UNIFORMLY ROTATING VORTICES FOR THE LAKE EQUATION

TAOUFIK HMIDI, HAROUNE HOUAMED, EMERIC ROULLEY, AND MOHAMED ZERGUINE

ABSTRACT. We investigate the existence of time-periodic vortex patch solutions, in both simply
and doubly-connected cases, for the two-dimensional lake equation where the depth function of
the lake is assumed to be non-degenerate and radial. The proofs employ bifurcation techniques,
where the most challenging steps are related to the regularity study of some nonlinear function-
als and the spectral analysis of their linearized operators around Rankine type vortices. The
main difficulties stem from the roughness and the implicit form of the Green function connect-
ing the fluid vorticity and its stream function. We handle in part these issues by exploring the
asymptotic structure of the solutions to the associated elliptic problem. As to the distribution
of the spectrum, it is tackled by a fixed-point argument through a perturbative approach.
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1. INTRODUCTION AND MAIN RESULTS

1.1. Aspects of interest. In this paper, we are interested in the study of time-periodic solu-
tions of the lake equations, given by

{8tv+v-VU+Vp=0,

(L1) div(bv) = 0,

supplemented with an initial datum. In this set of equations, the space variable, denoted by
x hereafter, takes values in the whole plane R%. The time-independent function b : R? — R¥
describes the bottom topography (or depth function) of the lake, whereas the vector field v refers
to the velocity field of the fluid. Finally, the scalar function p designates the pressure. Further
assumptions on the coefficient b will be specified later on. The equations (1.1), describing
balanced flow without gravity waves, are basically recovered from the shallow-water equations
in an appropriate time-space scale limit [24], see also [3].

One of the most important features of the equations (1.1) is their equivalent vorticity formu-
lation, which we recall next

2 () +0-V (%) =0,
(1.2) div(bv) = 0,

w = curlw.

Note that the divergence free condition in (1.2) allows us to express bv as

(1.3) b= —Vty, VY (‘f@) :
1

where the potential v, solves the elliptic problem
(1.4) —div <%) =w

The lake equation, formulated as (1.2), has garnered considerable attention over the past
few decades, resulting in numerous significant contributions from both analytical and numerical
perspectives. Interested readers can find more comprehensive series of results on the well-
posedness of (1.1) in [1, 4, 35, 42, 43] and the references therein. Most of these results are
established in bounded domains, with or without island, under various assumptions on the
depth function b. For additional insights and progress on specific types of solutions, such as
point vortices and steady states, we refer to [6, 15, 16, 34, 44, 50].

It is worth noting that the vorticity reformulation (1.2) shares structural similarities with the
classical Euler equations, governing the motion of an ideal incompressible fluid. This similarity
is observed by setting b = 1 in the equations above. Additionally, under reasonable conditions
on the depth function b, a Yudovich theory for the lake equation (1.2) can be established, akin
to its known statement for the Euler equations [51]. As a consequence of such a theory, the
structure of an initial patch

w|t=0 = b]lD()v

for any bounded domain Dy in R?, remains unchanged by the flow. More precisely, the solution
associated with the preceding initial datum is given by

(15) w(tv ) = blp,, Dy = \II(t7 DO),
for all positive times ¢t > 0, where ¥(¢,-) is the flow of the log-Lipschitz velocity field v, defined
as the unique solution of the integro-differential equation

t
\Il(t,x)=x+/ v(T,\II(T,:Jc))dT, z € R2.
0

In this paper, our focus extends to a specific subclass of patches where the transported domain
Dy is exactly a rotation, by some angular velocity 2 € R, of the initial domain, referred to as
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V-states. In other words, we are seeking solutions of the form (1.5), where
(1.6) D; = Dye'™?,

for all times ¢t > 0. It is important to note that, in general and conversely to the Eulerian
case, the area of the transported patch may not be conserved. However, as a by-product of the
specific ansatz (1.6), the area of the transported domain in that case remains unchanged by the
flow.

Notably, in the case where the depth function is radially symmetric, one can prescribe a huge
class of stationary solutions with radial shapes. Among these steady states, it is readily seen
that the functions

w(t,) = b(]- |)]l{x€]R2: lz|]<a}y @ > 0,
and
w(t,) = b(] - |)]l{m€R2: az<|z|<ai}s 0<az <ay,
are solutions of (1.2) for all ¢ > 0.

Therefore, it is natural to seek time-periodic solutions in the vicinity of these steady states.
The justification for the existence of such solutions is the central theme of this work, and further
details on this will be provided later on.

Note that time-periodic (and time-quasi-periodic) solutions have previously been extensively
studied and established for various fluid models. The initial discovery in this direction for the
Euler equations, specifically for ellipses, dates back to Kirchhoff [41]. Subsequently, Deem and
Zabusky [14] identified cases with higher symmetries through numerical simulations. Burbea
[5] then proposed an analytical approach to rigorously justify their existence, based on local
bifurcation theory. Specifically, for any m-fold symmetry, m > 1, there exists only one branch
of V-states bifurcating from the Ranking vortices at the angular velocity €2, = "21—;11

Similar structures for the doubly-connected case have been explored in [13]. In addition
to that, several other properties of the V-states have been investigated for Euler equations,
including questions about the regularity of the boundary [8, 37|, the global bifurcation [31] and
the existence of multipole vortex patches [19, 20, 27, 33, 36]. Further other aspects have also
been addressed, such as the implementation of Nash—Moser scheme and KAM techniques to
construct time-quasi-periodic solutions; see [2, 29, 32].

Similar inquiries have been discussed about other active-scalar equations such as the gener-
alized surface quasi-geostrophic equation (SQG) [12, 25, 26, 28, 39, 46|, the quasi-geostrophic
shallow-water equations [18, 38, 49] or the Euler-a model [48]. A general approach generalizing
the previous results in the simply-connected case has been obtained in [40]. More recently,
bifurcation theory has been implemented for more complex coupled Hamiltonian systems, see
[30] for an interconnected layers model arising in geophysical flows and [47] for the Vlasov—
Poisson equation. At last, we also refer the interested reader to another set of results in a
three-dimensional setting [21, 23, 22].

1.2. Main results. Before we get into the details of the main contribution of the paper, allow
us to setup the basis of our assumptions on the bottom topography b as well as some notations
to be constantly used thereafter.

Qwverall sufficient conditions on b. The depth function b will be assumed to enjoy certain condi-
tions which are consistent with the vortex-patch solutions of our interest throughout this paper,
though they might not be optimal in some sense. The sufficient conditions on b are now listed
below for the sake of clarity and convenience, even though they will not be required as all of
them in every single result of the paper. More details of that will be discussed subsequently.

e (Regularity) We assume that the function b enjoys the regularity

(Hb1) b e C*(R?,R).
e (Positivity) We assume that b is positive, i.e.,
(Hb2) b(x) >0, forall zeR2
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e (Constancy at infinity) There exists Ry, > 0 and by > 0 such that

(Hb3) b(x) = by, forall zeR*\ B(0,Rs).
e (Radial symmetry) There exists b : [0,00) — (0, 00) such that
(Hb4) b(z) =b(|z|), forall z e R

For a mere of simplicity, with an abuse of notation, we will keep using b instead of b.
At last, we introduce the sequence

27
(1.7) Ap(a, B) % /0 Ky (v, Be™) cos(nn)dn,

for any given o, > 0 and n € N*, where K} refers to the kernel associated with the elliptic
equation (1.4), which will be defined and discussed with details in Section 2.2.

The first main result of the paper concerns the existence of time-periodic solutions of (1.2)
bifurcating from a given disc, which we state next.

Theorem 1.1. Let a > 0 and b be a function satisfying (Hbl), (Hb2), (Hb3) and (Hb4). Then,
there is a positive constant M (a,b) > 0 such that, for any m € N* with

m > M(a,b),

there exists a curve of m-fold symmetric simply-connected V-states for (1.2) bifurcating from
the stationary solution

W = b]l{:ceR2: |z|<a}s
at the angular velocity

1 a

Q= o) Tb(T)dT — A (ay a).
0
Remark 1.1. A precise expression of the constant M(a,b) is given in Proposition 3.1, below. In
particular, this constant is identically zero if b is a constant function. Moreover, it holds that
lim M(a,b)=0

16”1l Lo =0

and when b = 1, that
m—1
M(a,b) =0 and Q= ——,

2m
for any integer m > 1. These values of the angular velocities correspond to the same values

of Burbea’s result, previously established for Euler equations [5]. Accordingly, Theorem 1.1
above establishes “sharp” existence of m-fold symmetric V-states for any m > 1 (resp. large
symmetries m >> 1) if ||b”]|;« is sufficiently small (resp. if |||« is arbitrary large).

