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Abstract

We consider variational principles related to V. I. Arnold’s stability criteria for steady-
state solutions of the two-dimensional incompressible Euler equation. Our goal is to inves-
tigate under which conditions the quadratic forms defined by the second variation of the
associated functionals can be used in the stability analysis, both for the Euler evolution and
for the Navier-Stokes equation at low viscosity. In particular, we revisit the classical exam-
ple of Oseen’s vortex, providing a new stability proof with stronger geometric flavor. Our
analysis involves a fairly detailed functional-analytic study of the inviscid case, which may
be of independent interest, and a careful investigation of the influence of the viscous term in
the particular example of the Gaussian vortex.

1 Introduction

In this paper we investigate the applicability of V. I. Arnold’s geometric methods to certain
stability problems related to Navier-Stokes vortices at high Reynolds number. Our main goal is a
“proof of concept” that such applications are possible, at least in simple cases, even though much
of the geometric structure behind the inviscid stability analysis does not survive the addition of
the viscosity term. In particular, we give a new proof of a known result concerning the stability
of Oseen’s vortex as a steady state of the Navier-Stokes equation in self-similar variables. We
expect that the approach we advertise here will be useful to tackle stability problems involving
solutions that are less symmetric and less explicit than the classical Oseen vortex. In such cases
one may not have good alternative methods for proving stability in the presence of viscosity.
Our investigation leads to a detailed study of the quadratic forms naturally arising in Arnold’s
approach. Some of their functional-analytic properties, which are established in the course of
our analysis, may be of independent interest.

1.1 A finite-dimensional model

Following V. I. Arnold’s seminal paper [2], we first illustrate the issues we want to address
in a model situation where the “phase space” is finite-dimensional. We consider the ordinary
differential equation

T = b(x), xeR", (1.1)

where b is a smooth vector field in R™. Let us assume that f, g1, ..., gm : R — R are (sufficiently
smooth) conserved quantities for the evolution (1.1), with m < n. This means

fl@)b(z) =0 and gj(z)b(z) =0, zeR", j=1,...,m, (1.2)



where we adopt the standard notation f’(x) for the linear form given by the first derivative of f
at x. The situation we have ultimately in mind is somewhat more specific: it corresponds to the
case where the phase space R" is equipped with a Poisson bracket { -, -}, where system (1.1) is
of the form

= {f,z}, (1.3)

and where gi,..., g, are Casimir functions. The Poisson structure is of course important in
many respects, but for our arguments here it does not play a big role. We can therefore proceed
in the general context of (1.1) and (1.2).

For any ¢ = (¢1,...,¢m) € R™, let us denote X, = {z € R"; ¢1(z) = ¢1,...,gm(T) = e}
We assume that, for some ¢ € R™, the function f attains a non-degenerate local mazximum on
X, at some point T € X, and that the derivatives ¢ (Z),...,g,,(Z) are linearly independent.
The stationarity condition at = gives the linear relation

fi(@) = Ngj(@) = 0, (1.4)
j=1

for some Lagrange multipliers Ai,...,\,, € R. Moreover, the second order differential® of the
function f|x, (the restriction of f to X.) at Z is given by the restriction to the tangent space
Tz X, of the quadratic form

Q = f'(z) -y Ngj(@), (1.5)
j=1

where we denote by f”(Z) the quadratic form given by the Hessian of f at Z, and similarly for
gl (Z),...,gr(Z). Our non-degeneracy assumption means that the restriction of the form Q to
Tz X, is strictly negative definite. Now, let B = b'(Z) be the n x n matrix corresponding to the
linearization of (1.1) at the point Z, which is a steady state by construction [2]. If we differentiate
twice the relations (1.2) and use (1.4) together with b(Z) = 0, we see that the evolution defined
by the linearized equation § = B¢ leaves the form Q invariant. In other words,

C0(6.6) = ABEH +O(EBY =0, VLR (1.6

The above structure? gives various options for the stability analysis of the equilibrium Z
of (1.1), depending on the index of the quadratic form Q in (1.5). Our assumptions readily
imply that Z is stable in the sense of Lyapunov with respect to perturbations on the invariant
submanifold X.. Moreover, since a neighborhood of z in R” is foliated by submanifolds of
this form for nearby values of the parameter ¢ = (ci,..., ¢y ), one can show that Z is in fact
Lyapunov stable with respect to small unconstrained perturbations [2]. The perspective changes
qualitatively if we add to the vector field b in (1.1) a small “dissipative” term, with the effect that
the quantities f and ¢1,..., ¢, are no longer exactly conserved under the modified evolution.
This is in the spirit of what we intend to do in the infinite-dimensional case, when we consider
the Navier-Stokes equation as a perturbation of the Euler equation. Since the evolution no
longer takes place on the manifolds X, the argument above leading to unconstrained Lyapunov
stability is not applicable anymore. However, in good situations, stability can still be obtained
if the quadratic form Q in (1.5) happens to be negative definite not just on 73 X,, but on larger

!We recall that the second order differential of a function on a manifold is intrinsically defined at the points
where the first order differential vanishes.

2Pointed out in [2] in the form we use here, although in the finite-dimensional case these ideas go back to the
founders of the analytical mechanics.



subspaces as well, for instance on the whole space R™. This is, roughly speaking, the idea we
shall pursue in the infinite-dimensional case, to study the stability of vortex-like solutions of the
Navier-Stokes equation.

To conclude with the (unmodified) evolution (1.1), we emphasize that the problem of deter-
mining the index of the form (1.5) is also very natural from the viewpoint of the usual constrained
optimization theory. Clearly, the “Lagrange function”

L(z) = f(z) - Z)‘jgj(x)7 z €R", (1.7)
j=1

when considered on the whole space R", has a critical point at Z (and a local maximum at Z
when restricted to X.). The form Q will be strictly negative definite® in the whole space R™ if
and only if £ has a non-degenerate unconstrained maximum at Z. As is explained in Section 2.4,
this is related to the concavity of the function

(c1y...,em) — M(c1,...,cm) == sup f(x). (1.8)
zeXc

1.2 Arnold’s geometric view of the 2d incompressible Euler equation

V. 1. Arnold [3, 4, 5] carried out the analogue of the above calculations in an infinite-dimensional
setting to handle in particular the 2d incompressible Euler equation dyw + u - Vw = 0, where
u denotes the velocity of the fluid and w = curlw is the associated vorticity. In this case the
evolution is generated by the Hamiltonian function, which represents the kinetic energy of the
fluid, and the constraints are given by the Casimir functionals

Co(w) = /Q@(w(a:))dx, (1.9)

where Q C R? is the fluid domain and ® is an “arbitrary” function on R. The idea of maximizing
or minimizing the energy on the set of vorticities satisfying suitable constraints has been widely
used since then to study the stability of steady-state solutions of the 2d Euler equations and
related fluid models, see [5, 8, 9] and the references therein.

Let us briefly recall the setup relevant for our goals here, making the similarities with the
finite-dimensional case as transparent as possible. Our main objects will be the following:

(i) The phase space P = {w: R? — (0,00); w is smooth and decays “sufficiently fast” at oo}.
This is our infinite-dimensional replacement for the manifold R™ in the finite-dimensional
model. We restrict ourselves to positive vorticity distributions defined on = R?, because
this is the appropriate framework to study the stability of radially symmetric vortices in the
whole plane. Admittedly, the definition above is somewhat vague, but it serves only as a
motivation and our results will be independent of the vague parts of the definitions. There is
a natural Poisson structure on & that is relevant for the Euler equation, see Section A.5, but
here we only need some of its Casimir functionals (to be specified now).

(ii) The Casimir functionals, which play the role of the constraints g; in the finite-dimensional
example. These are linear combinations of elementary functionals of the form

ha,w) = {w >a}| = /R2 X(w(z) —a) dz, a>0, (1.10)

30ur use of the terms “positive definite” and “negative definite” allows for vanishing along some directions.
When this is not the case, we speak of strictly positive definite or strictly negative definite forms.



(iii)

(iv)

where X = 1(g,0) is the indicator function of (0,00). Here and in what follows, we denote by
|S| the Lebesgue measure of any (Borel) set S C R2. Due to our assumptions on the vorticities
in #, the functions a — h(a,w) are finite and nonincreasing on (0, 00). In general, they do not
have to be continuous in a but they will have this property in the examples considered later.
Similarly, the functionals w — h(a,w) may in general not be differentiable in every direction,
but they will be in our examples. It is useful to single out the quantity

My(w) = / w(x) de = / h(a,w)da, (1.11)
R2 0
which will be referred to as the “mass” of the vorticity distribution w € .
The orbits defined for any w € & by
Oy = {we P; h(a,w) = h(a,) for all a € (0,00)} . (1.12)

These subsets of the phase space are the analogues of the manifolds X. defined by the con-
straints, and can be considered as a measure-theoretical replacement for the symplectic leaves

©OSPift — {weP;w=0wo¢ for some ¢ € SDiff} C O,

where SDiff denotes the group of area-preserving diffeomorphisms in R2. In contrast to ©QSPiff,
the orbit ©Og does not carry any topological information about @, since w € O as soon as w
is a measure-preserving rearrangement of @.

The Hamiltonian (or energy functional) E: # — R, given by

1 1
Bw) = 5 [ daw@ds =~ [ [ lglo - ylo@emdedy, (113
2 R2 47 R2 JR2
where ¢ = A~!w is the stream function defined by
1
vle) = o [ logle—slu@)dy,  weR. (1.14)
™ JR2

This is an analogue of the function f in the finite-dimensional example. Note that the usual
kinetic energy defined by % fRQ lu|? dz, where v = V14, is infinite for w € #. However, both
definitions of the energy coincide when [p, wdaz = 0, which is the case for instance if w is
the difference of two vorticities in & with the same mass. It is also worth observing that the
functional E is not invariant under the scaling transformation w(z) — w®(z) := A2w(\z)
when My = fR2 wdzx # 0. In fact, one can easily check that

M2
E(wW) = E(w)+4—0 log A, for all A > 0.
7r

The conserved quantities induced by Euclidean symmetries. These are the first order moments
My, M5 and the symmetric second order moment I defined by

M;(w) = /[R2 zjw(zr)de, j=12, I(w) = /[R2 |z2w(z) dz . (1.15)

Note that Mj, My are associated to the translational symmetry, via Noether’s theorem, and
I to the rotational symmetry.

With these definitions, the Euler equation can be written in the form dw = {E(w),w},

where {-,-} denotes the Poisson bracket on &, see Section A.5. Any steady state w € @
is a critical point of the Hamiltonian £ on the orbit ©y. Stability can be inferred when the
restriction of the energy E to Oy has a strict local extremum at w. In what follows, we focus
on the maximizers of the energy, which correspond to radially symmetric vortices.



1.3 The constrained maximization of the energy in &

Under our assumptions, it is easy to determine the maximizers of the Hamiltonian E under
the constraints given by the functions h(a,w) for a € (0,00). Indeed, for any w € P, the orbit
©, contains a unique element w* that is radially symmetric and nonincreasing in the radial
direction; this is the symmetric decreasing rearrangement of w [20]. The Riesz’s rearrangement
inequality then shows that F(w) < E(w*) for all w € O+, with equality if and only if w is a
translate of w*, see [10, Lemma 2]. Of course w* is a stationary solution of the Euler equation,
which represents a radially symmetric vortex with nonincreasing vorticity profile. Our main
focus here will be on the analogue of the quadratic form (1.5) for the steady state w = w*.

First, the analogue of the Lagrange function (1.7) is

B@ - [ Mantaw)da = £@) - [T a@ ([ et - a)do) aa.

where the quantities A(a) for a € (0,00) can be thought of as the Lagrange multipliers. The
role of the discrete index j in (1.7) is now played by the continuous parameter a > 0. Defining*

D(s) = —/OOOA(a)X(s—a) da = —/OSA(a) da, s>0, (1.16)

we see that the Lagrange function can also be expressed as

F(w) = E(w) + /R2 O (w(x))dx, wep. (1.17)

This quantity will be referred to later as the “free energy” of the vorticity distribution w, a
terminology that will be discussed in Section 1.4 below.

Next, the analogue of the stationarity condition (1.4) at w = w* is F'(@w) = 0, where the
linear form n — F'(@)n is defined for all n € TP by

P = [ (~0e)+ ¥ @@))n@de, o) = 5 [ logle —sla()dy.

Stationarity is thus equivalent to the relation ¢(x) = & (@(z)) for all z € R?. Finally the
analogue of (1.5) is the quadratic form n — F”(@)[n, n], where

F@nl = [ (con+ 8" @) do. olw) = [ ooloxle—yln(u)dy

Using the relation Vi)(z) = ®"(w(x))Vw(z), the second variation can be rewritten in the form

T G
P (~on+ oo n?) dz = 2 / 24 1.18
@l = [ (<on+ gt do = 280) + [ TEotds. (1.18)
which is well-known from Arnold’s work. Note that the ratio g—g is meaningful only when the

vector V@(zx) is nonzero and collinear with Vi)(z) for almost all x € R%. This condition is
obviously satisfied for all radially symmetric vortices with strictly decreasing vorticity profile.

