integral (8.4) in the compact set S’ by

a finite Riemann sum of the form
M
o(x) = Z omG(x—12p)
m=1

so that, for any constant §’'>0,
||1~J—’IA)||00(S/) <.

Here g,, are constant vectors in R® and z,,, are points that lie in Q\S’.
Let us take a domain U CRS\BQ r. Lemma 8.1 asserts that there is a vector field of

the form i
w(z) = Z ¢;G(z—z;)
j=1
such that
[0 —wllcocsy <0,
where {z; }szl is a finite set of points in U and c¢; €ER3 are constant vectors. Therefore,

||U—’U)||CO(S/) < 24" (85)
To complete the proof of the proposition, notice that the field v satisfies
Av+ X2 =0

in the set S’ (whose interior contains S) and w satisfies the same equation in the ball
Byr. By standard elliptic estimates, it follows that the C° approximation (8.5) can be
promoted to the C* bound

[v—w|crisy < Crd’.

Choosing ¢’ small enough, the result follows. O



EXISTENCE OF KNOTTED VORTEX TUBES IN STEADY EULER FLOWS 127

We are now ready to prove the global approximation theorem for the Beltrami
equation with solutions that decay at infinity. To construct these solutions, we will
truncate a suitable series representation for the fields in a large ball obtained using

Proposition 8.2 and act on them using a convenient differential operator.

THEOREM 8.3. Let v be a vector field that satisfies the Beltrami equation
curlv=Av

in a compact set SCR3, where X\ is a non-zero constant and the complement R3\S is

connected. Then there is a global Beltrami field u, satisfying the equation
curlu =A\u

in R3, which falls off at infinity as |Diu(x)|<C;/|z| and approzimates the field v in the
C* norm as

HufﬁUHCk(S) <4.
Here § is any positive constant.

Proof. Let us assume that the compact set S is contained in the ball Br/,. As the

Beltrami field v satisfies the equation
Av+X\2v=0
in S, by Proposition 8.2 there is a field w satisfying
Aw+Nw=0 (8.6)
in the ball B and such that
[v—w| crrz gy <6 (8.7)

Let us take spherical coordinates (r,0, ) in the ball Bg. Writing the field w as a
series of spherical harmonics and using the equation (8.6) we immediately obtain that w

can be written as a series

[e's) l
w=> " amii(A)Yim (0, 0).
=0 m=—1
Here j; is the spherical Bessel function, Y;,, are the spherical harmonics and ¢z, ER? are
constant vectors. Therefore, given any ¢’ >0 there is an integer L such that the finite
sum
=
1

Z cimJi(Ar) Y (0, ¢)

m=—

L l
=0 l
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approximates the field w in L? sense,
[a—wll L2, <" (8.8)
By the properties of spherical Bessel functions, the vector field 4 satisfies the equation
A+ =0 (8.9)
in R? and falls off at infinity as |D7d(z)|<C;/|x|.
In view of equations (8.6) and (8.9), standard elliptic estimates allow us to pass from
the L? bound (8.8) to the C**+2 estimate
|[a—wloriz(y,,) < Crd'.
From this inequality and the bound (8.7) we infer

H’l)—v|‘ck+2(s)<05/. (810)

Let us now set

. curl curl t+ X curl @
= 2 .

A simple computation shows that the vector field thus defined satisfies the Beltrami

equation

curlu = Au
in R? and falls off as |D7u(z)|<Cj/|z| by the properties of 4. Moreover,

curl curl 4+ curl @
2)2

(curl +X) curl(a—wv)
2)2

HU—UHck(S):

C*(S) ; ‘ C*(S)

<Ola—vlgrrzs) < cd,

as we wanted to prove. O

Remark 8.4. The fall-off at infinity of the global Beltrami field u is obtained from
the truncation of the explicit series representation for the auxiliary field w. This is the
reason why Theorem 8.3 does not work in arbitrary open Riemannian 3-manifolds, unlike
the approximation theorem we used in [10]. Notice that the latter theorem does not yield

any control at infinity whatsoever for the global Beltrami fields.
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9. Proof of the main theorem

We are now ready to give the proof of Theorem 1.1. Let us begin by considering one of
the curves (say, 1) in the statement of the theorem. By perturbing this curve with a
C™-small diffeomorphism if necessary, we can assume that -7 is an analytic curve whose

curvature s does not vanish anywhere [5, p. 184], and that its total torsion satisfies

/Z T(a) da # Tk
0

for all integers k. As before, £ denotes the length of the curve 1. It is worth emphasizing
that, as these conditions are open, they are obviously preserved if we deform the curve
~v1 with a diffeomorphism that is close enough to the identity in the C™ norm (m>=3).
Let us consider the tube 7 (1) of core curve ; and thickness ¢, and the correspond-
ing harmonic field &, given by the expression (5.3) in the coordinates («,y) adapted to
the tube. Throughout we will assume that ¢ is small enough. By Theorem 6.8, we can
consider the associated local Beltrami field vy, which is given by the only solution to the

Beltrami equation with parameter A=g3,
curlvy = 531)1,

in the tube 7;(71), that is tangent to the boundary and whose harmonic part is the
field h. (Notice that in this section v; will not stand for the component of a vector field
in the direction of the coordinate y;.) Since the boundary of the tube is analytic, it

is well known [24] that the local Beltrami field v; is analytic in the closure of a small

neighborhood Q1 of 7:(y1).

Since the total torsion of the curve is not an integral multiple of 7, Theorem 7.10 and
Proposition 7.12 ensure that, given any §>0, we can deform the curve v; by a diffeomor-
phism of R? arbitrarily close to the identity in the C™ norm so that any divergence-free

vector field u in 7 with

lu—v1llcriq,) <o

has

e an invariant tube given by ¥4 [7.(71)];

e an elliptic periodic trajectory given by \ill(’yl).