The second main result of the paper establishes the existence of doubly-connected time-
periodic solutions of (1.2) bifurcating from an annulus, which is the content of the next theorem.

Theorem 1.2. Let 0 < az < a1 and b be a function satisfying (Hbl), (Hb2), (Hb3) and (Hb4).
Then, there is a positive constant N(aj,a2,b) > 0 such that, for any m € N* with
m > N(ay,asz,b),
there exist two curves of m-fold symmetric doubly-connected V-states bifurcating from the sta-
tionary solution of (1.2)
W= bﬂ{xeRQ: az<|z|<ai}>
at the angular velocities
o def 1 /a1 Am(az, az) — Am(a1,a1)

- —5 Tb(T)dT + 5

2a7 Jq,

a1 2
+ %\/(%/ Tb(T)dT — Am(al,al) — Am(ag,a2)> — 4A$n(a1,a2).
1 Ja2
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Remark 1.2. By setting b = 1 in Theorem 1.2 we recover the same values of the angular velocities
for the Euler equations established in [13]. Moreover, in that case, the condition on m can be
shown to align with the constraints on the same symmetry parameter derived from the results
on the Euler equations [13].

Comments about the assumptions on the depth function b. It is apparent through the statements
of our theorems above that the assumptions (Hb1)—(Hb4) are sufficient for the construction of
time-periodic solutions of (1.2). However, we do not make any claim about their necessity
and optimality. Though, let us briefly shed light on the relevance of these conditions to the
mechanism underlying our methods and proofs of Theorems 1.1 and 1.2. Further discussion,
specifically focused on the elliptic problem (1.4), will be provided in Section 2.

e Condition (Hb1) is closely tied to defining the kernel associated with the elliptic equation
(1.4). While it has been shown to be useful and has been employed in other papers on
the lake equation [1, 17, 44], it is not strictly required in many parts in the study of
the elliptic problem (1.4). More precisely, it is particularly related to the decomposition
proposed in [17] of the kernel K}, see (2.8). Additionally, it is notably employed in the
regularity analysis in Section 3.3.

e Condition (Hb2) was commonly imposed in various other papers [1, 17, 44]. Our proofs
heavily rely on it and our approach possibly breaks-down otherwise. Allowing the depth
function to degenerate, as in [4, 35], for example, would necessitate non-trivial changes
in all the arguments presented in this paper. Therefore, it is currently unclear whether
time-periodic solutions could be constructed if b vanishes on a non-empty set.

e Condition (Hb3) was conjectured in [17] as sufficient to extend all the results therein
from bounded domains to the whole plane R? (see [17, open problem 2, page 1493]).
Additionally, our motivation for imposing this condition is justified by the objective
of studying rotating solutions, whose construction is primarily local-in-space. In other
words, roughly speaking, solutions of the form (1.5) are barely impacted by the behavior
of the depth function at infinity. Nevertheless, condition (Hb3) can possibly be relaxed.
Indeed, we believe that most of the results in Section 2 about the elliptic problem (1.4)
can potentially be established under appropriate assumptions on the decay at infinity
of derivatives of the depth function b, as is for instance discussed in [44]. Even though,
we emphasize that, with condition (Hb3) in hand, several properties of solutions of
(1.4) can be proven through direct computations via constructive proofs, which will be
detailed later on in Section 2.

e It will be noticed that the condition (Hb4) appears to be necessary in the construction
of the V-states. Indeed, this is used to generate Rankine vortices from which we can
bifurcate under suitable assumptions. Thus, for the sake of simplicity, we have decided
to discuss the elliptic problem (1.9) under the radial symmetry assumption on the depth
function b, that is (Hb4). Nevertheless, most of the results in Section 2 could be extended
to cover more general cases of the depth function b.

1.3. Challenges and roadmap of the proofs. The proofs of Theorems 1.1 and 1.2 will be
built upon the scheme laid out by the generalized version of implicit-functions theorem, that is,
Crandall-Rabinowitz’s Theorem A.1. To that end, in the simply connected case, the starting
point consists in observing that time-periodic solutions are patches, by definition, which obey
the following contour dynamics equation

L
b(=(t,0))

for all ¢ > 0, and § € T, where the unknown function z(¢,-) C D refers to a parametrization

of the boundary of the patch at time ¢t > 0, whereas n(t, 2(t, 0)) denotes the outward normal

vector to the boundary at the point z(¢,0) and 1), is the stream function that solves the elliptic

problem (1.4). In addition to that, time-periodic solutions will be characterized by a particular
5
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form

2(t,0) = R(0)el O+,
for some function R > 0 and some angular velocity 2 € R. At last, as is aforementioned, it is
natural to look for solutions close to the stationary state

W = b1{$€R2: lz|<a}s

for a given radius a > 0. Therefore, this leads us to the ansatz
2(t,0) = /a2 + 2r(0)el 0+,

where r : T — R. Afterwards, by incorporating the preceding ansatz in the contour dynamics
equation, one sees that the time-variable can be discarded from the equations, whereby we
arrive at the stationary problem

‘F(Qv T) =0,
for some functional F. The details of that are postponed and will be discussed in Section 3.1.
Likewise in the case of doubly-connected V-states near a given annulus, we emphasize that a
similar analysis leads to a two-dimensional functional system

G(9,11,72) < (G1(Q11,72), Ga(,71,72)) =0,

for some functionals G; and G which will be precised and discussed in Section 4, as well.

The strategy is then to show that the functionals F and G satisfy all the prerequisites in the
statement of Crandall-Rabinowitz’s Theorem A.1. This is mainly related to the regularity study
of these nonlinear functionals and the spectral analysis of their linearized operators around the
stationary solutions. In contrast to [5, 7, 26, 37|, the kernels involved in these functionals are
not explicit and with a quite rough regularity, making their analysis much more delicate. In
particular, our analysis cannot be included in the general work [40]. To give an insight onto the
encountered difficulties throughout our proofs, let us now focus on the main aspects on to the
reconstruction of the stream functions related to the elliptic problem

(1.9) —div(; V) = f,
with data b, f and unknown ;. We prove in Proposition 2.2 a Dekeyzer—Schaftingen-type
decomposition [17] in the form

(1.10)  ¥p(z)= | Kilz,y)f(y)dy,  Ki(z,y) = —5loglz —y|/b(z)b(y) + Sp(z,y),

RQ

with Sj being symmetric and of regularity W2P, for all p € (1,00). Note that a similar decom-
position was obtained recently in [44], using different arguments. Such a decomposition reveals
to be useful to describe the discrete spectrum of the linearized operator at the equilibrium
state, laid out in Lemma 3.4 and Proposition 4.1. More specifically, although no explicit form
of the eigenvalues associated with this linearized operator is available, we are able to develop
a suitable asymptotic expansion of the spectrum through a contraction argument. This is very
crucial and is discussed in Proposition 3.1.

As for the regularity of the functionals F and G, we rely on a new decomposition obtained
in Lemma 2.1 taking the form, in the particular case k = 1 from that lemma,

(o) = =3 [ Tog o~ ulbn) )iy +01()

with Vo, € W2P(R2), for any p > 2, provided that f is compactly supported and belongs to
the Lebesgue space LP. We believe that the generic statement of Lemma 2.1 could be used to
explore more important questions on related topics.

In the sequel, we are going to use the standard notations for Lebesgue, Sobolev and Hélder
spaces: LP(R?), H*(R?), H%(R?), C%(), C*(Q) ..., where p € [1,x], s € R, o € (0,1) and
Q) = R? or T2. The preceding spaces are then equipped with their standard (semi-)norms. Note
that a particular attention will be paid to homogeneous Sobolev spaces H* (R?) in Section B.2.1.
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For a mere of simplicity, we employ “<” instead of “< C” where the dependance on the
constant C' > 0 is not crucial. Moreover, we occasionally use the symbol “<s” to emphasize the
dependance of the preceding inequality on some parameter or function J.

2. ON AN ELLIPTIC PROBLEM WITH VARIABLE COEFFICIENTS

This section is dedicated to the analysis of the elliptic problem
1
(2.1) — div (EV%) = f,

where f = f(x) and b = b(z) are two given real functions defined on the entire domain R2,
Further precise assumptions on both f and b will be explicitly stated, later on. Notice that (2.1)
is relevant to the lake equation (1.1) as the stream function 1) is recovered from the vorticity
w by solving (2.1) with the source term f = w.

Our primary focus here is to discuss some qualitative and quantitative properties of v as
the solution of (2.1) with a general source term f. The main novelty in this section concerns
the new decomposition of solutions given by Lemma 2.1. Additionally, many other results are
collected here, though they may not be brand-new. For the sake of completeness, we supply
this section with a self-contained appendix (Appendix B), which provides a collection of some
complementary results and proofs that we present in a different (simple and self-contained)
fashion compared to some other references.