1.4 Overview of our results

We are now able to describe more precisely the results of this paper. We consider a general
family of radially symmetric vortices @ € & with vorticity profile satisfying Hypotheses 2.1
below. Typical examples are the “algebraic vortex” w(z) = (1 + |z|>)™%, where k > 1 is a
parameter, and the Oseen vortex for which w(x) = e~ l=l*/4,

“The reason for the minus sign in (1.16) will become clear later.



1.4.1 Arnold’s quadratic forms with and without constraints

In Section 2, we study in detail the quadratic form (1.18) associated with the second variation of
the Lagrange function (1.17) at the steady state w € P, paying some attention to the functional-
analytic questions. First of all, while we know from the constrained maximization result that the
restriction of that form to the tangent space T;Og is negative, it is not clear if this restriction is
strictly negative definite, and if so in which function space. Our first main result is Theorem 2.5,
where we show that, if two neutral directions corresponding to translational symmetry are
disregarded, the restriction to T;Og of the quadratic form (1.18) is indeed strictly negative in
an appropriate weighted L? space. The proof ultimately relies on a variant of the Krein-Rutman
theorem.

We next investigate the index of the quadratic form (1.18) on a much larger subspace,
corresponding to perturbations n € Ty ® satisfying fRQ n(z)dz = 0. In other words, we relax
all constraints given by the Casimir functions (1.10), except for the mass My defined in (1.11),
which is still supposed to be constant. A priori there is no reason why the form (1.18) should be
negative definite in this larger sense, and indeed Theorem 2.8 shows that this is not always the
case. More precisely, we show that negativity holds in the large sense if and only if the optimal
constant in some weighted Hardy inequality (where the weight function depends on the vorticity
profile @) is smaller than 1. While that condition is not easy to check in general, we deduce
from Corollary 2.11 that it is fulfilled at least for the Oseen vortex, as well as for the algebraic
vortex @(z) = (1 + |z|2)~" if k > 2.

Although the mass constraint is rather natural, one may wonder if, for some vorticity profiles,
the quadratic form (1.18) can be negative definite for all perturbations n € T,%; this question
is briefly discussed in Section 2.3. Finally, in Section 2.4, we give a fairly explicit expression
of the energy F(w) in terms of the constraints h(a,w) for all a > 0, see Proposition 2.16. One
obtains in this way an infinite-dimensional analogue of the quantity M(cq,...,¢,) defined in
(1.8). Among other things, we justify our claim that the index of the quadratic form (1.5) is
related to the concavity of the function (1.8) (which is a well known fact), and we discuss a
similar link in the infinite-dimensional case.

As an aside, we mention here that the stability of radially symmetric vortices for the 2d
Euler equations can also be studied using other conserved quantities, such as the second order
symmetric moment I defined in (1.15), see e.g. [21, Chapter 3.

1.4.2 The global maximizers of the free energy

Let ¢ be the stream function associated with the radially symmetric vortex @. We have seen
that the analogue of the Lagrange function (1.7) is given by the “free energy” (1.17), where
the function ® is defined, up to an additive constant, by the relation (z) = ®'(0(x)). The
appellation “free energy” is partially justified by a (loose) analogy of formula (1.17) with the
classical thermodynamical expression for the free energy

F=U-TS. (1.19)

Here U is the internal energy (of a suitable system), T is the temperature, and S is the entropy.
In (1.17), the energy E is analogous to U, the integral [p. ®(w(x))dz is analogous to S, and
one can argue that it is reasonable to take T' = —1. Of course, T" has nothing to do with the
real temperature of the fluid, but should roughly be thought of as the statistical mechanics
temperature of our system in the sense of Onsager [24]. We have not attempted to make this
connexion rigorous, which would take us in a different direction.



In Section 3, we consider vortices @ which are global mazimizers of the free energy F'(w) for all
w € P satisfying fRQ wdx = fRQ wdz. Such equilibria can be expected to have strong stability
properties, and may be useful for other purposes too. Using a direct approach, in the sense
of the calculus of variations, we prove the existence of global maximizers under fairly general
assumptions on the function ®, see Theorem 3.4. However, we do not have any efficient method
to determine if a given vortex @ is a global maximizer or not. A necessary condition is of course
that the quadratic form (1.18) be negative on perturbations 7 with zero mean, see Theorem 2.8,
but there is no reason to believe that this is sufficient. Numerical evidence indicates that the
Oseen vortex is a global maximizer, and so are the algebraic vortices w(z) = (1 + |z|?)~* for
k > 2. In the particular case kK = 2, maximality can be deduced from the logarithmic Hardy-
Littlewood-Sobolev inequality

1 1 1+1

[ [ et w@tdndy < 5 [ wostote) + 22D 1)
R2 JR2 ‘.%' — y‘ 2 R2 2

which holds for all w € # with My(w) = 1, see [10]. We mention that (1.20) is related to Onofri’s

sharp version of the Moser-Trudinger inequality [23].

1.4.3 The effect of viscosity — application to Oseen vortices

In Section 4, we consider the stability of the Gaussian vortex under the evolution defined by
the Navier-Stokes equation Oiw + u - Vw = vAw, where v > 0 is the viscosity parameter. More
precisely, we show that the quadratic form (1.18) can be used to give an alternative proof of the
local stability results established in [17]. We believe that a proof relying on the second variation
of the energy is of some interest, because the analogue of the form (1.18) can be defined for
more complicated vortex structures as well, whereas the simpler approach in [17] may be more
difficult to adapt.

The addition of the viscous term results in important new issues: the radial vortices are no
longer steady states and the orbits (1.12) are no longer invariant under the evolution, so that
much of the geometric picture underlying the Euler equation is destroyed. The first problem is
settled by introducing self-similar variables and restricting ourselves to Oseen’s vortex, which is
a stationary solution of the Navier-Stokes equation in these new coordinates. Thanks to The-
orem 2.8 and Corollary 2.11, the quadratic form (1.18) is positive definite for all perturbations
with zero mean. This form is invariant under the evolution defined by the linearized Euler equa-
tion at the vortex, but not under the Navier-Stokes evolution due to the viscous term and the
nonlinearity. The effect of viscosity is measured by a second quadratic form, which happens to
have a favorable sign, see Theorem 4.2. We do not know if this is just a lucky coincidence, or if
there are deeper reasons behind that. In any event, this nice structure allows us to recover the
local stability result of [17], except for a slight difference in the choice of the function space, see
Theorem 4.5. Again, we emphasize that the functional setting used in [17] relies in an essential
way on the radial symmetry of Oseen’s vortex, through the existence of conserved quantities
such as the moment I in (1.15), whereas our new approach can, at least in principle, be adapted
to more general situations, where other methods do not work.

Acknowledgments. ThG is partially supported by the grant SingFlows ANR-18-CE40-0027
of the French National Research Agency (ANR). The research of VS is supported in part by
grant DMS 1956092 from the National Science Foundation.



2 The second variation of the energy

In this section we study the coercivity, on various subspaces, of the quadratic form (1.18) which
represents the second variation of the free energy (1.17) at a radially symmetric vortex w € ®.
We assume that @(x) = w(|x|) for all z € R?, and that the vorticity profile w, : [0, +00) — R
is a C? function with the following properties :

Hypotheses 2.1. The vorticity profile w, € C%([0,+00)) satisfies

1) w«(0) >0, w,(0) =0, and w!(0) < 0;

2) wi(r) <0 for all >0, and w.(r) = 0 as r — 400;

3) there exists C > 0 and B > 2 such that |w.(r)] < C(1+ )P for all r > 0.

It follows in particular from 2), 3) that w.(r) = — [*°w](s)ds, so that

0 < wi(r) <

— Vr>0, d 0< «(r)dr < oo. 2.1
S Ax? r an /0 rwy(r) dr o0 (2.1)

Let 9 be the stream function associated with @ as in (1.14). We have 9(x) = 1. (|z|), where the
stream profile 9, : [0,+00) — R satisfies

T(r) + %1/);(7“) = wy(r), hence .(r) = l/r swi(s)ds, Vr>0. (2.2)
0

r

We introduce the weight function A : [0, +00) — R defined by A(0) = —w,(0)/(2w?(0)) and

A(r) = _1/11(7“) _ 1(7") /Or Swi(s)ds, r>0. (2.3)

wir) e

Hypotheses 2.1 ensure that A € C°([0, +00)) N C1((0,+00)). Moreover, there exists a constant
C > 0 such that A(r) > C(1+r)? for all r > 0.

Let A : R? — (0,00) be the radially symmetric extension of A to R?, namely A (z) = A(|z|)
for all z € R2. We introduce the weighted L? space X defined by

X = {weL’®): ul} = /R A(@) (@) dz < oo} (2.4)

so that w € X if and only if AY2%w € L?(R?). Our assumptions ensure that A~ € L'(R?),
and using Hélder’s inequality we easily deduce that X < L'(R?). We also consider the closed
subspaces X; C Xy C X defined by

XO:{wGX; w(m)dx:O},

o (2.5)
Xlz{weXo;/ jw(x)dx:Oforjzl,Q}.
R

2 Ja]

We observe that, for any w € X, the energy F(w) introduced in (1.13) is well defined. This
a consequence of the following classical estimate, whose proof is reproduced in Section A.1 for
the reader’s convenience.

Proposition 2.2. Assume that w € L'(R?) satisfies
/ lw(x)| log(1 + |z|)dz < co, and / w(2)] log(1 + |w(z)]) dz < oo. (2.6)
R2 R2

8



Then the last member in (1.13) is well defined, and the energy E(w) satisfies the bound

B < Clolu ([ @) g2+ e do+ [ ot og, 24 ). e

T wln

where log, (a) = max(log(a),0). If moreover [q, w(z)dz =0, then E(w) = 3 oo |ul? dz where

z— ot
u(z) = Viy(z) = %/W (‘x_iz;)‘zw(y) dy, z e R% (2.8)

Since any w € X obviously satisfies (2.6), we can consider the quadratic form J on X defined
by J(w) = 1 |w|% — E(w), or explicitly

1

Jw) = = [ A(z)w(z)?dz + —/ / log|z — y|w(zx)w(y)dzdy, weX. (2.9)
2 R2 47 R2 JR2

In the particular case where w € X, namely when w has zero average over R?, Proposition 2.2

gives the alternative expression

1
J(w) = 5/ (ﬂ(:c)w(:c)Q - |u(x)|2> de, we Xo, (2.10)
R2
where u is the velocity field associated with w via the Biot-Savart formula (2.8). In view of
(1.18) and (2.3), we have J = —1F”(w), where F"(@) is the second variation of the free energy
(1.17) at the equilibrium w. It is clear that X is the largest function space on which this second
variation is well defined.

Our main goal in this section is to study the positivity and coercivity properties of the
quadratic form J on the spaces X, X, and X; defined in (2.4), (2.5). To formulate our results,
it is useful to decompose X = X, ® XL, where

rs?
X = {w € X ; w is radially Symmetric} , (2.11)

and XI}S is the orthogonal complement of X4 in the Hilbert space X. Referring to the geometric
picture of Section 1.2, we consider X as the tangent space to the orbit Oy at @. This inter-
pretation can be formally justified as follows: if w € X is smooth, the tangent space T;Oy is
spanned by vorticities of the form v - Vo, where v is a (smooth and localized) divergence-free
vector field, and using polar coordinates as in Section 2.1 below one verifies that such vorticities
are indeed orthogonal in X to all radially symmetric functions. A contrario, since there is a
one-to-one correspondence in ¥ between orbits and symmetric decreasing rearrangements, it is
clear that any radially symmetric perturbation of the equilibrium @ is transverse to the orbit
Op.

It is easy to verify that J(w; +ws) = J(w1) +J(ws) when w; € X and wo € X5, so that the
restrictions of J to Xy and XI}S can be studied separately. We first consider the tangent space
XL in Section 2.1, and postpone the study of radially symmetric perturbations (with zero or
nonzero mass) to Sections 2.2 and 2.3.

Remark 2.3. Differentiating the first equality in (2.2), we see that the function ¢ = ), satisfies

(L)) = —4"() = 2 00) 4 5 0) = 50l r>0. (212

where A(r) > C(1+r)8. Since ¢ > 0, Sturm-Liouville theory asserts that y = 1 is the low-
est eigenvalue of the (generalized) eigenvalue problem Lo = pA~'¢ on Ry, with boundary
conditions ¢(0) = ¢(+00) =0, see [11, 18]. This observation will be used later.



Remark 2.4. Hypotheses 2.1 are sufficient for our results to hold, but can be relaxed in several
ways. In particular, we can consider vortices that are not smooth at the origin, but the assump-
tion that Wl (r) < 0 for all r > 0 seems essential. This excludes vortices with compact support
from our considerations, but as our motivation comes from applications to the Navier-Stokes
equations, hypotheses 2.1 are good enough for our purposes here. Of course, extensions of the
theory that would include compactly supported vortices might be relevant in other situations and
can probably be constructed, although they may require additional work.