Moreover, on the invariant torus 0%;[7:(v1)], the field w is orbitally conjugate to a
Diophantine rotation, and therefore ergodic. Here ¥, and Ty are diffeomorphisms of R?
with

101 =id||cm @3) +][¥1 —id]|om @s) < 8
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and such that the differences U1 —id and ¥y —id are supported on small neighborhoods
Uy, U, of 07.(v1) and 7, respectively. The constants k¥ and §’ depend on m, § and on
the geometry of the curve ~;.

We can apply the same argument for each curve v; (1<i<N), thereby obtaining

(for small enough €) a collection of local Beltrami fields v; satisfying the equation

curlv; =&,

in the closure of a neighborhood Q; of the closed tube 7;(v;) and such that any divergence-
free vector field u in ; with [[u—v;||cr(q,) <6’ has an invariant torus, where the field u
is ergodic, and an elliptic periodic trajectory. Furthermore, they are respectively given
by 09,;[7: ()] and W;(7;), where ¥; and ¥; are C"™-small diffecomorphisms of R? with
¥, —id and ¥, —id supported in small neighborhoods U;, U; of 7.(v;) and v;, in each
case. We may assume that the complement

R3\ (QU...UQy)

is connected and that the sets Q; are pairwise disjoint.

Let us define a vector field v in Q;U...UQy by setting it equal to the local Beltrami
field v; in each set ;. By Theorem 8.3, there is a Beltrami field u, which satisfies the
equation

curlu=¢e3u

in R3, that falls off at infinity as |D7u(x)|<C;/|z| and approximates the field v as

[u—=vllcr@uu..uan) <0
Therefore, if we define the diffeomorphism ® of R? as

\I/Z(l‘), ifﬂSGUi,
d(x):={ U;(2), ifzel,
z?

otherwise,

it follows that, for each i, ®[7:(~;)] is a vortex tube of the Beltrami field u, and that ®(+y;)
is an elliptic periodic trajectory. Besides, the Beltrami field u is ergodic (and orbitally
conjugate to a Diophantine rotation) on each invariant torus 0®[7(;)].

The field u being orbitally conjugate to a Diophantine rotation on each invariant
torus O[T, (7;)], it follows [13] that this invariant torus is accumulated by a Cantor-like
set of invariant tori with positive Lebesgue measure. On these invariant tori, the field is

also orbitally conjugate to Diophantine rotations. The corresponding set of Diophantine
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frequencies is Cantor-like because the normal torsion N is non-zero. Therefore, if we
consider the trajectories of the field u between two of these invariant tori (lying on
the same vortex tube ®[7:(v;)]), Angenent’s dichotomy [1] asserts that either there is a
horseshoe-type invariant set between them or there are invariant tori where the field is
conjugate to a rotation of rational frequency. In both cases, there are infinitely many

periodic trajectories between these tori. The theorem then follows.

Remark 9.1. It is worth giving some additional details about what we understand
by a thin tube. What we have proved is that for any set of smooth periodic curves
Y1, s YN, 0>0 and meN, there is a positive constant £p, depending on 4, m and the
geometry of the curves, such that the statement of Theorem 1.1 holds true for any
thickness e<eq, the diffeomorphism ® that maps the tubes 7;(v;) into vortex tubes
being bounded by [|®—id||cmgs)<d. It should be noticed that both Theorem 1.1 and
its proof hold verbatim if one takes tubes 7¢, (71), ..., Ze 5 (7n) of different thickness, as

long as €1, ...,ex are small enough (that is, smaller than the above constant ).

Remark 9.2. Contrary to what happened in the main theorem of [10], the proof of
Theorem 1.1 does not work in general (even if we drop the requirement that the field u
decays at infinity, replacing Theorem 8.3 by [10, Theorem 3.6]) if we substitute the finite
set of curves {v;}XY, by an infinite set {7;}32, that is locally finite. The reason is that
the “maximal thickness” eq(7;) associated with each curve 7; individually does not need
to be bounded away from zero: since all the vector fields v;, defined in a neighborhood of
the tube 7, (7;) (whose thickness can vary from tube to tube), must satisfy the Beltrami
equation

curlv; = A\,

with the same constant \ for all i. Since this A must be of order Oleq(7;)?] for all i,
it is clear that the construction breaks down if the infimum of the positive quantities
{eo(7i)}321 is 0. On the other hand, if this infimum is positive, we can apply the ap-
proximation theorem in [10, Theorem 3.6] to construct a global Beltrami field with all
the properties listed in the statement of Theorem 1.1 with the exception that its growth

at infinity is not controlled.

10. A comment about the Navier—Stokes equation

To conclude, we will present an easy application of Theorem 1.1 to the existence of
(time-dependent) solutions to the Navier—Stokes equation that have a prescribed set of

stationary (possibly knotted and linked) vortex tubes.
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For this, let us take the global Beltrami field u that we considered in §9. That is, u
satisfies the equation
curlu=eu
in R3, falls off at infinity as C/|z| and has a set of thin invariant tubes given by
{®[T:(7:)]}Y,, where the diffeomorphism ® is close to the identity and e is a small
constant. Then the analytic time-dependent field

w(z,t):= u(x)e*”EGt

is a solution of the Navier—Stokes equation

Ow+(w-V)w=vAw—-VP, divw=0,

in R? with pressure P(z,t)=c—3|w(z,t)|>. As the vortex lines of w (which are the

trajectories of the vorticity curlw(x,t) for fixed t) coincide with those of u at all times,
up to a reparametrization, it follows that w is a solution to the Navier—Stokes equation

with the desired properties.
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