2.1. A priori bounds and decomposition of solutions. To begin with, let us assume that,
under reasonable conditions on the source term f to be specified subsequently, the elliptic
problem (2.1) admits at least a solution 7. This solution can in fact be shown to be unique
in appropriate functional spaces. We defer the discussion about the existence and uniqueness
of solutions of (2.1) to Appendix B.2. Moreover, the solution of (2.1) enjoys the classical
elliptic regularities as will be stated in the next proposition. For the sake of completeness, a
full justification of this proposition will be detailed in Appendix B.1.

Proposition 2.1. Let b be a C' function satisfying assumptions (Hb2), (Hb3) and (Hb4).
Further consider a source term f with the properties that
f € L' ((1+ |z])dx; R?) N LP(R?),
for some p € [2,00). Then, any solution of (2.1) enjoys the bound
(2.2) V200 | o g2y S 1F 1l )
for allm € (1,p].

Remark 2.1. By Sobolev embedding, it is readily seen that the preceding proposition entails
the control

Vi, € L™"(R?),

for all n € (2,00). The endpoint case n = 2 is not attained in general. However, the case 2 = oo
is reachable in the case p > 2. This is crucial and, once again, for a mere sake of completeness,
it will be further discussed in Appendix B.1.

Remark 2.2. Note that the results of the preceding proposition can be extended to cover similar
bounds on derivatives of the solution as soon as the source term enjoys extra Sobolev regularities.
More precisely, it is straightforward to show that, if the source term f is compactly supported®
and belongs to W*P(R?), for some k € N*, then it holds that

HVQZZ}I)HWj,m(RZ) 5 ‘|f||Wj7m(R2) ’

lHere, the assumption on the compactness of the support of the source term is made for the sake of simplicity.
This can be relaxed under adequate assumption on the growth of the function b.
7



for all m € (1,p] and j € [1,k]. Indeed, to see that for j = 1, we just need to expand (2.1) after
applying a directional derivative 0;, for i € {1,2}, to write that
i 1 0;b 0;b def
—div ( —V(9y)(z) ) = 0if(x) = Ahp—5 =V | =5 | - Vi, = F.
b(x) b b
This means that 0;1 satisfies the elliptic equation (2.1) with the new source term F. The
justification of our claim above for 7 = 1 amount then to showing that the new source term
F belongs to LP(R?). This is done by virtue of a direct computation using the results of
Proposition 2.1 and the assumptions on b and f. Moreover, we emphasize that this procedure
can straightforwardly be iterated to show the desired control for any j € [1, k].

In the next simple, but essential, lemma, we establish a new decomposition of the solution of
(2.1). In particular, this new decomposition allows us to regard (2.1) as a regular perturbation
of the classical Poisson’s problem with a suitable source term where the size of its LP-norm is
comparable to the same norm of the original source in (2.1).

A crucial observation here, which will come in handy later on, is that the remainder in the
new expansion of v, below can be set to be regular as much as we need, provided that b is
sufficiently regular. We believe that the features of the new decomposition given in the next
lemma go beyond the scope of the present paper as it can serve in other different situations.

Lemma 2.1. Let b be a function that satisfies assumptions (Hb2), (Hb3) and (Hb4) and belongs
to C*1(R?), for some integer k > 1. Further consider a compactly supported function f in
LP(R?), for some p € [2,00). Then, there are two functions @y, € LP(R?) and ¢j, € WF+2m(R?),
for all m € (1,p], such that any solution of (2.1) with source term f can be decomposed as

1
hy = —2—/ log | - —yler(y)dy + ¢
T R2

Furthermore, i is compactly supported and satisfies the bound
HSDkHLq(R2) Sb ||f”L‘1(R2) )
for all g € [1,p], and ¢y, enjoys the control
1@kl lviri+2m g2y So 1l Lm g2y »
for allm € (1,p] and any i € [0,k], as well as
VOl (r2y S Il nr2y »
for every n € (2,p].

Remark 2.3. We emphasize that the assumption on the support of the source term can be traded
with weaker assumptions on its growth in Lebesgue spaces along with suitable assumptions on
the growth of the function b in the absence of the stronger condition (Hb3). For the sake
of simplicity, we chose to restrict our selves to the case where the condition (Hb3) and the
assumption one the compactness of the source are in action, which are reasonable hypothesis in
the context of vortex-patch solutions of (1.2).

Remark 2.4. Later on, we will only need to apply the preceding lemma with k¥ = 1. This in
particular allows us to write that

(o) = =5 [ Togle sl ()dy -+ 6 (2).

for all z € R?, where the remainder term solves the equation

1 b
(2.3) — div <gv¢f> = Z—2 -V(A)H(bf)
and enjoys the bound
(2.4) Vér € WP(R?).
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Notably, this remainder enjoys a better regularity compared to the decomposition of the solution
proposed in [17].

Proof. Observe first that the elliptic equation (2.1) can be recast as

Vb
—Apy =bf — — - Vi,
This inspires introducing the following expansion of (s
k ~
=> i+ ¢k,
j=1
where gj is defined by the induction scheme
7 de - b .
A ¥ bf  and - Ag; Y - Vb Vi1, forall je[2,k]
whereas the remainder term ¢, in the expansion above is governed by the equation
. (1 Vb
(2.5) —div <EV¢>;€> =~ - Vor.

Notice that the assumptions on the supports of f and b imply that the right-hand sides in the
previous elliptic equations are compactly supported. Therefore, classical elliptic regularity for
Poisson’s problem (or simply consider Proposition 2.1 with b = 1) ensure the following bounds

(2.6) |93, ) 2 W1l
and
(2.7) |98, o, S 17 2mce

for all m € (1,p], n € (2,p] and j € [1,k]. Likewise for the remainder term, Proposition 2.1
yields the same bounds

HV%kHLm(Rz) So L fllpm(rey »
and
1Ykl gy b 15l oo gy -
We are now ready to justify the claims of the lemma. To that end, we introduce the functions

def Vb
b

def

01 = bf and 0j = Vd)J 1, forall je[2,k].

Accordingly, we define ¢y, as
k
def
Pk = Zgjv
j=1

whereby obtaining that

k

_ - 1
S = (-A) o = —5- | logl- —ylew(y)dy
— ™ JR2

Moreover, due to the bounds established in the first part of the proof together with the support
assumption on Vb deduced from (Hb3), it is readily seen that

H‘PchLq(W) Sb ||f”Lq(R2) )

for all ¢ € [1,p]. Let us now be more precise about the regularity of the summands <$j, which
will allow us to show that the remainder ¢ enjoys a better regularity. To see that, we proceed
by induction to show that
d)j c Wj+1’n(R2),
9



for any j € [1, k] and n € (1, p], with
[977285] . oy S5 172 ce-

Indeed, the previous claim is already proven for j = 1, whereas its proof for j € [2,k] only
relies on the observation that any solution of Poisson’s equation with a source term belonging
to W™4(R?), for some n € N and ¢ € (1, 00), belongs itself to W2+™4(R?). Thus, repeating this
procedure and utilizing the C'**(R?) regularity of b, altogether with assumption (Hb3), leads
to the desired regularity for aj. At the end, we particularly have shown that

VR € WHP(R?),

with B
96 e
Therefore, it follows that the source term in (2.5) is compactly supported (due to assumption

(Hb3)) and belongs to W*P?(R?) (by virtue of the preceding bound altogether with (2.7)). Thus,
in view of Remark 2.2, we deduce that

) Sb Hf||Lp(R2) :

H<I5kHWk+2,m(R2) Sb ||f||Lm(1R2) ’
for all m € (1,p]. At last, combining the previous bound with (2.6), we deduce by a direct
interpolation inequality, that

||¢k||Wz‘+2.,m(R2) Sb ||f||Lm(]R2)v
for all m € (1,p] and i € [0, k], thereby completing the proof of the lemma. O

2.2. Kernels and integral representation of solutions. Here, we show the existence of a
kernel associated with the elliptic operator

—div(b~'V.).

Several properties of this kernel will also be established in the next proposition which will serve
in the upcoming sections of this article. The solution of the following elliptic equation

(2  aiv, (i VoSt ) = 5 og o I VIAL (ﬁ) ,

for all # € R? and any given y € R?, is also relevant in a sense that will be made precise, now.