2.1 Positivity of the quadratic form J on X

Theorem 2.5. Under Hypotheses 2.1, the quadratic form J defined by (2.10) is nonnegative on
the space X;= C Xo. Moreover, there exists a constant v > 0 such that

J(w) > % A(x)w(x)? dz, forallw e XN Xy . (2.13)
R2

Proof. We introduce polar coordinates (r,6) in R?, and given any w € XI}S we use the Fourier
decomposition

w(r cos(f),r sin(f Zw ) etk? r>0, 6eR/(27Z), (2.14)
k0

where the sum runs over all nonzero integers k € Z \ {0}. By Parseval’s relation we have

A(x)w(x)? de = QWZ/ A(r) Jwg(r) 2 rdr,

R2
r70 (2.15)
/ lu(x)|? dz = / (-A W) (2)w(z)dz = 2712/ By wi](r) wg(r) rdr,
R2 R2
k#0
where By is the integral operator on the half-line Ry defined by the formula
. r s ||
(Bk[f]) f(s)sds, r>0. (2.16)
QW
Note that g = Bg[f] is the unique solution of the ODE
i 1 / ka
')~ g )+ ) = ), >0, (217)

which is regular at the origin and converges to zero at infinity.
In view of (2.15), the proof of Theorem 2.5 reduces to the study of the one-dimensional
inequality

| BT < o [T awiserrar, 219
0 0

which depends on the angular Fourier parameter k € Z\ {0}. More precisely, the quadratic form
J is nonnegative on XL if and only if, for all k # 0, inequality (2.18) holds with some constant
Cp, < 1. In addition, we have the lower bound (2.13) on the subspace X;- N X7 if and only if
inequality (2.18) holds with a better constant Cj, < 1 — for all k # 0, assuming when |k| = 1
that f satisfies the additional condition

/000 f(r)rdr =0. (2.19)
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It remains to establish inequality (2.18) for all k € Z\ {0}. We obviously have the pointwise
bound |(Bg[f])(r)| < (Bk[|f]])(r), so that we can restrict ourselves to nonnegative functions f.
Moreover the operator By preserves positivity, and an inspection of the formula (2.16) reveals
that 0 < Bg[f] < |k|7'By[f] if f > 0. As a consequence, to show that J is nonnegative on X,

it is sufficient to prove inequality (2.18) in the particular case where |k| =1 and f > 0. Setting
h = AY2f, we write that inequality in the equivalent form

/00 (El[h])(r) h(r)rdr < C4 /00 h(r)?rdr, (2.20)
0 0

where By[h] = A=Y/2B,[A~1/2h]. The following assertions play a crucial role in our argument :
Claim 1: The operator B is selfadjoint and compact in the (real) space Y = QQ (Ry,rdr).
Indeed, take h € Y with ||hlly < 1, and denote f = A~1/2h, g = By[f] = AY?By[h]. Applying
(2.16) with |k| = 1, we see that

g(r) = 2i/ A(s)"V2n(s) s> ds + g/ A(s)"V2n(s)ds, >0,
T Jo T

and using Holder’s inequality we deduce

9(r)] < {%(/OTA(S)—153ds)1/2+ g(/TOOA(s)_ls_lds>1/2} ly.  (2.21)

As A(r) > C(1 +r)? with 8 > 2, the right-hand side of (2.21) is uniformly bounded, so that
llgllzee < C for some universal constant C. It also follows from (2.21) that g(r) — 0 as r — 0
and r — +00. On the other hand, since g satisfies the ODE (2.17) with k = 1 and f = A~/2h,
a standard energy estimate yields the bound

[ (002 + L) rar = [T g2y rar < ol 42l il < 0. 22)
0 r 0

In view of (2.21) and (2.22), the Fréchet-Kolmogorov theorem [25, Thm XIII.66] implies that
the function By [h] = AY 24 lies in a compact set of Y, so that the operator B; is compact. To
prove that Bj is selfadjoint, we take hq, ho € Y and observe that

[ @y e = [ (gm0 + 2020,

2
where g; = B1[A™1/2h;] for j = 1,2. This expression is clearly a symmetric function of (hy, ha).

Claim 2: The spectral radius of By is equal to 1, and A = 1 is a simple eigenvalue of B.

To see that, we first observe that A = 1 is an eigenvalue of By with a positive eigenfunction.
Indeed, using (2.2), it is straightforward to verify that the function g = v, satisfies the ODE
(2.17) with k = 1 and f = —w’.. This shows that B;[—w.] = ¢/, hence defining h = A~Y/2¢! =
— A2y we conclude that Bi[h] = h. On the other hand, assume that A > 0 is an eigenvalue
of By, with eigenfunction h € Y. Defining f = A~Y/2h, we see that By [f] = MAf, so that the
function g = B;|[f] satisfies the generalized eigenvalue problem

)= 1+ e = n G v, (2.23)

with the boundary conditions ¢g(0) = g(+o00) = 0, where u = 1/, We already observed that
p = 11is the lowest eigenvalue of (2.23), see Remark 2.3. It follows that A = 1 is the largest eigen-
value of the integral operator By, whose spectral radius is therefore equal to 1. The argument
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above also shows that all positive eigenvalues of B are simple, because (2.23) is a second-order
differential equation.

It is now a simple task to conclude the proof of Theorem 2.5. Claims 1 and 2 imply the
validity of inequality (2.20) with C; = 1. We deduce that (2.18) holds for |k| = 1 with Cj, = 1,
and (since By < |k|7!B) for |k| > 2 with C < 1/|k|. This shows that the quadratic form
J is nonnegative on X;t. On the other hand, if we assume that w € Xt N X, the function
f = w4 satisfies condition (2.19), which means that h = AY2f is orthogonal in Y to the one-
dimensional subspace Yy spanned by the positive function y = A~Y2. It is clear that YOl does
not contain any positive function, and in particular does not include the principal eigenfunction
ho = —Alfwi of the operator Bi. So, applying Lemma 4.7 and Remark 4.8 below, we deduce
that 1 — By > 0 on Y5, which means that inequality (2.20) holds on Y- with some constant
C] < 1. Taking into account the other values of k, for which Cy < 1/|k| < 1/2, we conclude
that estimate (2.13) holds with v = min(1/2,1-C1). O

Remark 2.6. The Krein-Rutman theorem [12, Thm 19.2] asserts that the spectral radius of
the compact and positivity-preserving operator By is an eigenvalue with positive eigenfunction.
However, since the cone of positive functions has empty interior in Y, we cannot apply Theo-
rem 19.3 in [12] to conclude that By has a unique eigenvalue with positive eigenfunction, which
is thus equal to the spectral radius. For this reason, we prefer invoking Sturm-Liouville theory
to prove that 1 is the largest eigenvalue of By.

Remark 2.7. If 5 > 4 in Hypotheses 2.1, the conclusion of Theorem 2.5 remains valid, with
the same proof, if the subspace X1 is replaced by

Ilz{weXo;/ijw(x)dx:() forj:1,2}. (2.24)
R

This possibility will be used in Section 4.

2.2 Positivity of the quadratic form J on X, N X

The quadratic form J is not necessarily positive when considered on the subspace X5 N Xo,
which consists of radially symmetric functions with zero mean. This question is related to the
optimal constant in the weighted Hardy inequality

[ rer < < o [T amrer (2.25)

where f : [0, +00) — R is an absolutely continuous function with f(0) = f(400) = 0. Weighted
Hardy inequalities are extensively studied in the literature, see e.g. [22, Section 1.3.2]. In
particular, it is known that (2.25) holds for some constant Cgy > 0 if and only if the positive
function A satisfies

hmsup log / Als) ds < oo, and limsup log(r / Als) ds < 0. (2.26)

r—0 r——+o0o
Both conditions in (2.26) are fulfilled in our case, since A(r) > C(1 + T)B for some > 2.

Theorem 2.8. Under Hypotheses 2.1, the quadratic form J defined by (2.10) is coercive on
X1s N Xo if and only if Hardy’s inequality (2.25) holds for some Cy < 1. In that case we have

Jw) > 1 [ A@w@)Pde,  for alw e X Xo, (227)

where vy =1—Cpg.
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Proof. Given w € X5 N Xp, we write w(z) = wp(|x|) and we consider the stream function v
defined (up to an irrelevant additive constant) by

1 (" 1 [
Po(r) = —/ swo(s)ds = ——/ swo(s)ds, r>0.
™ Jo T Jr
Defining f(r) = ri((r), we see that f is absolutely continuous on Ry with f(0) = f(+o0) = 0.
Moreover we have wg(r) = f/(r)/r and ug(r) := ¢,(r) = f(r)/r by construction. Finally the
assumption that wg € X;sN Xy ensures that Al/ 2wp and ug belong to the space Y = L? (Ry,rdr).
We thus have

o o d
Iw) =7 [ (AW — w2 rdr = 7 [ (A0FCP - 102 229

0 0 r
and using (2.25) we conclude that (2.27) holds with v = 1 — Cy. This proves that the quadratic
form J is coercive on X5 N Xy if Cy < 1. Conversely, if (2.27) holds for some v > 0, it follows
from (2.28) that inequality (2.25) is valid with Cy =1 — . O

As is well known, the optimal constant in Hardy’s inequality (2.25) is related to the lowest
eigenvalue of a selfadjoint operator. A convenient way of seeing this is to apply the change of
variables r = €%, h(z) = f(e%), B(z) = e~ 2 A(e"), which transforms (2.25) into the equivalent
inequality

/h(gzc)2 dz < CH/ B(z)W (z)? dz . (2.29)
R R

The integral in the right-hand side of (2.29) defines a closed quadratic form on the Hilbert space
H = L*(R), with dense domain D = {h € H; B2} € H}. Let

B:DB) — H, h+— —8,(B(x)d,h)

be the selfadjoint operator in H associated with the quadratic form (2.29) by Friedrich’s rep-
resentation theorem [19]. Since B(z) > 0 for all x € R we know that B is positive, and using
the fact that 22B(x)~! — 0 as |z| — oo it is easy to verify that B has compact resolvent in H,
hence purely discrete spectrum. The optimal constant in C in (2.29) is precisely the inverse of
the lowest eigenvalue of B:

Cp = max{\™'; \ € spec(B)} . (2.30)

By Sturm-Louville’s theory, if 4 = Cﬁl is the lowest eigenvalue of B, there exists a positive
eigenfunction h € D(B) such that Bh = ph. Setting h(z) = f(e®), we see that f is a positive

solution of the ODE 4
—ar< ff") 8Tf(r)> _ A0, (2.31)

r

satisfying the boundary conditions f(0) = f(4o00) = 0. Moreover [~ A(r)f’(r)*dr/r < co by
construction. It is not easy to guess from (2.31) whether y is smaller or larger than 1, but under
additional assumptions on the vortex profile it is possible to make another change of variables
which puts (2.31) into a form that allows for a comparison with (2.12).

Lemma 2.9. If the function A in (2.3) satisfies

A€ C¥([0,400)),  and  sup (A(T) + A'W) /TOO

r>1 \ 12 r2A(r)

A6) ds < o0, (2.32)
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then the function g : [0, +00) — R defined by g(r) = A(r)'/2f(r)/r is a solution of the ODE

~(1) = 24/ + 390 + V() = = alr), (23

with boundary conditions g(0) = g(+00) = 0, where
7 1 / / 2 1
V() = x"(r) = X' () +x(r)", and  x(r) = 5 log(A(r)). (2.34)

Proof. Since f satisfies (2.31), a direct calculation shows that g(r) := A(r)"/2f(r)/r is a solution
of (2.33), where the potential V' is defined by (2.34). As for the boundary conditions, we recall
that [;° A(r)f/(r)?dr/r < oo, hence [;°[f'(r)|dr < co. As f(r) = [, f'(s)ds, we have

0l ea) () TA(s)f’(sV%)m el

which shows that g(r) — 0 as » — 0. Similarly, since f(r) = — f f'(s)ds, we have

thanks to (2.32). This concludes the proof. O

Remark 2.10. The same arguments show that r2g'(r) — 0 asr — 0 and ¢'(r) — 0 as r — +o0,
at least along appropriate sequences.

Let L be the differential operator defined by
1
L=1Ly+V = -0~ a+ s+ V(r), (2.35)

where Ly was introduced in (2.12). We know from (2.33) that Lg = uA~'g, where u = C};* and
g is the positive function defined in Lemma 2.9. On the other hand, we observed in Remark 2.3
that Lop = A~'¢, where ¢ = 9. is also a positive function vanishing at the origin and at infinity.
Using Sturm-Liouville’s theory, we easily deduce the following useful criterion:

Corollary 2.11. Under assumptions (2.32), if the function V defined by (2.34) does not change
sign, the optimal constant in Hardy’s inequality (2.25) satisfies Cy < 1 if V >0, and Cyg > 1
if V< 0; moreover Cy =1 only if V' is identically zero.

Proof. With the notations above, we have Lop — A™1¢ = 0 and
Log— A"lg = Lg— (fr1 +V)g =R, where R = (p—1A"1g—-Vyg. (2.36)

Since rR¢ = r(d(Log) — g(Lod)) = % (r(¢'g — g'®)), we have for r1 > rg > 0 the identity

r=ry

[ #wtrrar = r(60)9(r) - 0160 (2:37)

r=rg

Now, we let rg tend to 0 and r; to +o00 along appropriate sequences, in such a way that the
right-hand side of (2.37) converges to zero. This possible, because we know that ¢(r) = O(r)
and ¢/(r) = O(1) as r — 0, while ¢(r) = O(1/r) and ¢'(r) = O(1/r?) as r — +o0; moreover
the behavior of g in these limits is given in Lemma 2.9 and Remark 2.10. We thus deduce from
(2.37) that fooo Rerdr = 0, which is impossible if the function R has a constant sign and is not
identically zero. So, if V' does not change sign, we must have 4 > 1if V> 0and u < 1if V <0;
moreover p = 1 is possible only if V' = 0. Since u = Cﬁl, this gives the desired conclusion. [J
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Remark 2.12. As is easily verified, the optimal constant Cy in Hardy’s inequality (2.25) is
unchanged if the function A(r) is replaced by X=2A()\r) for some A\ > 0. This corresponds to a
rescaling of the vortex profile w,.

We now give two important examples where the sign of Cy — 1 can be determined.

Example 1 : Algebraic vortex. Given k > 1, we define

1 Lo 1 1
wi(r) = T P (r) = = <1 - (1+r2)ﬁ_1>. (2.38)
We have e .
Alr) = _wZ(T) T dk(r—1)r2 ((1 )T = (1 rz)z) '

When k = 2 (Kaufmann-Scully vortex), inequality (2.25) holds with optimal constant Cpy = 1,
and is saturated for f(r) = 72/(1 4+ r?)2. Indeed, it is easy to verify that A(r) = (1 + r2)%/8
and V(r) = 0 in that particular case. Taking g(r) = r/(1 + r?), a direct calculation shows that
Lg= A"1g, so that Cyy = 1.

If Kk > 2, we prove in Section A.2 that the potential V is positive, so that Cy < 1 by
Corollay 2.11. Finally, if 1 < k < 2, the potential V is negative, implying that Cy > 1.
Summarizing, for the family of algebraic vortices (2.38), the quadratic form J is coercive on
Xis N Xy if and only if k > 2.

Example 2 : Gaussian vortex. We next consider the Oseen vortex given by

2 4
we(r) = e Ylr) = —(1 —e—r2/4>, A(r) = —2(67"2/4 - 1). (2.39)
r r
In that case too, the potential V defined in (2.34) is positive, see Section A.2. By Corollary 2.11,
we conclude that Cy < 1, so that the quadratic form J is coercive on X5 N Xy. A numerical
calculation gives the approximate value Cg =~ 0.57, so that v = 0.43.

Remark 2.13. In a finite-dimensional situation, one can use statements such as Theorems 2.5
and 2.8 for showing the nonlinear Lyapunov stability of the corresponding steady solution, at
least if the smoothness class of the relevant objects is C?. More precisely, if a flow & = b(x)
on a finite-dimensional manifold preserves a C? function f which attains a non-degenerate local
mazimum at T, then the sets {f(x) > f(x) — e} are invariant under the flow and for small €
are well approximated by the small balls given by the quadratic form —%f”(f)[x —T,x—1I]. A
standard way to see this is to write f(x) > f(z) — ¢ as

Lo - - ! " - "in - -
_§f (x)[x—x,x—x]—/o (1=t)(f"(1—t)z +tx) — f"(2)) [z — T, — T dt <e.

When f" is continuous at T and x is close to T, the integral in this inequality is dominated by
a small multiple of —%f”(f)[x — Z,x — ] and the usual Lyapunov stability statements follow.

In our situation here the set Oy is not a C? submanifold and the free energy functional w
E(w) + [go ®(w(z)) dz is not of class C%. It is not hard to see directly that the expression

1
—_ /[R2 /0 (1-— 75)(1)//((1 —t)w(x) + tw($))(w(x) _ (D(m))Q dt de

cannot be dominated by —3 [5, ®"(@)(w(z) — w(x))?dx in a suitable way. One may still use
the invariance of the sets Uy := {w € Oy N X1, E(w) > E(w) — €} under the Euler evolution,

15



and possibly also the conservation of the second order moment I(w) defined in (1.15), to obtain
Lyapunov-type stability statements. For results in this spirit when the domain occupied by the
fluid is compact the reader can consult [8] and [5, Section I1.4]. Our situation here is somewhat
complicated by the non-compactness of our flow domain R?, but under our assumptions one still
has NesoUp e = {w} (by using the uniqueness of the mazimizers discussed in [10], for example).
This could be turned into Lyapunov-type stability statements, although not quite of the same
form as in the C? case. The important point is that there are estimates for the proximity of
“almost maximizers” to the exact mazximizers, an issue that also appears in other problems, such
as the stability of the isoperimetric inequality [13], and of the Sobolev inequality [7].

In the present work our focus is on quadratic forms, due to their applicability to the viscous
case. Of course, at the level of the linearized inviscid equation wy + 4 - Vw + u - Vw = 0, the
quadratic form J does provide Lyapunov stability in the space X if inequality (2.25) holds with
Cy < 1. We note that the linearized analysis in other topologies can be more complicated, see
for example [6].

2.3 The quadratic form J without mass constraint

In this short section we make a few remarks on the index of the quadratic form (2.9) when
considered on the whole space X defined by (2.4), and not only on the subspace Xy given by
(2.5). Our first observation is that, due to lack of scale invariance in this context, the form
J cannot be positive on X if the underlying steady state @ is sharply concentrated near the
origin. To see this, we consider the rescaled vortex wy(x) = A?@(\r) and the associated weight
function Ay (z) = A\"2A4(\r), see Remark 2.12. We denote by Jy the quadratic form on X
corresponding to the steady state wy, namely the form (2.9) where A is replaced by A,. If
w € X and wy(r) = N2w(Az), a simple calculation shows that

M2
I(wy) = J(w) — =2 log(\), where My = / w(z)de.
47 R2
If My # 0, it is clear that Jy(wy) < 0 when A > 0 is sufficiently large, so that the quadratic form
Jy cannot be positive in this regime.

Remark 2.14. The negative direction arising by such a rescaling is related to a particular choice
of the unit of length implicitly involved in the kernel % log |z|. In writing log |x|, we imply that
x s dimensionless. In case x is measured in some units of length, we should write the kernel
as %log L%', where ro is a reference length. The choice of rog does not affect the behavior of
the system, and in the stability analysis based on J it can be compensated for by adding to the
quadratic form J a suitable multiple of the quantity (fRQ w(x,t) d$)2, which is preserved by the
evolution. Hence, as one can expect, the stability analysis is independent of the choice of the

reference length ro, or, equivalently, of the scaling parameter A abowve.

We next argue that, for any vortex w satisfying Hypotheses 2.1, the index of the quadratic
form is well defined in the sense that J has (at most) a finite number of negative directions. In
view of Theorem 2.5, it is sufficient to evaluate J on radially symmetric functions w € Xi5. The
following expression will be useful:

Lemma 2.15. For any w € X;5, we have

J(w) = W/OOO A(r)w(r)?rdr + 77/000/000 log (max(r, s)) rw(r)sw(s) drds. (2.40)
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Proof. Here and below, with a slight abuse of notation, we consider any w € X,5 as a function
of the one-dimensional variable r = |z|. For such vorticities, the first integral in (2.9) obviously
gives the first term in (2.40), so it remains to establish the following expression of the energy:

E(w) = —7'('/0 /0 log (max(r, s)) rw(r) sw(s) drds, we Xig. (2.41)

To this end, we introduce polar coordinates z = r e, y = se’ to compute the right-hand side
of (1.13), and we use the identity

2w 2w ) ) 2 )
/ / log |re? — se|dod¢ = 277/ log |re? — s|df = 4x> log (max(r, s)) . (2.42)
0 0 0

The formula (2.42) is well known and can be derived in many ways. For example, assuming that
r is a fixed positive number, we interpret the last integral as a function of s € C. This expression
obviously depends only on |s|, is continuous everywhere, and is analytic both inside and outside

of the circle |s| = r. Inside the circle it has to be constant and outside the circle it coincides
with the potential of a point particle of mass 27 located at the origin, which is 27 log |s|. This
gives (2.42), and (2.41) follows. O

Applying the change of variables w(r) = w(r)A(r)Y/?, so that w € Y = L?*(Ry,rdr) when
w € X,g, the formula (2.40) becomes

1 o o o
—J(w) = / w(r)?rdr — / / k(r, s)w(r)w(s)rsdrds, (2.43)
™ 0 0o Jo

where £(r,s) = —log(max(r, s)) A(r)1/% A(s)~Y/2. Under Hypotheses 2.1, we have the lower
bound A(r) > C(1 4 r)? for some > 2, which implies that

// k(r,s)?rsdrds < oco.
0o Jo

This means that the right-hand side of (2.43) is the quadratic form in Y associated with a
selfadjoint operator of the form 1 — K, where 1 is the identity and K is a Hilbert-Schmidt per-
turbation. By compactness, this operator has (at most) a finite number of negative eigenvalues,
which means that the index of the quadratic form J on X is well defined.

The eigenvalues of K can also be thought of as eigenvalues of the quadratic form (2.41) with
respect to the reference form w — 7 [[° A(r)w(r)?rdr. As is easily verified, if A is such an
eigenvalue, the corresponding eigenfunction w satisfies

—(r) = MNA(r)w(r), where ¢(r) = /OOO log (max(r, s)) sw(s)ds. (2.44)

Since w(r) = ¥"(r) + %¢/(’F), the first relation in (2.44) is an ordinary differential equation for
the stream function ¢ : R; — R, to be solved with the boundary conditions
W(0) =0, and  lim (v(r)log(2r) - $(2r)log(r)) = 0,
r—+00
which can be deduced from the expression of ¢ in (2.44). For the Lamb-Oseen vortex (2.39) a
numerical computation gives the largest eigenvalue \ =~ 0.7127, thus suggesting that the form J
is strictly positive definite on the whole space X, in that case. In contrast, the largest eigenvalue

for the algebraic vortices (2.38) seems to exceed the threshold value 1, indicating that for those
vortices the form J is not positive definite without additional constraints on w.
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2.4 The maximal energy as a function of the constraints

In Section 1.1 we considered the classical problem of maximizing a function f : R® — R under
a family of constraints of the form ¢ = ¢1,...,9m = ¢m, Where g1,..., 9, : R" — R. Given
¢ = (c1,...,¢m) € R™, we recall the notation X, = {z € R"; g1(x) = c1,...,9m(x) = cn}.
Assuming that f reaches a non-degenerate maximum on X, at some point Z € X, where the
first-order derivatives ¢} (Z),...,¢,,(Z) are linearly independent, we introduced the quadratic
form Q defined by (1.5), which is the second order differential of the Lagrange function (1.7)
at . In the present section, we are interested in the index of the form Q on larger subspaces
than T3 X.. As was already mentioned, this question is closely related to concavity properties
of the function M defined by (1.8) or, almost equivalently, to convexity properties of the set
S={(g1(x),...,gm(x), f(x)); € R"} C R™*! near its “upper boundary”.

The situation becomes particularly transparent if we use adapted coordinates which, as it
turns out, have a fairly complete analogy in 2d Euler case. Let us assume that we can introduce

new coordinates (¢1,...,Cm,Y1,---,Yn—m) in R™ such that, as before, c1,..., ¢, are the values
of the constraints g1, ..., gm, and the additional coordinates y1, ..., Yyn_m are chosen so that the
points having coordinates (cy,...,¢m,0,...,0) are those where f attains its maximum on X,.?

Denoting M (cy,...,¢m) = f(c1y..,¢m,0,...,0) as in (1.8), one verifies that

oM

a—cj(cl,...,cm):)\j, j=1...,m, (2.45)
where Aj,..., A\, are the Lagrange multipliers introduced in (1.4). Moreover the extremality
condition on X, implies that

of
—(c1y---,Cm,0,...,0) =0, k=1,...,.n—m.
3yk( ' " )
We infer that
225 \™ 0
2 aC¢aCj ii=1
D?f(c1y. . yem,0,...,0) = 7 g2p \n-m | (2.46)
o (o)
Yk OYe k,e=1
where all derivatives are evaluated at the point (c1,...,¢p,0,...,0). The first submatrix in
the right-hand side of (2.46) is precisely the Hessian of M, and the second submatrix is always
negative definite, due to our assumption that f reaches a maximum at (y1,...,Yn—m) = (0,...,0)
for any fixed value of ¢q,...,¢y,. So we conclude that the quadratic form Q defined in (1.5) is
negative definite at Z if and only if the Hessian of M is negative definite at (ci,...,¢y), where
cj=gj(@) for j=1,...,m.
Another interesting object is the function
N(A1,...,Apm) = sup <f(m) —Mgi(z) —...— )\mgm(x)>
veR (2.47)
= sup (M(cl,...,cm) —Aic1 — ... —)\mcm) ,
ceR™

which is the Legendre transform of M. Under appropriate assumptions, the main one being the
concavity of M, this quantity is well defined and the relation (2.45) can be inverted (at least

°In a non-degenerate situation, the local existence of such a coordinate system is clear by standard arguments,
but globally the situation can, of course, be more complicated.
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locally) via the formula

ON

gy, s dm)s G =L, (2.48)

¢ = —

We now return to the infinite-dimensional framework of the 2d Euler equation, with the
manifold R” replaced by the phase space # introduced in Section 1.2, the function f replaced
by the energy F in (1.13), the constraints g; replaced by the Casimir functionals h(a,w) in (1.10),
and the submanifolds X, replaced by the orbits O, in (1.12). In that case we have

max Ew) = E(w"), (2.49)

we

where, as before, w* denotes the symmetric decreasing rearrangement of an element w € &.
As Oy is characterized in terms of the functionals h(a,w) defined in (1.10), the energy of the
maximizer w* in O can also be expressed in terms of the constraint function a — h(a,w). It
turns out that the representation formula is quite explicit.
Proposition 2.16. Given @ € P, we define fi(a) = 7 h(a,@) = 7~ |{® > a}| for any a > 0.
Then 1
&(h) = max E(w L(A(a dadb Mg 2.50
) = ma B = § [ [T L@ se) e + 0G50
h(-w)=nh

where m = maxw, My = [powdz =7 [)" fi(a)da, and
1
L(R,S) = —RSlogmax(R,S) — 5 min(R, 5)?2. (2.51)

Proof. Replacing w with @* (an operation that does not affect the function £), we can assume
that @ is radially symmetric and nonincreasing in the radial direction. In view of of (2.49), we
then have &(fi) = E(w), and if we consider w as a function of the radius r = |z| we observe
that fi(a) = (w~!(a))? wherever @ is strictly decreasing. To compute E(@), we start from the
expression (2.41), and we introduce the functions
k(r,s) = —rslogmax(r,s), K(R,S) = L(R,S)+ RS.
Clearly K(R,0) =0, K(0,S) = 0 for R,S > 0, and one can verify by direct calculation that
K(R,S) is twice continuously differentiable on (0,00) x (0, 00) with
K
OROS
So the function (r,s) — K (72, s?) is twice continuously differentiable on [0, 00) x [0, 00) and
1 9
8 Ords

Integrating by parts in (2.41) and recalling that m = maxw, we can thus write

™ [ 2 T [celylee]
Ew) = —/0 ; 0?33 (r2,5?) o(r) @(s) drds —/ / K (12, s?) da(r) da(s)

- // (@ (a))?, (@ 1(b))?) dadb // K(h(a),h(b))dadb  (2.52)
_ // )dadb+8M0,

(R,S) = —logmax(R,S), R,S>0.