Proposition 2.2. Let b be a function satisfying assumptions (Hbl), (Hb2), (Hb3) and (Hb4).
Then, for any given y € R?, there is a unique solution® Sy(-,y) of (2.8) enjoying the bounds

ViSy(x,y) € Lige ((dy; R?); L™ (dx; R?)),
for all m € (1,p], and
VaSy(w,y) € Lise ((dy; R?); L (da; R?)),
for alln € (2,p], as well as
Sy € L (R? x R?).
Moreover, for any compactly supported function f in LP(R?), for some p € [2,00), the unique
solution of (2.1) can be represented as

(2.9) Yp(z) = . Ky(z,y) f(y)dy,

for any x € R?, where we set

def 1
(2.10) Ky(z,y) = —5-logle — y[v/b(@)b(y) + Sh(x,y),
for any x,y € R? with x # y.

2Here, the uniqueness of the solution is understood in the sense of Theorem B.1.
10



Furthermore, Ky(x,y) is symmetric for any x,y € R? with x # vy, i.e.

(211) Kb(fl?,y) = Kb(ywr):
and it is stable by rotations and involution transformation in the sense that
(212) Kb(R9 'maRQ'y) :Kb(l',y), Kb(Sl',Sy) :Kb(l',y),

for any 0 € [0, 27], where Ry and S denote the rotation matriz with angle 6 and the involution

operator, respectively, i.e.
def (cos() —sin(0)
Re = (sin(&) cos(f) )’
and

Sz |lz|e™,

for any given x = |z|e € R?, for some n € [0, 27]

Remark 2.5. The solution of the elliptic problem (2.1) defined through the integral representa-
tion (2.9) satisfies all the bounds on the solution of (2.1), previously established in Proposition
2.1. This will come in handy, later on.

For a mere of a clear presentation, we defer the proof of this proposition to Appendix B.4.
Let us emphasize in passing that the definition of K} in terms of the solution Sj, of (2.8) was
established at a first time in bounded domains in [17]. Very recently, similar results in the
case of the whole plane were claimed in [44]. On the other hand, for the sake of completeness,
the full justification of Proposition 4.1 will be discussed with details in Appendix B.4, using
different arguments compared to [44]. Our proof tends to be more constructive under suitable
assumptions on the function b.

We conclude this section by stating and proving a computational lemma which will be useful
the next sections.

Lemma 2.2. Let o, 5 € (0,00) and K} be the kernel associated with the elliptic problem (2.1)
as introduced in the preceding proposition. Then, it holds that

1 (27 B . b(a) min{a,3}
a / / Oy Ky (v, pe™) b(p) pdpdn = ———- / Tb(r)dr.
aJo Jo o2 J,

Proof. The proof follows from a direct computation, employing the explicit expression of solu-
tions of the elliptic equation (2.1). To see that, we first write

27 B ) 27 B )
/0 /0 8x1Kb(a,pe”7)b(p)pdpdn=< /0 /0 %Kb(x,pe‘”)b(p)pdpdn)

2w B ;
N (8351/0 /0 Kb(x’peln)l)(p)pdpdn)
- (8901 /Rz Kb(fv,y)b(\yD]lBady) ‘F(a,o)’

where Bg denotes the ball centered at the origin of radius 3. Therefore, by virtue of Proposition
2.2, we see that the function

o 0(a) & [ Kae )bl L, dy

z=(a,0)

z=(,0)

solves the equation
. (1
—div <EV¢> =blp,,

whence, since bl g, is a radially symmetric function, we obtain the explicit formula

|z| min{s,3}
P(x) = _/0 @/0 Tb(T)dTds + C,

S
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for some constant C' € R and all € R2. Deriving the preceding expression of 1/ in the direction
x1, then, evaluating the resulting formula at the point = («,0) and incorporating it into the
computations at the beginning of the proof yields the desired identity and concludes the proof
of the lemma. O

3. SIMPLY-CONNECTED TIME-PERIODIC SOLUTIONS

This section is devoted to the proof of Theorem 1.1. We shall split it into several subsection for
better readability. Some arguments from this section will also be useful in the doubly-connected
case, which will be the subject of Section 4, later on.

Notations. Before we get into the detailed analysis of the contour dynamics equation, allow us
to set up a few notations that will be employed throughout the sequel of this paper.

In the sequel, we will also agree the identification C ~ R? and we recall that the scalar
product of two complex numbers z; = x1 + iy; and 29 = x9 + iys is given by

21 - 22 = Re(z122) = w122 + 192

1 27
=%

for a mere simplification of our proofs, where T def R/27Z.
At last, for consistency of notation in Section 4, we now introduce the function

def 1 max{«a,8} B max{l,g}
(3.1) Qla,B) = = Tb(T)dT = Tb(ar)dT,

o? min{a,8} min{l,g}

We will often use the notation

for any given a@ > 0 and S > 0, which will serve in this section and the next one, too.

3.1. Contour dynamics. Here, we establish an equivalent reformulation of (1.2) in the case of
periodic uniformly rotating solutions. To that end, we begin with considering a parametrization
of the boundary of the initial domain Dy which is close to a disc of radius a > 0, namely

z: T~ 0Dy

0 — R(0)e? < /a2 1 2r(0)e".

Lemma 3.1 (Contour equation). Let 2 € R. The radial deformation defined through (3.2) gives
rise to a uniformly rotating, at angular velocity 2, vortex patch solution to the lake equation
(1.2) if and only if it satisfies the nonlinear contour equation

F(Q,r)=0,

(3.2)

where, for any 6 € T, we denote

2r rR(n) ) .
(33)  F@r)0) dﬁfﬂr’@H@% < /0 /0 "Kb<R<e>e10,pel")b<p>pdpdn>,

and Ky is the kernel associated with the elliptic equation (2.
Moreover, the trivial deformation, corresponding to r =
contour equation for all 2 € R.

1).
0, is a solution to the preceding

Proof. We first proceed to obtain the contour dynamics equation for a general parametrization
of the patch; then we particularly look after the case of a rotating domain.

Let us consider, for any time ¢ > 0, a parametrization z(¢,-) : T — 9Dy of the boundary.
Then, according to [37, page 174], we have, for any § € T and ¢t > 0, that

Opz(t,0) -n(t, 2(t,0)) = v(t,2(t,0)) - n(t, 2(t,0)),
12



where we denoted n(t, 2(t, 6)) the inward normal vector to the boundary 0D; of the patch at
the point z(t,0), i.e., we agree that

n(t, 2(t,0)) < i9p2(t,6).

Now, recalling that 1 is the stream function corresponding to the divergence-free vector field
—bv, defined through (1.3), and using the notation

V =20;, and V' =2ids,

we then compute that

00 (0 (1, 2(8,0)) ) = V(8. 2(2.6)) - y=(t,0)
20z (¢, 2(t, 0 )892(t,9))
(t.6))9=(5,9))
— (=, > ( (t,2(t,6))9=(t,6)
= —b(z(t,0))v(t, 2(t,0)) - n(t, 2(t,0)).

Accordingly, we obtain the general equation of motion

1
mag <¢b (t, z(t, 9))) =

Now, we particularize by looking for periodic solutions where D; is a rotation of the initial
domain Dy, namely

(3.5) D, = ¥ Dy.
This leads to consider the following parametrization for the boundary 0Dy
2(t,0) & ez (0) = R(9)e! ),

where z is the parametrization of Dy introduced in (3.2). On the one hand, it is readily seen
that

= Re

/N

I
=
B

/N
&3

§

(3.4) O=(t,0) -n(t,z(t,0)) +

dyz(t,0) = iQe ™ R(h)e?,
and

Dpz(t,0) = ¥ (iR(G) + r’(9)> e,
whereby, it follows that
,2(t,0) - n(t, 2(t,0)) = Tm (atz(t, e)m)
(3.6) = Qr'(0).

On the other hand, the radial symmetry property (Hb4) of the bottom topography b implies
that

(3.7) b(2(t,0)) = b(R(6)).

In addition, in view of the representation (2.9) , we write that
0n(t.200) = [ Ku(:(0.0).5)b00)ds
t

Therefore, we deduce by employing (2.12), (3.5), making the change of variables y — ye'®? and
utilizing (Hb4) that

i (t, 2(t,0)) :/D Kb(R(Q)ei(QHQ),yeim)b(yeim)dy

(3.9) - /D Ky (R(0)”, )b(y)dy.

13



Hence, inserting (3.6), (3.7) and (3.8) into (3.4) infers that
/ 1 —
00) + sy (), G0 ) =0

which implies in turn, via polar change of variables, that

2m rR(n) _
Qr'(0) + m% (/0 /0 Kb(2(9),p€”’)b(p)pdpdn) — 0.

This derives the contour dynamics as it is claimed in Lemma 3.1, above.
In addition to that, by employing the identity (2.12), followed by a change of variables, we
see, for all 6 € [0, 27], that

21 a 21 a
/O /O Ky (ae®, pe™)b(p) pdpdn = /0 /0 Ky (a, pe')b(p) pdpdn,

thereby yielding that

(3.9) Oy </027T /Oa Kb(aeig,pei")b(,o)pdpdn> =0.