K(’I“2,S2) = k(r,s).

where we have formally used the substitutions w(r) = a, w(s) = b. This is straighforward
when @ is strictly decreasing, and the general case where @ is nonincreasing can be treated by
integrating only over the intervals where w is strictly decreasing. O
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We now make a more precise comparison with the finite-dimensional situation above. Let
us assume that @ € & is radially symmetric with 8, (r) < 0 for all » > 0 and 92w(0) < 0. To
eliminate the translational symmetries, we work with the manifold

P = {weP; My(w) = My(w), Mj(w) =0, j=1,2}, (2.53)

where My, M; are as in (1.11), (1.15). If n € Xy (see (2.24)) is smooth and compactly supported
with suffiently small C? norm, then @ + 7 € ®. Denoting by 7rs the projection of n onto the
subspace X5 defined in (2.11), we can take the quantities h(a,w + 7;5) and 7755 :=1n — s as the
(approximate) analogues of the coordinates ¢; and yy, respectively. The analogy is not perfect,
due to the stronger-than-ideal assumptions on 7, but it is sufficient for concluding that when
© = @*, the negative-definiteness of Arnold’s form (1.18) on the tangent space Ty is strongly
related to the concavity of the energy E in the variableS £ at the function f(a) = 7~ h(a,®).
In some sense the expression (2.50) is “trying to be concave”, although not quite achieving this:
the function L(R,S) is separately concave, but not concave. The second variation on the space
Xy is given by the quadratic form which takes a function £(a) with [;™&(a)da = 0 to

[ (DI @). A€l + 2D DL (A0) AG)S(IED) + DL @) AG)EDF) da .

Due to the separate concavity of L the first term and the third term are negative, but the second
one can lead to the form being indefinite. In view of our previous considerations, the negativity
of the form is equivalent to the validity of the Hardy inequality (2.25) with Cy < 1, and it is
not hard to verify directly that this is indeed the case. As an analogue of (2.45), we also note
that the variational derivative of & with respect to £ is

14&

~ (@) = A@) = ~¥'(a). (2:54)

We will not go into the details as we will not work with this expression. The reader can also
derive the analogue of (2.48) (under appropriate assumptions).

3 Global maximization of the free energy

In the previous section we observed that some radially symmetric vortices w, including the
Gaussian vortex (2.39) and the algebraic vortex (2.38) with x > 2, are non-degenerate local
maxima of the associated free energy functional (1.17) once restricted to the manifold & defined
in (2.53). This was established by showing that the second order differential F” (@) is strictly
negative definite on the tangent space TpP. We now follow a different approach, which relies on
the direct method in the calculus of variations: under appropriate assumptions on the function
® in (1.17), we show that the free energy F'(w) has a global maximum on the set of all vorticity
distributions with a fixed mass M. By construction, if @ is any maximizer obtained in this way,
the conclusion of Theorem 2.8 applies with v > 0, so that Hardy’s inequality (2.25) holds with
Cp < 1. Note also that, according to the discussion in Section 2.4, prescribing ® amounts to
fixing the “Lagrange multipliers” in our constrained maximization problem.

We start with a preliminary result, which is probably well known. For the reader’s conve-
nience, the proof is reproduced in Section A.l.

STt is perhaps worth recalling that F is convex in w on the subspace given by fRZ wdz = 0. However, in some
regions it may be concave in /2, at least on the subspace given by fooo fi(a)da = 0.
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Proposition 3.1. Assume that f € L*'(R™) is nonnegative and that M := [g, f(z)dz > 0.
Then

M + /n(log ) fx)dz S M + /n(10g+ %) f(z)dz, (3.1)
M + /Rn(long ) fz)dz > M + /n(log %) f(z)dz, (3.2)

where the implicit constants only depend on the space dimension n. Moreover, if f is radially
symmetric and nonincreasing in the radial direction, then the reverse inequalities also hold.

We next specify the function space in which we shall solve our maximization problem.

Definition 3.2. Given any M > 0, we denote by Xy the set of all w € LY(R?) such that
w(z) >0 for almost all x € R? and

/R? w(x)de = M, /[R2 w(z)log(1l + |z]) dz < oo, /R2 w(z)log(l+w(z))dz < co. (3.3)

For later use we observe that, if w € Xj; and if w* denotes the symmetric nonincreasing
rearrangement of w, then [p, w*(z)dz = [po w(z)de = M and

/ w*(z)log(1 4+ |z]) dz < / w(z)log(1+ |z|) dz < oo,
R2 R2

/ w*(z)log(1l+ w*(z)) dz = / w(z)log(1l + w(z))dz < co.

R2 R2

This shows that the set X); C L'(R?) is invariant under the action of the symmetric nonin-
creasing rearrangement.

For w € X, we consider the free energy defined by F(w) = E(w) + S(w), where

Ew) = %/RQ /R2 log ! 4 w(z)w(y)dzdy, S(w) = /R2 O (w(z))de.

|z —

We have shown in Proposition 2.2 that the energy E(w) is finite for any w € Xj,;. Unlike in
Section 2, the function ® in the entropy term is not related here to any radially symmetric
vortex, but is an arbitrary function satisfying the following properties:

Hypotheses 3.3. The function ® : [0, +00) — R is continuous with ®(0) = 0. Moreover, there
exist constants C1 € R, Cy < M/(87), and Cs3 > M/(8m) such that

M
P(w) < Cw+ Cywlog—  when w < M,
Z (3.4)
P(w) < Clw—nglogM when w > M .

Under Hypotheses 3.3, the positive part of ® satisfies @4 (w) < Cw(1+|log(w/M)|) for some
constant C' > 0, and this implies in particular that the entropy S(w) is well defined in RU{—o0}
for any w € Xjs. We are now in a position to state the main result of this section.

Theorem 3.4. Fix any M > 0. Under Hypotheses 3.3, there exists w € Xp; such that

F(w) = E(@)+ S@) = sup (E(w)+ SW)).

weXpr

Moreover @ can be chosen to be radially symmetric and nonincreasing in the radial direction.
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The proof of Theorem 3.4 is divided into two parts. The first one consists in showing that
the free energy F' is bounded from above on Xj;, and that there exists a maximizing sequence
which is convergent in L'(R?). We formulate this in a separate statement:

Proposition 3.5. Under Hypotheses 3.3, the free energy ' = E + S is bounded from above on
the space Xy

Fy == sup (B(w)+ S(w)) < .
weX

Moreover, there exists a mazimizing sequence (w;)jen in X which converges in L' (R?) to some
limiting profile @ = w* € X as j — 400, and we have S(w) > —o0.

Proof. Our starting point is the logarithmic Hardy-Littlewood-Sobolev inequality

M M M?
Blw) o [ wion ar < o (1 log). 22)

which holds for all w € Xy, see [10]. In view of (3.4), we deduce from (3.5) that

M M M
E(w)+5(w)—|—<——C2>/ wlog—dx—l—(C'g——)/ wlogidx
w<M w w>M

8w 8 M
u u 2 (3.6)
gE(w)—i—ClM—i——/ wlog—deClM—i——(l—i—logw).
8T Jr2 w 8T

Since Cy < M/(87) and C3 > M /(87), this proves that Fyy < C1M + M?(1 + log7)/(87).
Now, let (w;)jen be a sequence in Xy such that E(w;) + S(wj) — Fa as j — +oo. If
we denote by (w;)* € Xp the symmetric nonincreasing rearrangement of w;, we know that

E((wj)*) > E(w;) and S((w;)*) = S(w;) for all j € N, so that ((wj)*)jeN is a fortiori a maxi-
mizing sequence. So we assume henceforth that w; = (w;)*, i.e. w; is radially symmetric and
nonincreasing in the radial direction. In that case, there exists a constant Cy > 0 such that

/ w;(x) ‘log%‘dx < Cp, and / wj(x) [log|z||dz < Co, (3.7)
R2 R2

for all 7 € N. Indeed, the first inequality in (3.7) follows directly from (3.6), and the second one
is a consequence of the first inequality and of Proposition 3.1, since w; = (w;)*.

It remains to verify that one can extract from (w;);en a convergent subsequence in L!(IR?).
We recall that w;(z) is a nonincreasing function of the radial variable |x|, which satisfies the
uniform pointwise estimate 0 < wj(z) < M/(r|z|?), see (A.3) below. By Helly’s selection
theorem [26], there exists a subsequence, still denoted by (w;);en, which converges pointwise to
some limit @ : R? — R, as j — +o00. It is clear that @ is radially symmetric and nonincreasing,
so that @ = @*, and Fatou’s lemma implies that [, @(x)dz < M. Using in addition (3.7), we
obtain similarly

/ () ‘log%‘dx < Cy, and / @(z) [log ||| dz < Cp. (3.8)
R2

]RQ

To prove the convergence in L!(R?) we decompose, for any € € (0, 1),

\%wwwmwm:/W%@wwmwm+/ (@) — o(@)|dz,  (3.9)

R2 Ae R2\ A
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where A, = {x € R?; ¢ < |z| < e7'}. The integral over A, converges to zero as j — oo by the
dominated convergence theorem, and in view of (3.7), (3.8) the integral over R?\ A, is bounded
by 2Cp/|log €| uniformly in j. It thus follows from (3.9) that

2C
limsup | |wj(z) —w(z)|dz < L
j—4oo JR2 ‘ 10g 6‘ e—0

which shows that w; — @ in L*(R?). In particular [p, @(z)dz = M, so that @ € X ).
Finally, if we decompose ® = & — $_, where &, _ denote the positive and negative parts
of ®, we have the lower bound

S(w) > —/R2 ¢_(w(x))dz > —liminf/R2 ¢_(wj(x))dez, (3.10)

j—+oo
where the second inequality is again obtained by Fatou’s lemma. But we have the identity
[ o-tiande = [ @@ de=56) = [ @1w@)de+ Bw,) - Pl).

where the first two terms in the right-hand side are bounded uniformly in j by (3.7), in view
of Hypotheses 3.3 and Proposition 2.2, whereas F(w;) is bounded from below since (w;) is a
maximizing sequence for F'. We conclude that the right-hand side of (3.10) is finite, so that
S(w) > —o0. O

To conclude the proof of Theorem 3.4, it remains to show that the free energy is upper
semicontinuous along the maximizing sequence constructed in Proposition 3.5, namely

E@)+S@) > limsup<E(wj) +S(wj)> = Fu. (3.11)

Jj—+oo

This will imply that E(w) + S(w) = Far, which is the desired result.

Proof of Theorem 3.4. Let (w;)jen be the maximizing sequence defined in Proposition 3.5,
and w € Xs be the limiting profile. Given any sufficiently large R > 0, we decompose

wj(x) = wj(@) Ljg<ry +w;j (@) Lgsry = wjr(x) + wip(z),
w(z) = &(@) Lp<ry + ©@) Lsr = Wr(T) +wk(2),
for all z € R2. We thus have

E(w;) + S(w;) = E(wjg) + S(wjr) + 2E(wjg, wir) + E(Wig) + S(wir) ,
E@)+ S@) = E(@k) +S@k) + 2E(@h, &%) + E(@)) + S@%),

where E(w1,ws) is the bilinear form associated with the energy functional:

1
E(w,we) = _E/[W /11&2 log |z — y|wi(z) wa(y) dz dy .

The upper-semicontinuity property (3.11) can be deduced from the following assertions:

lim sup (E(W;R) + S(W;R)> < B@h) + S@h) (3.12)
Jj——+o0o
1 2 2 2
L : : : <
?l€l§<2E(WJR,WJR) + E(WJR) + S((JJJR)> < 51(R) m 0, (313)
2E(wh,0%) + E(@%) + S(@%) = 62(R) o 0 (3.14)
— 400
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Indeed, assuming that (3.12)—(3.14) hold, we obtain

limsup(E(wj) +S(wj)) - (E(@) +S(w)> < 51(R) — 5(R) —— 0.
j—+o00 R—+o00

It remains to verify the assertions (3.12)—(3.14) above. We recall that the functions w;, @ are
radially symmetric and nonincreasing in the radial direction. With a slight abuse of notation,
we write w;(r) instead of w;(x) when r = |z|, and similarly for @. Accordingly, using (2.41), we
obtain the following expressions for the energy of w; and w:

E(wj) = — /000 M;(r)log(r) rw;(r)dr, Ew)=- /000 M (r)log(r) ra(r)dr, (3.15)

where

M;(r) = 2n /07" swj(s)ds, M(r) = 27 /07" sw(s)ds, r>0. (3.16)

Since w; — @ in L'(R?), we see that M;(r) — M (r) uniformly in r as j — +o0o. Moreover,
since w; € X satisfies (3.7), the quantity M;(r) converges to M as r — 400 uniformly in j. In
particular, we can choose R > 1 large enough so that M;(r) > M/2 for all j € N when r > R.

To prove (3.12), we first decompose

R o R
E(W}R)—E((I}]l%) = —/0 (Mj(r)—M(r)) log(r) rw;(r) dr—/o M(r) log(r)r(wj(r)—@(r)) dr,

and we deduce that

R
Bleln) ~ B@h)| < s (1450) = M) [ 1og(r)] () ar

_ R _
—i—oil:gR(\log(r)\M(r)) /0 r|w;i(r) —w(r)|dr —— 0. (3.17)

Here we used the convergence of w; to @ in L'(R?), the a priori estimates (3.7), and the fact
that log(r)M(r) is bounded as r — 0, as a consequence of (3.8). On the other hand, since the
function —® is continuous and bounded from below, and since we integrate on the bounded

domain {r € R?; |z| < R}, we can apply Fatou’s lemma to obtain

—S(@k) = —d(w(x x imin —P(wi(x r = — limsu wlis). .
S(@h) /ng D(@(x)) dx < 1 f/ng D(wj(z) dz = —limsup S(wlp).  (3.18)

J—rtoo j—+oo
Combining (3.17) and (3.18), we obtain (3.12).
We next prove (3.13). Recalling that R > 1, we first observe that

E(wjz»R) = —/ROO M;(r)log(r) rw;j(r)dr < 0,

which means that the contribution of F (w_]ZR) can be disregarded since we only need an upper
bound. The other terms in (3.13) have the following expressions

[e.e]

2E(w]1»R,w]2»R) = —Mj(R)/ log(r) rw;(r)dr, S(wf-R) = 271/ O (wj(r))rdr.
R R
Since wj is decreasing, we have w;(r) < M;(r)/(xr?) < M for r > R. So, using Hypotheses 3.3,
we deduce that ®(w;) < Ciw; + Cowjlog(M/wj), where C € R and Cy < M/(8m). It follows
that

e}

2E(wJ1-R,wJ2-R)+S(wJ2-R) < 27701/

g wj(r)rdr—i—/R Aj(r)w;(r)rdr, (3.19)
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where

Aj(r) = 2nCylog M;(R)log(r).

M
wj(r)
In view of (3.7), the first term in the right-hand side of (3.19) converges to zero uniformly in j
as R — 400, and can therefore be absorbed in the quantity 6;(R). To treat the second term,
we fix a positive number a > 2 such that 4rCha < M, and we introduce the mutually disjoints
sets

I(a,R) = {r > R; wj(r) > Mr—°}, I, R)® = {r>R;w;(r) <Mr *}.  (3.20)

As M;(R) > M/2, it follows from (3.20) that A;(r) < 0 when r € I(a, R), so the last integral in
(3.19) can be restricted to the complement I(«, R)¢. But on that set we have the upper bound
w;(r) < Mr~*, where a > 2, and we easily deduce that f[(a R)e Aj(r)w;(r)r dr converges to zero
as R — 400, unlformly in j. Altogether we obtain (3.13).

It remains to establish (3.14), which is an easy task. Indeed @ is a fixed function which
satisfies the estimates (3.8), so that 2E(wh, @%) + E(w%) — 0 as R — +oc. In addition, we
proved in Proposition 3.5 that the integral defining S(w) is absolutely convergent, and this
implies that S(@%) — 0 as R — +o0. We thus obtain (3.14), and the proof of Theorem 3.4 is
complete. O

Example 3.6. We consider the family of algebraic vortices with parameter k > 1:

1 & T
w(r) = ———, M =27 rw(r)dr = .
(L4 r2)s 0 k—1
The associated stream function 1 satisfies (r) )+ fo s)ds where

o r , 1 1
¢(0):/0 105—’;(7°)de7 w(r):m<1—m>-

We have ®(w) = [" ¢(s) ds where ¢(w(r)) = ¥ (r). Explicitly, for a few values of k, we find

k=31 () =log(1+V1+12) ¢(w) ﬂog(”ﬁ)

1 1 1
k=2: P(r) = Zlog(l —i—r2) d(w) = §1°g;
1 1, 1 W
. :-(1 1472) — ) = log- ¥
. o) =g (og1+7) - ) o) =5l —
In all cases, we observe that
1 1 M 1
= @' ~ —— Jog— = — —
d(w) (w) prp— og— = _lg—, e w-o 0

It follows that Hypotheses 3.3 are satisfied if and only if k > 2.

Example 3.7. We next consider the Gaussian vorter w(r) = e~*/4, where M = 4. In that
case we have ¥ (0) = 0+°O log(r) e /4 dr = 210g(2) — yg, so that the stream function satisfies

S

wlr) = 900)+ [ 2(1= ) ds = 210g(2) 5 + Bunlr?/4).

where
o0

Em(z):/o Lo Z _ zeC.
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We conclude that 1
bw) = @'(w) = 210g(2) =75 + Eu(log =)

In particular ¢(w) ~ log logi as w — 0, and Hypotheses 3.3 are satisfied in that case.

We do not have much information on the maximizer @ whose existence is established in
Theorem 3.4. We expect that, if ® is as in Example 3.7, the maximizer is indeed the Gaussian
vortex (2.39), but except from numerical evidence we have no proof so far. Similarly, we believe
that the algebraic vortices (2.38) with x > 2 are global maximizers, but this is known only in
the particular case k = 2, where maximality follows from the logarithmic HLS inequality (3.5).

The examples above also suggest that the decay rate of the maximizer w(z) as |z| — oo
strongly depends on the behavior of the function ®(s) near s = 0. Extending the techniques in
the proof of Theorem 3.4, one should be able to prove that, if ® is differentiable to the right at the
origin, the corresponding maximizer @ is compactly supported. It is also worth mentioning that
the entropy function ® associated with any radially symmetric decreasing vortex w through
the relation () = ®'(w(z)) is necessarily concave on the range of @, whereas no concavity
assumption is included in Hypotheses 3.3. This suggests that the maximizer w corresponding
to a non-concave function ® should be discontinuous, so that its range does not include the
intervals where ® does not coincide with its concave hull.

4 Stability of viscous vortices

In this final section, we give a new proof of the nonlinear stability of the Oseen vortices, which are
self-similar solutions of the Navier-Stokes equations in R?. Our approach relies on the functional-
analytic tools developed in Section 2, in connexion with Arnold’s variational principle, although
we now consider a dissipative equation for which the Casimir functions (1.9) are no longer
conserved quantities. Let w = w(y,7) € R denote the vorticity of the fluid at point y € R? and
time 7 > 0, and let ¢ = ¢(y,7) € R be the associated stream function. The vorticity formulation
of the Navier-Stokes equations is

drw(y,7) + {o,w}y,7) = vA(y,7),  Ad(y,7) =w(y,7), (4.1)

where {¢,w} = V+¢ - Vw is the Poisson bracket, v > 0 is the viscosity parameter, and the
Laplace operator A acts on the space variable y € R2. As in [16, 17], we introduce self-similar
variables x = y/\/vT and t = log(7/T), where T' > 0 is an arbitrary time scale. More precisely,
we look for solutions of (4.1) in the form

w(y,7) = %w(\/% , log %) , oy, 7) = yq/}(\/% , log %) i (4.2)

The evolution equation for the rescaled vorticity w is
Ow(z,t) + {t,wh(z,t) = Lw(z,t),  AY(z,t) = w(z,1), (4.3)
where {1,w} = V119 - Vw and L is the Fokker-Planck operator

1
OL’:A+§:U-V+1. (4.4)
Let @ be the vortex with Gaussian profile (2.39), namely
_ 1 _|zl2/4 _ LT 1 I'J_ _lxl2/4
w(x):Ee le*/4 u(z) =V w(x):%WO—e |$|/>. (4.5)



It is easy to verify that Liw = 0 and {1;,(:)} = 0. This implies that w = aw is a stationary
solution of (4.3) for any a € R. This family of equilibria is known to be stable with respect to
perturbations in various weighted L? spaces, see [17, 14]. We present here a new stability proof,
which may be easier to adapt to more general situations.

4.1 Nonlinear stability of Oseen vortices

Given any a € R, we consider solutions of (4.3) of the form w = aw + @, ¥ = ayp + ¢. The
perturbation & satisfies the modified equation

O+ {0} +o{y, 0} + {90} = L, (4.6)

where it is understood that the stream function 1/; is expressed in terms of @ via the formula
(1.14), so that Ay = ©. We assume henceforth that the perturbation @ satisfies the moment
conditions

/ wdzr = 0, and / zjodr =0 forj=1,2, (4.7)
R2 R2

which are preserved under the evolution defined by (4.6). As is shown at the end of Ref. [17],
this hypothesis does not restrict the generality, in the sense that stability with respect to general
perturbations (with no moment conditions) can then deduced by a simple argument. As for the
existence of solutions to (4.6), we have the following standard result:

Lemma 4.1. The Cauchy problem for equation (4.6) is globally well-posed in the weighted L?
space X defined by (2.4), where A(x) = 4]z|~2(el**/* = 1), and the subspace Xy C X defined
by (2.24) is invariant under the evolution.

Proof. It is known that the vorticity equation (4.3) or (4.6) is globally well-posed in various
weighted L? spaces, see e.g. [16, 14, 15]. The nearly gaussian weight A is not explicitly
considered in those references, but the arguments therein can be easily modified to cover that
case too. If A2 € L?(R?), then all moments of & are well defined, and a direct calculation
shows that the conditions (4.7) are preserved under the evolution, so that (4.6) is globally
well-posed in the subspace X7. O

Let &g € X1, and let @ € C9([0, +00), X1) be the solution of (4.6) with initial data @y. By
parabolic regularization, we have @(-,t) € Z; := Z N X for all t > 0, where Z is the weighted
Sobolev space

7 = {w e H'(R?); AY%w € [2(R?), AV?*Vw e LQ(RQ)} . (4.8)

For later use, we introduce the following quadratic form on Z:

Qw) = /R (A@Ve@)? - B@w@?) dr,  wez, (4.9)
e B —1+(an-2.va+a) =1+a-2V4 4.10
=145 (AM -5 VA A) = 147 ]2 (4.10)

We shall verify in Section A.3 that A /2 < B < 24, so that the form @ is well defined.

The following coercivity result plays a crucial role in our argument.
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Theorem 4.2. The quadratic form Q defined by (4.9) is coercive on the subspace Z1 = ZN X7 :
there exists a constant § > 0 such that

Qw) >46 | A(x)w(z)*dz, forallwe Z; . (4.11)
R2

The proof of Theorem 4.2 requires a careful analysis, which is postponed to Section 4.2
below. In particular, we shall see that the quadratic form () is not positive on the whole space
Z, because it takes negative values on a one-dimensional subspace made of radially symmetric
functions. If we restrict ourselves to functions with zero mean, the form @ is nonnegative but
vanishes on a two-dimensional subspace due to translation invariance. Therefore, all moment
conditions (4.7) are necessary to establish the coercivity of Q.

Returning to the solution & € C°(]0, +00), X7) of (4.6), we define for all + > 0 the quantities

J(t) = %/ﬂ@ (ﬂ(x)@(x,t)Q+q,z3(x,t)@(x,t)) de = J(@(t),
Q(t) = /R (2@ - B@)s@n?) de = Q@(1)). (4.12)

N(t) = % [ {A@ 50}l 0 de = N@().

The key observation is:

Proposition 4.3. If & € CY([0, +00), X1) is a solution of (4.6), the quantities defined in (4.12)
satisfy 3 .
J(t) = —Q(t) — N(t), for allt>0. (4.13)

Proof. Using the evolution equation (4.6), we find
J'(t) = / <ﬂ(m)(b(:c,t) + &(x,t))at@(x,t) da
RQ

(4.14)
= [ (70+5) (45 a2} - {5} ~ (5.5 ) .