Subsequently, it follows, for all Q € R, that (£2,0) is a zero of the functional F. The proof of
the lemma is now completed. U

Observe, from the proof above, that the functional F(2,7) can be recast, for any § € T, as

1 i
mae (T/Jb (R(9)6 0)) )

(3.10) F(Q,r)(0) = Q' (0) +
where ), def (0, ) is the unique solution of the elliptic problem (2.1) with source term f =
blp,. The preceding representation will come in handy in the regularity study of the contour
equation, later on.

We conclude this section by a simple lemma where we establish important symmetry prop-
erties of the functional F.

Lemma 3.2 (Symmetry properties of the functional F). Let Q € R, r € C'T(T), for some
a € (0,1), and F(Q,7) be given by (3.3). If moreover r is an even function, i.e.,
r(—0) =r(0), forall 6€]0,2n],
then, F(2,1) is an odd function, i.e.
F(Q,r)(—=0) = -F(Q,7)(0), forall 6¢]l0,2r].
Furthermore, if r is a m—fold symmetric function, for some m € N*, i.e.
r(0+2) =r(0), forall 0€[0,2n],
then, F(Q,1) is also a m-fold symmetric function.
Proof. Tt is readily seen that, if r is an even function, then 7’ is odd. Likewise for the m—fold

symmetry, i.e., if r is a m—fold symmetric function, then so is /. Thus, regarding the expression
of F in (3.3), we can restrict our focus on showing that the function

2r  rR(n) . )
0 — / / Ky(R(0)€", pe™)b(p) pdpdn
0 0

is even and m-fold symmetric, as soon as r is an even m-fold symmetric function. The parity part
follows by applying the second symmetry property of the kernel Kj given by (2.12), followed by
the change of variables n — —n. As for the m-fold symmetry property, it is shown by employing
the first symmetry property of the kernel K} given by (2.12), followed by the change of variables

n—n+ %’r The proof of Lemma 3.2 is now completed. (]
14



3.2. Spectral analysis. In this section, we study the linearized operator associated with the
functional F at the equilibrium r = 0 and we show that it acts as a Fourier multiplier. We
emphasize, however, that all the computations in this section will be completed with a detailed
regularity analysis in Section 3.3, below.

To begin, let us now compute the differential of the functional F at any point 7.

Lemma 3.3. Let F be given by (3.3). Let m € N*, a € (0,1) and € > 0 be a given small
parameter in such a way that the function F s differentiable according to Proposition 3.2.
Then, the differential of F at r € BS, . in the direction h € X, is given by

m,e
1

boR

4 F(Q.7)h] = QK + =05 (Q(r)h + P(r)[h]) + L(r)h,

where we set

27
P(r)[n)(6) < /0 h(n) Ky (R(8)e, R(n)e)b(R(n))dn,

i0

2r  rR(n) ) )
Qr)(H) =« RO) /O /0 ! V. Ky (R(0)e?, pe™)b(p) pdpdn,

! 2 R(n) ) )
L(r)(6) ﬁ%% < /0 /0 ! Kb(R(G)e“’,pe‘”)b(mpdpdn) ,

for all9 € T.

Proof. Recalling that F is given by (3.3), we only focus on differentiating

1 R(n) , )
T ] and T / K (R(@)ele, pe)b(p)pdp.
0

b(R(0)
For the first function above, it is readily seen that

1 boR

d-| —= | [h] = ——=——=h.
<b0R>H R x (b?o R)
As for the second one, by a direct computation, we find that
R(n) 0
([ RRO, )0l ) 1
0

= Ky(R(0)”, R(n)e™)b(R(n))h(n)

(e / oK (R(0)e, pe™)b(p)pdp | h(0)
oM +Kp e, pe)b(p)pdp :

At last, gathering the foregoing two identities completes the proof of the lemma. O

Now, we show that the linearized operator at the equilibrium r = 0 acts as a Fourier multiplier
whose coefficients are precise in the next lemma.

Lemma 3.4. Let m € N*, a >0, Q € R and a € (0,1). Then, for any h € X2 taking the form

h(0) = Z hy, cos(nmb),
n=1
for all 0 € T and some h,, € R, it holds that

4, F(2,0)[h](0) = =Y nm(Q - Q(a,0) + Apm(a, @) by sin(nmb),
n=1
are defined by (3.1) and (1.7), respectively.

15

where Q(a,0) and (An(a7a))neN*



Proof. First, observing that

P(0) Zh/ Ky(a ,e”)cos(nmn)dn,

yields, in view of (2.12), that

P(0) Z / Ky(a, aell~ 0)) cos(nmn)dn.

Therefore, by a change of variables, we infer that

P(0) Zh / Ky (a, ae') cos (nm(n + 0))dn
) cos(nm@) Zh / Ky (a, ae') cos(nmn)dn

) sin(nm@) Zh / Ky (a, ae') sin(nmn)dn.

Now, the second identity in (2.12) implies that the following function is even
n— Ky(a,aem).
As a consequence, we obtain the oddness of the function
n — Ky(a,ae) sin(nmn)
and by 27-periodicity, we deduce that
2 .
/ Ky (a, ae') sin(nmn)dn = 0,
0

thereby establishing that
e 2
P(0)[R](0) = b(a) Z b, cos(an)/ Ky (a, ae™) cos(nmn)dn.
- 0

Consequently, it follows that

1 ©
bo—R(r)ae (P(T)[h]) ‘r:(] = — nz::l hy, sin(nm) Ay (a, a).

Next, we take care of Q(0). To that end, observe first that, for any 6 € T,

i0 2w a ) .
Q(O)(9)=%- /O /0 V. Ky (ae, pe)b(p) pdpdn

1 2r  pra " .

== / / Da (Kb(ael ,pem))b(p)pdpdn
aJjo Jo
1 2r  pra i g

=- / / Ba (Kb(a, peln= ))>b(p)pdpd77-
aJo Jo

Thus, by performing a change of variables, again, we find that
1 2 a .
Q0)(0) = 5/0 /0 O, K (a, pe™)b(p) pdpdn.

Thus, by the explicit formula for the right-hand side given in Lemma 2.2, we deduce that
Q(0)(0) = —b(a)Q(a,0),

16



which in turn yields

%R(T)aa (@), = ~Q(a.0) 3 hnsin(oms).
In addition, we deduce from (3.9) that
(3.11) L(0) = 0.
All in all, gathering the preceding identities concludes the proof of the lemma. O

In the next lemma, we perform a detailed asymptotic analysis of the specific Fourier coef-
ficients A,, that appear in the expression of the linearized operator d,.F from the preceding
lemma. The results of the next lemma will be also crucial in the spectral analysis of the
doubly-connected V-states, which will be discussed in Section 4, later on.

Proposition 3.1. Let o, 8 > 0 and the sequence (An(a,ﬁ)) be as defined in (1.7). Then,

the following holds:

neN*

(1) The terms of the sequence (An (v, ﬁ))neN* expand as
(312) Al B) = An(o0) = VX (o ) 1 1 ),
where
a(a,8) & min { 5.2}
and
2 .
(313) a8 [ 8y 567 cosrun)n,
0

with Sy being defined as the solution of (2.8).
(2) Defining, on [0,00), the function

def d d 1
r—0(r) = o (ra <—b(r)>>

A max{«, 3, Roo },
where Ry > 0 being the radius of the ball defined in (Hb3), it holds that

(3.14) ntas ) < 24VB G2 (50 (£ -1) +1) Il

n

and setting

for any n € N* satisfying
(= 9 H@HLOO(RJr)y
where 04,5 denotes the Kronecker-delta-function of entries a and 3.

(8) The sequence (An(a,ﬁ))n>M(b) is positive, where

(3.15) M (b) © 16A 0| oo sy max { 1, LN
b(e)

(4) Moreover, in the case o = 3, the sequence (An(a,a)) ) is decreasing.

n>M(b

Proof. (1) Fix n € N* and «,8 > 0 and observe that the symmetry property in (3.12) is
obtained as a consequence of (2.12) by implementing the change of variable n — —n. This
leaves us with the proof of the second identity of (3.12). To that end, we first write, by using
the decomposition (2.10) of the kernel Kj, that

/ 27 27
(3.16)  Anp(o,B) = —M[ log | — Be| cos(nn)dn —i—/ Sy (cv, Be™) cos(nn)dn.
d 0 0
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Now, by virtue of (C.1), we find that

_ Vb(@)b(B) /2’r
27 0

log | — 8| cos(nn)dy = Yoo P (a, ).

Hence, identifying the second integral in (3.16) with the definition of f,, given by (3.13) concludes
the proof of (3.12).