We first consider the terms involving the diffusion operator £ in (4.14). We observe that

O(x,t) Lo(x,t)dx :/ &(z,t)? dz, (4.15)

R2 R2

because L@ = A® + 3 div(zd) and

/ @A&dx = / (Azﬁ)&)dm = / o dx,
R2 R2 R2
- - - 1 -
/ Y div(zw)dz = —/ (AY) (z- Vi) dz = —/ div(ﬂ:|V¢|2) dz = 0.
R2 R2 2 R2
On the other hand, integrating by parts we obtain by direct calculation

A(x)o(z,t) Lo(x, t)de = —Q(@(t)) —/ &z, t)*dz. (4.16)

R2 R2

We next compute the advection terms in (4.14), which are proportional to a. We claim that
(@) = / (ﬂ@m@)({@,@} + {zz,w}) dz = 0. (4.17)
R2
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This identity is not surprising, as it means that the quadratic form J is invariant under the
evolution defined by the linearized Euler equation at @, see (1.6) for an analogue in the finite-
dimensional case. It can also be verified by direct calculations:

1 oy 1 N
/RQﬂw{w,w}dx = Q/IRQﬂ{w,w }dx = 2/RQ{ﬂ,1/J}w dz =0,

/ 3,0} dz :/ [.0}ade = 0,
R2 R2
/ (10{4.0) + {0} da :/ o(A{d.6) + {D.0}) dz = 0.
R2 R2
Here we used the fact that {ﬂ, P } = 0, because A and 1) are radially symmetric. Moreover,
A, @} + {9} = (V)= - (AVw + V) = 0,

by the very definition of A, see (2.3). This proves (4.17).
Finally, integrating by parts the last term in (4.14), we find

- B AN 7 - 1 Y ~2
N(@) = /RQ (A +6) {3} dv = /RQ A, @} dz = 542{ﬂ,¢}w dz.  (4.18)
Combining (4.14)—(4.18), we obtain the desired result. O

To control the nonlinear term N (@), we use the following estimate.

Lemma 4.4. There exists a constant Cy > 0 such that, for all @ € Z, the nonlinear term (4.18)
satisfies

IN@)| < Co lAY 203 (|A 2] 2 + | A2V |2 ) (4.19)
Proof. We have |{A,¢}| < C|VA||VY| < Clz|A| V|, hence
IN@)| < C/R2 ] |VP| A &* dz < Cl|z|| V|| 125172 -

On the other hand, using Proposition B.1 in [16], Holder’s inequality and Sobolev’s embedding
theorem, we find

NzlVElllz= < Cl@)@ a2 + [{@)@l1s) < CA0 2 + | A2V 2)
where (z) = (1 4 |z|>)"/2. Combining these estimates we arrive at (4.19). O

We are now able to state our final result:

Theorem 4.5. There exist positive constants C1, €y, and p such that, for any o € R and any
@o € X satisfying ||oo||x < €o, the solution of (4.6) with initial data @y satisfies

o))k < Cylaol) e, forallt>0. (4.20)
Proof. If & € CY(]0, +00), X1) is the solution of (4.6) with initial data &g, we define

mo(t) = o)k = I 2e@)lIZ. (¢=0),  m(t) = [|AVe@)|7. (t>0).
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For the Gaussian vortex, we proved in Section 2 that Hardy’s inequality (2.25) holds for some
Cu < 1. Thus, by Theorems 2.5 and 2.8, there exists a constant v € (0,1) such that

1

Tmo(t) < J(t) < Smo(t),  t20. (4.21)

On the other hand, by Theorem 4.2, there exists § > 0 such that

Q(t) > dmo(t), and Q(t) > my(t) —2mo(t), t>0, (4.22)

where the second inequality follows from the definition (4.9) and the inequality B < 24. Taking
a convex combination of both estimates in (4.22), we deduce

Q(t) > p(mo(t) +ma(t)),  t>0, (4.23)
where p = /(3 + 6). Finally, it follows from Lemma 4.4 and Young’s inequality that

Y 1/2 1/2 H 2G3 2
|N(t)| < Como(t)(mo(t) / —{—ml(t) / ) < Z(mO(t) +m1(t)) + Tmo(t) . (424)

Now, as long as mq(t) < €2 := p?/(8C3), we have by (4.13), (4.21), (4.23), (4.24)

J(t) = =QW) = N(t) < =5 (mu®) +mo(t) < —uJ (1),
which implies
ymo(t) < 2J(t) < 2J(0) e < mg(0) e .

As a consequence, if we assume that [|@gl|3 = mo(0) < €2 := ve2, we have mg(t) < €2 for all
t > 0 and estimate (4.20) holds with C; =y~ L. O

We briefly indicate here the meaning of our result for the Navier-Stokes equations in the
original, unscaled variables. If w = a@ + @ where @ € C°([0, +00), X1) is as in Theorem 4.5,
the vorticity w defined by (4.2) satisfies, in particular, the estimate

/.

which means that w(-, 7) converges to a self-similar solution with Gaussian profile as 7 — +o0.
As is shown in [14, Theorem 1.2], that property holds in fact for all solutions of the vorticity
equation (4.1) in L'(R?), although it is not possible to specify any decay rate in the general
case. Note that the evolution defined by (4.1) in L'(R?) preserves the total mass, so that we
necessarily have [p. w(y,7)dy = « for all 7 > 0.

e !

yp—- dy = @(T_“/Q) , as T — +o00,

w(y, 7)

Remark 4.6. Ezxcept for a slight difference in the definition of the function space X, Theo-
rem 4.5 coincides with the well known stability result established in [14, Proposition 4.5]. The
approach originally developed by C.E. Wayne and the first author relies on conserved quantities
related to symmetries of the problem, such as the second order moment I(w) in (1.15). In many
respects, it is simpler than ours, and it provides an estimate of the form (4.20) with explicit
constants Cy and . Note also that, in the limit of large circulation numbers |a| — oo, the
enhanced dissipation effect due to fast rotation can be used to improve both the decay rate of the
perturbations and the size of the basin of attraction of the vortex, see [15].
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4.2 Coercivity of the diffusive quadratic form

This section is entirely devoted to the proof of Theorem 4.2, which is a key ingredient in The-
orem 4.5. We first observe that the functions A (x),B(z) in (4.9) are both radially symmetric,
with radial profiles A(r), B(r) given by the explicit expressions

A = S=1 B (e —1-2s) 41 s (4.25)

s - 22

On can also verify that B/A is a decreasing function of r satisfying 1/2 < B(r)/A(r) < 7/4 for
all » > 0, see Section A.3.

We next follow a similar approach as in Section 2. If w € Z is decomposed in Fourier series
like in (2.14), we have

Q) = 2% [0 () + 5 1) - Bt frar, a2

keZ

and we observe that w € Z; if and only if
/ wo(r)rdr =0, and / wai(r)r?dr = 0.
0 0

Introducing the new variables w, = AY2w, = eXwy, where y = %log(A), we obtain after
straightforward calculations

00 k?2
Q) = 203 [ {Iuh ) + 5 )P + W) prar (127
r
kez 0
where the potential W is defined by
1 B(r) r 1
_ - 1N\2 _ V()2 D e 2x(n) 4.9
W(r) = x"(r) + —x'(r) +x'(r) A XXl —g e (4.28)
The coercivity estimate (4.11) is thus equivalent to the inequality
e K 2 2 > 2
{]wk(r)\ + o) |w (1) + W (r)|wg(r)] }rdr >4 |wg(r)|” rdr, (4.29)
0 0
which should hold for all £ € Z under the conditions
/ wo(r)e XM rdr = 0, and / wir(r) e XM p2dr = 0. (4.30)
0 0

For any k € Z, we denote by Ly, the selfadjoint operator in Y = L?(R,rdr) defined by

1 k2
Lig = —;ar (rorg) + 39+ Wg. (4.31)

The domain of Ly, is exactly the same as for the harmonic oscillator in R?, because the potential
W defined by (4.28) satisfies

—-3/2 asr—0,

T 3
2 r2/16 as T — oo,

forall? >0, and W(r) ~ { (4.32)
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see Section A.3. Our goal is to prove the lower bound Ly > § in the entire space Y when |k| > 2,
and in the subspaces given by conditions (4.30) when k£ = 0 or k = £1. We consider three cases
separately.

Case 1: When |k| > 2, the desired inequality is simply obtained by comparing L with the
usual harmonic operator. Indeed, we know from (4.31), (4.32) that
1 K2 2 3 |E|
Ly > —9> - = 4 — - > 4.
k;> 67’ Tar+’["2+16 2_ 2 9 ( 33)
where inequalities are between selfadjoint operators on Y. Thus Ly > 1/2 when |k| > 3, and
there exists § > 0 such that Ly > ¢ when |k| = 2, because the inequality in (4.32) is strict.

Case 2: When |k| = 1, the lower bound (4.33) is of no use, but it is easy to verify that L > 0
in that case. Indeed, we claim that Lig; = 0 where ¢1(r) = eX(r) p e=*/4, Since g1 is a positive
function vanishing at the origin and at infinity, this means that 0 is the lowest eigenvalue of Ly
in Y when k = +1. To prove the above claim, we first observe that, for any (smooth) function
f on Ry, we have the identity

2
Lif = eXLy(eXf) = —%&(rA@Tf) + ]:—QAf—Bf, (4.34)

because this is the property we used to go from (4.26) to (4.27). On the other hand, in view of
(2.2) and (2.3), we have the identity

—%& (rA@rw*) = Wy, (4.35)

which holds in fact for any vorticity profile w,, if A is defined by (2.3). In the case of the
Lamb-Oseen vortex, if we differentiate the equality (4.35) with respect to r, we find that the
function f = —2w, =17 e~"*/4 satisfies the relation

—%Br(rAarf) +T—12Af— (A”+§A’-%A/>f = f. (4.36)

But A” +2A"/r —rA'/2 = B — 1 by (4.10), so combining (4.34) and (4.36) we conclude that
Lif =0if |k| =1, which is the desired result.

To get coercivity, we now restrict ourselves to the subspace Y; C Y of all functions g satisfying
(g,h1) = 0 where hy(r) = re X" see the second relation in (4.30). It is important to observe
that hy is not proportional to g1, so that Y; is not the orthogonal complement in Y of the
eigenspace spanned by ¢g;. However, we have (gi,h1) = 8 # 0, which means that the closed
hyperplane Y7 does not contain the eigenfunction g;. In view of Remark 4.8 below, we conclude
that there exists some d > 0 such that Ly > § on Y; when |k| = 1.

Case 3: Finally, we consider the radially symmetric case where k = 0. The difficulty here is
that the operator Lg is not positive on the entire space Y. A numerical calculation indicates
that Ly has one negative eigenvalue ug ~ —0.722, and that the next eigenvalue p; ~ 0.615 is
positive. So it is essential to use the first relation in (4.30), and to restrict our analysis to the
subspace Yj of all g € Y such that (g, hg) = 0, where ho(r) = e X("). Our strategy is to apply
Lemma 4.7 below with a = —po, b = p1, ¥ = ho/||holl, and ¢ = go/||go||, where gy denotes a
positive function in the kernel of Ly — po. Estimate (4.41) can be used to prove coercivity of Ly
on Yy if we have good lower bounds on the eigenvalues 1, ¢11 and on the scalar product [(¢, ¥)|,
which measures the angle between the linear spaces spanned by go and hyg.
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We first estimate the lowest eigenvalue pg. We know from the previous step that Lig; = 0.
Defining g = cg/r = ceXe /4, where ¢ = (2log(2))~Y/2 is a normalization factor chosen so
that ||g|| = 1, we deduce that Log = (2/r)0,g. This gives the relation

(Lo—i-%)g:R, where Rz%@rg—i-%g: <%—%)g, (4.37)
where we used the identity (B —1)/A =1—A'/(rA) =1 —2x/r, see (4.10). In Section A.3
below, we show that B—1 < 3A/4, so that R > 0. This means that the operator Lo—i—% admits a
positive supersolution, and using Sturm-Liouville’s theory we conclude that Lg + % > 0, so that
o > —3/4. Actually the function g is a remarkably accurate quasimode, in the sense that the
remainder R in (4.37) is small. The norm of R in Y = L?(R,,rdr) can be computed explicitly,
see Section A.4. The result is

/0 T R dr = m%g@) (3~ lo(2) — 21og(m) ) (4.38)

so that € := ||R|ly ~ 0.0396. Since Lg is a selfadjoint operator, we deduce that Lo has an
eigenvalue in the interval [—3/4,—3/4 + €|. Anticipating the fact (established below) that Ly
has a unique negative eigenvalue, we conclude that pg € [-3/4, —3/4 + €.

We next estimate the second eigenvalue u; of Lg. It is convenient here to observe that, if
g = eXf, the relation Log = pug is equivalent to the generalized eigenvalue problem EO f=unAf,
where Ly, is defined in (4.34). The second eigenvalue of that problem is characterized by the
inf-sup formula

p1 = inf sup (R[f])(r) = sup inf (R[f])(r), where R[f] = Lof

. 4.39
fEF r>0 feF >0 Af ( )

Here F denotes the class of all (smooth) functions f : [0,+00) — R such that f(0) = 1,
f(r) = 0 as r — 400, and f has exactly one zero in the interval (0,400). Our first trial
function is f(r) = e7*(1 — as), where s = r2/4 and a = log(2)~!. The value of « is chosen so
that the Rayleigh quotient has no singularity :

e (1 + (2—a)s + 2as?) — (14 (1—a)s + as?) r?