(2) Since Sp(-,y) solves the elliptic problem (2.8), then it can be represented, by applying
Proposition 2.2, as

Sp(x,y) =

1
,z)logly — z|A | —— | d=.
(z,2)log |y — 2| (\/@)

Therefore, using the decomposition (2.10) in the preceding identity leads to the following split-
ting

\/7

Sp(w,y) =

1
log |z — z|lo —zZ|A | —— b(z)dz
. g | | log |y — 2| <m>\/()

1
,2) 1o —zIA | —— | dz
(z,2)log |y — 2| <M>

«f Sp1(x,y) + Spa(z,y).

We now take care of each term separately. Before we get into the details of that, note first
that using the radial symmetry of the bottom topography b and writing the Laplace operator
in polar coordinates yields

1 1d d 1 1
A =—-——|r— = -0(r),
( b(|z])> rdr ( dr ( b(r))) r (r)

for all z € R? with 7 = |z|. Thus, for §b71, we proceed by utilizing a polar change of variables
and twice the identity C.1 to find that

2 )
/ S (a, ,86”7) cos(nn)dn
0
\/7 27 ) 2m ) )
= (r / log |av — re‘9|/ log | Be — el | cos(nn)dndddr
0 0

42 J,

¥ (r) /27r log |a — re'?| <—w> cos(n@)dfdr
0

ot / O ()" (r,)m"(r, ) dr

whereby, we have shown that

2T
/0 S (0, ) cos(rmdn = YO a, ),

where we set
5) Y [ e (. r, i
0

Then, we control U,, by employing the elementary computation

min(a, 8) | max(a, §)
1l | 2n—1 )

g [T, pi—at(a.0 (|a A+
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to obtain that
U, 8)] < 10l 1z /0 o (r, a)u™ (r, B)dr

min(a, f) = max(o, f)
2n+1 * 2n —1 )v

— O] " (@ B) (\a 8+

thereby arriving at the bound
(3.18) Un(e, B)| < Crm"(av, B),

where C,, is defined as

» 4A|0]| Lo mty, if a# B,
(3.19) o, &

WHGHL‘*(R*‘), if a=4,

where A is defined in the statement of the proposition. Now, we expand the term involving §b72
by proceeding in a similar way as before to write
2m

sb,2<a,5ei">cos<nn>dn

/b 2T 27
/ Sp(a, reie) </ log |Bel — rel?| cos(nn)dn) dfdr
0

0 / o(r ( / - Sp(a,rel?) cos(ne)cw) dr

/ o(r B) fnlc,r)dr.

Therefore, noticing that the hypothesis (Hb3) implies that © is compactly supported in the ball
Br. C Ba, it follows from the previous computations that

(3.20) fulen8) = Y

Now, note that the sequence f,, is uniformly bounded due to its definition (3.13) and the bounds
on function Sy from Proposition 2.2 which imply that

Un(a, (r, 8) fn(ev, 7)dr

Séll\ll)* an“Loo([QA]z) <27 HSbHLOO([QAP) < 00.

Thus, for any € € (0,1), defining
fnla, B)

def
Gne(@) = sup

pelo,A] | O(B) (@™ (e, B) + €)
it follows
fala, B) Cn 1Ol ooy (4 , "
o 75 = B+ el s D)) )
Cy A0 oo m+
< 5+ nel0)—— 2,

for the fact that

sup  m"(c1,c2) < 1.
617026(0700)

Now, choosing n € N* in such a way that
AO]
> 1l (R

’I’L_f,
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we find
gn,a(a) <
which, upon taking the limit € — 0, yields

(3.21) o) < Yo, ),

which completes the justification of the bound on f,, after noticing that

1
o (50 (2 1) 1) 10himr

(3) We establish now the positivity of A,, for n sufficiently large. To that end, we write, in
view of (3.19) and (3.21), that

n"(av, B) (n b(a)b(B) — 4A\/@H@HLOO(R+)) .

2n?

An(Oé,B) 2

v

Therefore, it follows that

An(a, B) >0,
for all n € N* with
4A
n > Ol ;e ,
o) O] oo (m+)

which yields the non-negativity of A, (c, ) under the stronger condition stated in the proposi-
tion

n > M(b),

where M (b) is introduced in (3.15).
(4) Now, let us assume that a =  and we compute, for any n > 1, that

Anfara) = Aia(ra) = 5 (o) = fusaanl
> oty e o)l ~ s (o)l

Hence, noticing that the bound (3.19) and (3.21) imply

oy < PAlOlx e VO

for all n > N(a,a,b), it then follows that

n3 ’

bla) 4A|O] Lo mt)y/b()
An(aa a) - An+1(a7 a) > An2 - n3 ’

Consequently, for a given ng € N*, we deduce that the sequence (An(a, a))n . is decreasing if

>n

1 16
no > A0 7 max<{ —, ——— »,
0 ” ||L (]R"r) { 2 \/b(—a)}
which is clearly implied by the simpler condition that ng > M (b) as claimed in the statement

of the proposition and concludes its proof. O
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3.3. Regularity analysis. The aim of this section is to provide a detailed analysis of the
regularity properties of the functional F. This analysis allows us in particular to justify the
computations laid out in Section 3.2, above, which will also serve in the doubly connected case,
later on.

In the sequel of the paper, for a fixed integer m € N* and real parameter a € (0, 1), the
spaces X, and Y, are defined by

X5 def {f e C(T) : f(0) = if” cos(nmb), f, €R, 0 € T}

n=1

and

oo

yo ¥ {g € CT): g(6) = Y gnsin(nmb), g, €R, 6 € 11‘}
n=1

and equipped with the usual C'*® and C® norms, respectively. Moreover, for a given € > 0, we

set

def
Bg%s = {f € Xyt ||f”cl+a < E}.

In addition to that, allow us to clarify some vectorial notations that will be exclusively used
in this section. For any given two vectors u = (u1,u2) € R? and v = (v1,v2) € R?, the bilinear
application

u®v:R*xR* 5 R
is defined, for any z,y € R?, by

(u®v)(z,y) < (u-)(v-y).
Applying it to the canonical basis (e, e2) of R?, we obtain, for any (i,7) € {1,2}?, that
(u@v)(ei e5) = (u-e)(v-e;) = uvy,
which gives the following representation of the tensor-product

u®vd§f <U1U1 uwz) € My(R).

U201 U202

NOW, for given two matrices A = (Aij)lgi,jSQ and B = (Bij)lgi,jSZ in MQ(R), we define the
double contraction of A and B by

A:BE Y 4B
1<4,j<2

/

In particular, one also sees that, for given vectors u = (u1,us2), v’ = (u},u}), v = (v1,v2) and

v’ = (v],v}) in R?, we have

2 2
(u@v): (W)= Z UV UV; = <Z umi) Zvjv; = (u-u)(v-0).
i=1 j=1

1<i,j<2

3.3.1. On the continuity of some singular operators. For a later use, we now discuss some
fundamental results which will allow us to show the continuity of operators with singular kernels.
We first recall an important lemma whose proof can be found in [39, Lemma 2.6] and [13, Lemma
1].

Lemma 3.5. Let a € [0,1) and consider a measurable complex-valued function K, defined on
T xT\{(0,0), 0 € T}. Assume that there exists a constant C > 0 such that

_ ¢
(7

21

[K(0,m)] < forall 0#neT




and that 0 — K(0,n) is differentiable with
C

14+a”
6—n

Then, the complex-valued function defined on T, for any f € L*>(T), by

27
0 TF(0) % /0 K(6,n)f(n)dn,

belongs to C*(T) and satisfies

|09 K (60,m)] < forall 6 +#neT.

1T fllce Sa CllFll e -

Now, we establish three essential consequences of Lemma 3.5 which will come in handy in
the regularity analysis of contour dynamics, later on.

Corollary 3.1. Let a > 0 and (a, s) € (0,1)x][0, 1]. Consider a real-valued functions r € C1T%(T)
with

(3.22) [7llgr+a < €0,

for some small parameter €9 > 0. Accordingly, we define the function

(3.23) 60— R(0) Y /a2 + 2r(0).
Then, the function

0eTw— T f(0) = %t / log ‘R(H)eie — sR(n)em
0

defined for any f € L*(T), belongs to C*(T) and enjoys the bound
1Tsfllce < Callfllpe s

for some constant C, > 0 which is independent of s.

(m)dn,

Proof. The proof directly follows by applying Lemma 3.5 provided that we show that the kernel
defined by

(0,m) — Ky(0,m) < log | R()e — sR(n)e"

satisfies the assumptions of Lemma 3.5 for a constant C' which is independent of s. To that end,
observe first, by a continuity argument together with the smallness assumption (3.22), that

(3.24) ggfr R(0) > g and zlel%r) R(6) < 2a.
Besides, writing, for any s € [0,1] and any 0,7 € T, that

R(0)e — sR(n)e . R?(0) + s*R*(n) — 2sR(0)R(n) cos(n — )

(3.25)
— (R(0) = sR(n)* + 4sR(O) R(n) sin® (%57 ),

it then follows, by continuity and using (3.25) and (3.24), that there exists a small parameter
s0 € (0,1) in such a way that

R(Q) a . 0—
> 7 S 2 o]
> > 4‘sm< 5 ) , forall se€]0,s0]

2
On the other hand, by utilizing (3.25) and (3.24) again, we obtain that

2 T o (57 2 v on ()

Putting together the last two estimates leads to the lower bound
Za\i%‘&n( )’, forall 6,neT.
22

‘R(G)eio — sR(n)e"

‘R(G — sR(n)e"

, forall se€[sg,1].

2 inf - i
(3.26) 861%71]\3(9 sR(n)e




Moreover, using the fact that
(3.27) z — 27 |logz| € LS.(RY),
for all v > 0, we then deduce that

C
|KS(9777)| < ﬁa
‘sm( 2”)
for all n # 0 € T and some constant C' > 0 which is independent of s.
Likewise, computing that
R(0)el — sR(n)e™

00,1 = 0 (RO)) - R(6)e% — sR(n)en]’

and utilizing the bounds (3.22), (3.24) and (3.26), we infer that
C C

’— o— 0—n S ] o— 14+a°
(7] )

for all n #£ @ € T, up to suitably change the constant C, above. At last, Lemma 3.5 applies to
conclude the proof of Corollary 3.1. O

’aGKs(aa 77)

Corollary 3.2. Let a, s, Ry and Ro be respectively defined in terms of r; and 79 as in Corollary
3.1 by also assuming that r; and 7o satisfy the smallness assumption (3.22). Further define the
following operator acting on L*°(T) by

2
def [T ~

foTf< Ks(-,n)f(n)dn,
where we set, for any § #n € T,
IN(S(G, n) def log ‘Rl (9)619 — sRy(n)em

0

—log )Rg (0)el — sRy(n)e

Then, T,f € C*(T) and it holds, for any g € [0, «), that

o Sa I =r2lla £l e

Proof. First remark that the mean value theorem implies, for all z,y € R, that
lz—yl
min{z, y}
Thus, combining this estimate with (3.26) and employing the triangular inequality, yields

’ {Rl(e — SRl 177‘ ’Rg 9 — 8R2 177‘ ’

|logw —logy} <

[Ks(0.m)] S ;
sm( 277)’
< 1B = Rofl e .
. o—
jin (%57)

Now, observing that

r —Tre
3.28 Ri—Ry=2——,
( ) ! 2 Ry + Ro

and combining this identity with (3.24), it is readily seen then that
[B1 = Roll oo S llr1 — 72l oo

which implies in turn that
1 — 72l oo

()

| K,(0,n)

’ ~
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On the other hand, we deduce from (3.27) that
C
. (o-n\|7’
sin <T77>

for any v > 0. Hence, in view of the preceding two bounds, we write, for any 6 # n € T and
B € (0,1) to be chosen in a moment, that

| K(0.7)

|[Ks(6,m)] <

= |K(8,n)|"|K@.m)]"

o Am=ralfe

~ B+v(1-8)
sin (Q_T”> ’

Therefore, choosing S > 0 small enough by setting, for instance, that

=555 ad fe @),
we end up with the desired control
B
~ r1 — 73|70
(3.29) Ra0.m) s 102

sin (077”)
Likewise, we first observe that
|09 (R1(0)e) — 0 (R2(0)e”)|
|Ra(0)el? — sRa(n)e|
R1(0)€l — sRy(n)e B Ro(0)el — sRa(n)el
|R1(0)e — sRa(n)ei|®  [Ra(0)e¥ — sRy(n)eb|*|

109K 5(8,m)| <

o (o)

Then writing, in view of the elementary bounds

X1 X | X1 — Xo|

IX12 [ Xal?] T min{| Xy, | Xo[}?
and

’ X1 Xo 2

IX112 [ Xal?] T min{|Xy|,[Xa|}’

with the values
X = Xi(0,n) = Re(0)e — sRi(n)e, ke {1,2},

that
X X | X XX X |7
X112 [ Xo2| X2 [Xe?2] |[Xa? [ Xaf?
X1 — Xp|*

™ min{] Xy, [ X[}
it follows, by further utilizing the bound (3.26), that

R — Rollcr | |I1R1 — Ral|7 ,
‘sin (0_77’)‘ sin (9_T”>‘1+a

Now, notice that deriving (3.28) and estimating the resulting identity in L*°, yields

|80k5(97 77)’ S.JO(

[R1 — Rallen S llre = raflen -
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Hence, since 8 < « and 71, ro satisfy the smallness condition (3.22), we arrive at the control

~ [r1 — rallgn
106 Ks(0,m)] S W
3
Iy — rallg

N NI

i (%2)|
At last, combining the preceding control with (3.29) allows us to apply Lemma 3.5, thereby
completing the proof of Corollary 3.2. O

We conclude this section by stating the following corollary whose proof can be done along
the same lines as shown for Corollaries 3.1 and 3.2.

Corollary 3.3. Under the assumptions of Corollaries 3.1 and 3.2, further consider a complex
valued function h € C1T*(T) and define the operators Ty, g and 7Ty, by

2

o Kn,r(-,n)f(n)dn,

f=Thrf = ;

and )
def T~

fThf = ) Kn(-,n) f(n)dn,

where, we set, for any 6 # n € T, that

def R(0)e'? — R(n)em ' <h(9)ei9 B h(n)ei”>
[R(0)e® — R(n)em|> \ R(O)  R(n) )’

Kh,R(97 7])
and
o def
Kn(0,n) = Knr, (0,7) — Knr,(6,n).
Then, Ty rf and Th.f belong to C(T) with

1Thrfllco Sa l1hllgisa £l Lo s

|72f].... Sa e = raliZa Al 1
for all g € (0, ).

The next two lemmas can be seen as variations of Corollaries 3.1 and 3.2. Even though their
statements are similar, the proofs of these lemmas require a careful attention and they do not
straitforwardly follow from the statements of the previous results of this section.

Lemma 3.6. Let f be an element of L>°(T) and R be as in Corollary 3.1. Then, the function
defined, for any (p,0) € RT x T, by

27
def i i
Al ) [ 1og[pe” — R | fn)an

enjoys the bound
10041y gyr) S 1 ey
for any finite 6 > 0 and any p € [1,00).

Remark 3.1. A direct consequence of the preceding lemma is that the function
2
z = / log |z — R(n)e™| f(n)dn
0

belongs to VVI})’({D(RQ) and, up to a multiplicative constant, obeys the same bound from the lemma
in terms of the given function f.
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Proof. To get started, noticing

f(n)dn,

/ R(n) +2R( ) sin®(5°%)
R(n))” + 4pR(n) sin*(%57)
3.

and recalling the bounds from (

24 )
(3.30) < R(n) <2a, forall neT,

a
2
yields that

( p — R(n) + 2R(n) sin*(5%)

2
2
(0~ R())” + 4pR(n) sin®(157)
for all 8,7 € T. Therefore, we deduce that

(3.31) 10041, »((0.2

) L{o<p<2}ufda<p<sy = O(1),

(4(1 5)><T) ~ Hf||L°°

It remains now to establish the same control on the compact domain (%, 4a), where the variable
p is away from the origin but within the singular set of the function

p — R(n) + 2R(n) sin*(5%)
2
(0= R(1)” + 4pR(n) sin®(152)
To that end, letting € € (0,1) to be chosen in a little while, we first notice the bound

def
D(p76a77) = {%<p<4a}'

1 1 .
+ = Tgacpesa
T R () ) e

[D(p,0,m)| <

(3.32)

+ 1 1{E< 4
12 . 9_ p<da}
lp— R(n)| © sin? (—2") !

which is obtained by decomposing the nominator in the definition of the function D along with
the elementary interpolation inequality

(3.33) A+ >,

which is valid for any positive numbers ¢; and ¢y and any parameter ¢ € [0, 1]. Thus, for any
given p € (1,00), we obtain that

IDC 0, gpey S 14—y (/4 b o)
Uy +) ~ — )
Lp(Rt) sin25 (9—77> % |p _ R(n)‘p(l 2¢)

2

whence, by making an adequate change of variables and choosing ¢ sufficiently close to % in
such a way that

1
(3.34) p(l1—2)<1 and O0<e< 3

we infer that

1
4a do P
||D('797n)HLP(R+) ST+ . 2¢ (06— (/0 0.p(1—2€)>

for any 6,n € T. Hence, by virtue of the choice ¢ follows that

i

27
| IDC 8o £ ldn £ 1l
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where we have utilized the fact that

N e LY(T),

1
in2e [(6=m
sin“® <T>
uniformly in 8 € T as soon as € < % Consequently, we deduce that

10040 (03 syr) S I licry-

All in all, combining this bound with (3.31) concludes the proof of the lemma. U

The next lemma in this section establishes a continuity aspect with respect to the functional
R in the preceding lemma.