Rl = 25(1 —e=%)(1 — as) ’ T

It happens that R[f] is a decreasing function on R, with R[f](0) = —3/4+«a and R[f](+o0) =
1/2. In view of (4.39), this implies that 1/2 < p; < —3/4+ o =~ 0.69. A better approximation
is obtained using the improved try

a(l —2e /)
a—1+2e 121 —-a)’

flr) = e %1 —as)(l+ Bs), where g = 5

If 1/2 < a < log(2)~!, then B > 0 and the Rayleigh quotient has no singularity in the interval
(0, +00). Taking for instance o = 1.4 gives the excellent lower bound u; > 0.6.

Finally, we use the quasimode g in (4.37) and a standard perturbation argument to estimate
the true eigenfunction corresponding to the lowest eigenvalue pg. We first look for a non-
normalized eigenfunction of the form gy = g — f, where f L go. We have

0 = (Lo — po)go = (Lo — po)g — (Lo — o) f = R— (po+2)g— (Lo — po) f »

so that f = (Lo — o)~ * (R —(po+ %)g), where (Lo — o) ! denotes the partial inverse of Lo — pqg
on its range. The norm of that inverse is bounded by 1/d, where d = puj — g is the spectral
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gap. As ||R|| = € and |po + 2| < ¢, we conclude that || f|| < 2¢/d. The normalized eigenfunction
is
90 g1

*= a0l = I

Let ¢ = ¢éhg = ¢e™X, where ¢ = v/3/7 is a normalization factor chosen so that [|¢| = 1. A
direct calculation shows that

o
1
<w4»::c§/ e Ardr = 26 = — ~ 0.9365,
0

7\ log(2)

hence

— 2
V1=II7ll d
We use Lemma 4.7 below with a = —pg <3/4, d=a+b=pu; — po > 1.2, and € = ||R|| < 0.04.

In view of (4.40), estimate (4.41) shows that there exists some § > 0 such that (Lf, f) > 6| f||?
for all f €Yy = hj. This concludes the proof of Theorem 4.5. O

Finally, we state an elementary lemma that was used twice in the above proof.

(Y, 9) =

Lemma 4.7. Let X be a Hilbert space and L : D(L) — X be a selfadjoint operator in X. We
assume that there exist ¢ € D(L) with ||¢|| =1 and a,b € R with a+ b > 0 such that

i) Lo = —a¢p, and
ii) (Lg,g) > bl|g||* for all g € D(L) with g L ¢.
Then, for any ¢ € X with ||¢|| = 1, we have the lower bound

(L1, 1) 2 ((@+ D)6, 00 = a)IfIP, for all f € DL) with f L. (441)

Proof. Given f € D(L), we decompose f = (f,$)¢ + g, so that g L ¢. Since Lo = —agp, we
find

where the inequality follows from ii). We now assume that f L 1 and decompose ¢ = (¢, ¥)p+h.
By Cauchy-Schwarz, we have

[(Fo) = (LI < IFIP IR = 1P (= e, ) )
and combining both inequalities we arrive at (4.41). O

Remark 4.8. In the particular case where a =0 and b > 0, the kernel of L is one-dimensional,
and inequality (4.41) implies that the quadratic form of L is strictly positive on any closed
hyperplane that does not contain the eigenfunction ¢.

A Appendix

A.1 Integral inequalities involving logarithmic weights

Proof of Proposition 3.1. Let By = {z € R"; [z| < 1} and Dy = {z € R"; f(z) < M}. To
prove (3.1), we must verify that

/31 (log %) flx)dz S M + /Rn\D (log %) f(z)dz. (A.1)
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Let Q1 = {2 € By; f(z) < M|z|™™?} and QO = {z € By; f(z) > M|z|~"/2} C R"\ Dy;. We
have By = 21 U2y and

1 1 1
log— ) f(x)de < M ——log—dx = CM,
J,, (o ) 160 o o ' T

2 /Q (1og T fayar < 2 /R o, (e IO payar.

hence (A.1) follows by adding both inequalities. We next consider (3.2), which reads

IN

S
V)
—~
o
0]
=~
~
=
2
o,
&
IN

/DM (log fﬁ) flz)dz 5 M +/ (log |z]) f(x)da. (A.2)

(z) R”\ By

Let e = exp(1) and

ng{xeDM;f(x)Sm}, Q4:{x€DM;f(x)>m}.

Since t + tlog(1/t) is increasing on [0,e~!] and s ~ log(s) is increasing on [1,+00), we have

/Q3 <log %) flz)dx < M/Rn mbg(e(l—i—]w\)%) dz = CM,
/Q <log A‘;) f@)de < /Q log(e(14]2])?") f(z)dz < CM+2n/R (log |2|) f(z) da,

n\Bl

and (A.2) follows in the same way.

From now on, we assume that f is radially symmetric and nonincreasing in the radial direc-
tion. In particular, we have for all x # 0:

1 M /2
flx) < / fly)dy < ——, where o, = ——~. (A.3)
an|Z™ Jiy <z || 1+ 3)

Since t + log, (t) is increasing, we deduce that

/Rn\D (log f}g)) flz)da < /n<1og+ ﬁ) fx)de < CM+n/Bl <log %) flz)de,

which is the converse of (3.1). Note that, when n < 12, the first term C'M in the right-hand
side can be dropped, because «;,, > 1. In a similar way, we find

/Rn\Bl (log [z]) f(z)dz < %/Rn (log+ %@)) f(x)de < CM+/DM (log f]é)) f(z)dz,

which is the converse of (3.2). Again, the first term C'M in the right-hand side can be dropped

when n < 12. O
Proof of Proposition 2.2. Throughout the proof we assume that M := |lw|1 > 0. We
decompose E(w) = F1(w) + Fao(w) where
Ei(w) 1/1 L w@w()dzdy, =12
(W) = — og —— w(z)w x i=
i o By y)dz dy, 2,

and Q1 = {(z,y) € R2 x R?; |z —y| < 1}, Q2 = {(z,y) € R2 x R?; |z — y| > 1}. We have to
verify that the integrals defining the quantities E1, Fo are convergent under assumptions (2.6).
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First of all, using inequality (A.1) above with n = 2, we obtain for all z € R?:

1 w ()]
log w(y dng/ 1+ log w(y)|dy .
/y:v<1 |x—y|| ( )| RQ( + M >| ( )|

If we multiply both sides by |w(x)| and integrate over = € R?, we thus find

By(w)| < CM /RQ<1 +log, %)M(yﬂdy. (A4)

On the other hand, we have log [z —y| < log(|z|+y|) < log(1+|z|)+log(1+|y|) when |x—y| > 1.
This gives the bound

1

47 Qs
M

< —

- 27 R2

|Ba(w) (@) ()| (1og(1 + |o1) + log(1 + |y]) ) d dy
(A.5)

w(y)[log(1 + [y) dy -

Combining (A.4) and (A.5), we arrive at (2.7).

Finally, we assume that w € CZ(R?) and [z, w(z)dz = 0. The associated stream function
1 € C?(R) defined by (1.14) satisfies |[¢(z)] = O(|z|™!) and |u(z)| = |Vi(x)] = O(|z|72) as
|z| — o0, so that u € L?(R?). This allows us to integrate by parts in the first expression (1.13)
of the energy, using the relation Ay = w, to obtain the elegant formula E(w) = 1 [5, |u[*dz. By
a density argument, the conclusion remains valid for all integrable vorticities with zero average
satisfying a assumptions (2.6). O

A.2 Positivity of the potential V' in some examples

For the algebraic vortex (2.38) with kK = 1+ v > 1, the potential V' defined in (2.34) has the
following expression

(3 1 (21t — 29 — §? v
V(r) = (1) (3 2w—-1)r+ (v =1)r* =25 -8 > , where S = AT -1
If v =1, then S =1 hence V = 0. Otherwise:

o If v > 1, we have (1 +72)” > 1+ vr? for all r > 0, so that S < 1. We deduce

<71V+7«21>2 (-2+w+02), (A.6)

V(r) >

so that V(r) > 0 if 2 > 2/(v+1). In the region where 72 < 2/(v+1), we use the improved
estimate

vr? v—1 v2—1
S=— -2 4 0 A7
AP —1 > Tt T oY (A1)
which can be established by a direct calculation. This gives the lower bound
(v=1)r? 2 o (w=1)(v+1)* 4
V) > Sy <51/—|— 11+ (2 —1)r2 — S ) (A.8)

which implies that V(r) > 0 if (v+1)r? < 2.

o If 0 < v < 1, the calculations are entirely similar, except that all inequalities in (A.6)—(A.8)
are reversed. This shows that V(r) < 0 in that case.
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For the Gaussian vortex (2.39), a direct calculation shows that

‘Mﬁ:%—

1/2 4 2
i / s/ where s = TZ

1
271 e —1  (es—1)2°

Using the lower bound e® — 1 > s(1 + s/2 + s2/6), we obtain

1 1
Vir) > — (3—2 2)(1 + 5/2 4 s2/6)2 — 2(1 + /2 26—1)
(r) > 1s (L1s/21 52/6)2 ( s+s%) (14 s/2+ s°/6) (1+s/2+s%/6)
1 s
= - % (154125 + 1252 + 45° 4) 0.
4(6—|—3s—i—s2)2< tlest it st s ) >

A.3 Properties of the Gaussian vortex

Given the expressions of A, B in (4.25), we first verify that the ratio B/A is a decreasing function
of r. We have

E%fi:%@+mﬁmg, WMme)z%—@ir (A.9)
Since
p ef —1)2 — s%e? , sinh(s/2)? — (s/2)?
h'(s) = ! 52(65)—1)2 = —4e (82<62_1§2/ ) <0, 5>0,

we see that h is strictly decreasing on (0, +00) with A(0) = 1/2 and h(+o00) = 0. We conclude
that (B — 1)/A, hence also B/A, is a decreasing function of r, and that 1/2 < B/A < 7/4.

We next prove the lower bound (4.32) on the potential W. Since x = log(A)/2 with A as
in (4.25), a direct calculation shows that the potential W defined by (4.28) has the following
expression

s 1 1 s—1/2 s/4 72

= - - —_ - h = —.
W =372 % o-1 (e-n "o 5=

Inequality (4.32) is thus equivalent to the positivity of the function G defined by

B 1 s—1/2 s/4
G(s)—1—48— 1 (e -1 5>0. (A.10)

If s > 1/2, we use the lower bound e® — 1 > s(1 + s/2) and obtain

G(s) >

S
2 (7+45) > 0.
PR <7+ s) >0

If 0 < s < 1/2, the third term in the right-hand side of (A.10) has the opposite sign. To estimate
the denominator, we use the upper bound e® —1 < s(1+s/2)(14s2/5), which holds for s < 1/2.
This gives

G(s) > >

97 + 325 + 1552 43> 0.
_4(2—|—s)2(5+82)( st losT A ) >

A.4 Computing the norm of the quasimode (4.37)

In this section we compute the L? norm of the function R defined by (4.37). We recall that
g = cAY2e /4 where ¢ = (21og(2))"Y/2, and using (A.9) we observe that
3 B-1

1A i <1 - 2h(r2/4)> , where h(s) = — —
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It follows that

IR} = % 00(1 —2h(r2/4))2g(r)2rdr = Mj%g@) /OOO<1 —2h(s)>2§ (e*s _e*2s> ds.

Expanding (1 — 2h(s))? = 1 — 4h(s) + 4h(s)?, we decompose

11—4124-4[3
A1l
IRI = [ Ruyrar = S (A1)

where the integrals Iy, I, I3 are defined and computed below.

I = /Ooé (e*S — 672S> ds = log(2).
0

e Evaluation of I :

e Evaluation of I5:

G D)o
0 0 -

_ >l 1 2 >~ —st -5 —2s
= /0 <s eS—1> {/0 tse dt}(e e >ds
o0 o s —s(14+t) _ ,—s(2+t) —s(2+t)
/ {/ <e ¢ —2e5H) 4 L) ds} tdt
0 0 S es —1

%, 9 2
= / <1 gj———i-i/}(l)(?)—i-t))tdt,
0

1+t 241t

where (1) denotes the trigamma function [1, Section 6.4] :

1) 0 g8z d2
YW (z) = ds = —5 logI'(z), Re(z) > 0.
0 dz

It follows that

244 2 -1 3t f=teo
Iy = — log(2+t) — log(1+t) — 5+ t(logT) (3 +1) — (logT') (3 + 1)

t=0
= (7~ 6108(2) ~ 210g(m)) .

Here we used Stirling’s formula to compute an asymptotic expansion of (log F) (3+1t) and its
derivative as t — +o0. Inserting the values of Iy, I5, I3 into (A.11), we arrive at (4.38).
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A.5 The Poisson structure on &

For two functions ¢, on R? we use the familiar notation {¢, %} = 91021 — Oa11). Now, if
F and @ are two functionals of @, the standard way of defining their Poisson bracket is

{‘7’@}(”):_42“{%’%} dz, (A.12)
5F

where §7 is the usual “variational derivative” of #, namely, the function on R? defined by the
relation

d 0F
—F ) = — d
(Fowren)|_, = [, 5e@nas.
for all (smooth and compactly supported) increments 7. In particular, the variational derivative
of the energy functional (1.13) is ‘;—f = —1), where v is the stream function (1.14). As an

application, if w evolves according to the Euler equation dyw + {¢,w} = 0, we have for any
(smooth) functional F :

d 0F 0F OF
&9”@)) = — RQE{w,w}dx = /R? {E,E}wdx = {E,F}(w).

This is precisely the integrated form of the canonical equation dyw = {F,w}.
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