Lemma 3.7. Let Ry and Ry be respectively defined in terms of r1 and ro as in Corollary 3.1.
Furtehr define, fori € {1,2} and any given function f € L*>°(T),

27 ) )
Ai(p,0) /0 log)pew — Ri(n)e"| f(n)dn,

for any 0,m € T. Then, it holds that

19,41 = 3,40, S 1Ry = Roll Foo iy I1F ooy

?((0,6)xT) ~
for any B € [0, %) and 6 > 0.
Proof. We begin with noticing that
p— Ri(n) + 2Ry (n) sin®(157) p — Ra(n) + 2Ry (n) sin’ (5%)
(0= Ra(m)” + 4pRa(m)sin®(50)  (p — Ra(n))” + 4pRa(n) sin?(757)
= O(|Ri(n) = Ra(n)))

for all 6,7 € T, whose justification solely relies on the bound (3.30) and the fact that the variable
p is localized away from the potential values of R(n). Thus, it follows that

(3.35) 10041 — 0pAa]| , »((0.2)0(40,8)xT) > S Ry = Rell ooy 11| oo (my

]l{o<p<4}u{4a<p<6}

Now, we focus our attention on obtaining a similar bound within the domain (%, 4a) x T where
the function

Dl(paean)_DQ(pvgan)
déf( p — Ri(n) + 2R (n) sin? (5= 9) B p — Ra(n) + 2Ry (n) sin?(2 )

1sa

2 2 {4 <p<da}
(0= Ri(n)” +4pRa(n)sin*(%52)  (p— Ra(n))” +4pRa(n) sin® (T)> !

is singular. Here, we need to perform additional splittings. We proceed by introducing the
notation

def
a=a(n) = |Ri(n) - Ra(n)| <1
and, accordingly, writing

|D1(p,0,m) — Da2(p,0,n)| < <|D1(P,9ﬂ7)\ + ‘D2(p707n)‘)]1-{|pr1(n)|§2a}ﬂ{|pr2(77)\§2a}

+[D1(p,0,7) = D2(p, 0,0) [ L1, Ry (m)|> 201 (|~ Ra(m)] >0}
+[D1(p,0,1) = D2(p, 0,0)|1{], Ry() > 203 (o~ B ()| >0}

< <|D1 (pv 0, 77)| + |D2(p, 0, 77)‘)]1{|p—R1(n)|§2a}ﬂ{|p—R2(n)\§2a}

+2|D1(p, 8,1) = Da(p,0,10) |Ljp— Ry (n)|>a}n{|o—Ra(m)[>a)

def
= D1(p,0,m) + D2(p,0,7).

Notice that the validity of this decomposition is due to the partition

R xT = ({lp — Ri(n)| < 20} n{lp — Ra(n)| < 2a}) U{lp— Ri(n)| > 20} U{lp— Ra(n)| > 20},
27



and the triangular inequality
o= Ri(n)| = |p — Ro(n)] — > a,

in the case |p — Ra(n)| > 2a and vice versa. Next, we take care of D; and Dy separately. To
that end, by means of the same arguments laid out in the proof of Lemma 3.6 to estimate the
function D therein (see in particular (3.32)), we infer that

1
2 s

a p
[D1(+, 0, )| Lo (m+) Z </ ]l{lpRi(n)Sh}dp)
2 4 ;
1 ¢ Lp-Rrim)<20) '
Fry ([ g
Sil’l28 (%) i=1 % ’p - Rz(n)‘p( K
1

for all 6,1 € T, where the smallness condition (3.34) on the choice of € € (0, 3) was employed
in the last line. Hence, it follows that

2
(3.36) /0 1D 0.0 oy |F @l S IRy = Rl oy 1l ey

uniformly in # € T, where we set

(3.37) g % —(1-2¢) > 0.

We turn our attention now to the estimate of Dy. To that end, we write that
(Rg(n)—Rl( ) (1 — 2sin?(15%))
(p = R2(n))” + 4pRa(n) sin(252)
—|—<p—R1( ) + 2R (n) sin®

(D1 — D2)(p,0,n) =

‘)
<T"
(%))

: 1
X <(P - Rl(n))Q + 4PR1( )S]Il (WT) (p — R2(n))2 N 4pR2(n) Shﬁ(%@))
_ (Ban) — Ri()) (1 — 2sin?(152))
(b= Ra((1))” + 4pRa(n) sin®*(%5°)

+ (p— Ra(n) + 2Ry (n)sin® (152) ) (Ra(n) — Ra ()
(p— Ri(n)) + (p — Ra(n)) + 2psin®(3%)
(o= Ra(m)” + 4pBa () sin® (%)) (0 = Ra(n))” + 4pRo(n) sin?("5%) )

Therefore, employing (3.30) once again together with the interpolation inequality (3.33) for
suitable values of parameters leads to the control

’(Dl - DQ)(,O,G, 77)’

X

1 1
< |Ri(n) — R 1+ + ,
o M‘( o~ R PO sin® (551) o — Ra(m) PO sin%(—@;"))
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for all p € (4,4a) and any ¢ € (0, 3). Thus, we find that

1 1
4a P 1 2 4a ]]_{| —R'( )|>a} P
Dy (-, 0, <a /d +— / Pr=Y g
|| 2( 77)HLP(R+) < % p) SinQE(O_Tn) ; % |p o Ri(n)|2p(17€) p
1 6o do d
<
a (1 + Smgs(a%n) </a O-2p(1—€)> >
1 1_9(1—¢)
S all+ 7 P
sin® (%51)
1
<ol 1+ ,
( sin25(92”)>
where, § > 0 is introduced in (3.37). Thus, it follows that
2m
[P0 gy £ S 1R = Bl 11y
uniformly in 6 € T, whence, combined with (3.36), we deduce that
10,A1 — 3pA2HL,,((%V4a)XT) SR - R2Hﬂoo(qr) 1Nl oo Ty -
At last, putting this bound and (3.35) together concludes the proof of the lemma. O

We conclude this section with the following simple lemma that establishes a continuity prop-
erty of composed Holder-functions. This will serve to simply the conclusion of the proof of
Proposition 3.2.

Lemma 3.8. Let my and mo be two Lipschitz-continuous functions on T. Further consider a
function ® € CF _(R?), for some k € (0,1). Then, it holds that

loc
[ (m1) = ©(m2)| o ry < Ca lma = mallcair -
for any a € [0, K] and for some constant Cg > 0 depending on the C*-norm of ®.

Proof. We only focus our attention on the estimate of the difference in C* as its control in L™
easily follows from the fact that the supremum of continuous functions is attained on compact
sets. Now, we introduce the parameter

def
§ = [m1 —mal|cita

and we write that

(0(m(0)) = 0(ma(61))) — (2(ma6) ~ 2(mat6)))

sup
161 62| <1 01 — Oo]
< sup ‘@(m1(01)) — q)(m1(192))’ n ‘(I)(mg(el)) — (ID(mQ(OQ))‘
161-62/<6 |01 — 2] 161 — 65
‘(I)(ml(el)) - (b(mQ(el))‘ “I)(m1(92)) — <I>(m2(92))|
! 53\;213251 ( |01 — 02| * 0, — 6o ) '

Therefore, employing the assumption that ® belongs to C*(B;3), with

_ def
m = max{||m1||Loo(T) ; ||m2||L°°(']1‘)}’
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it follows that
}@(ml(ﬁl)) — @(m2(01)) — <I>(m1(02)) — @(mg(eg))}

sup

101 —02|<1 01 — 62|
[ma(01) —ma(02)" | [ma(61) — m2(92)|ﬁ>
<||®llcw(p.y Sup ( +
| HC (Bm) 101—62]<5 01 — 6] 0, — 6]
M1 — ma||7 e ()
+ | Pl nim. sup .
12llcx(.0) 5<lor <1 ( 10, — 6o

Hence, by employing the Lipschitz-regularity assumption on the functions m; and mse, we arrive
at the bound

)(@(rl(el)) — <I>(7"2(91))> - <¢(T1(92)) - ‘1)(7“2(92)))‘

sup < 2(|1®f| e,y 07
|61—02]|<1 |61 — O]~ C*(Bm)
thereby completing the proof of the lemma. O

3.3.2. Regularity of the functional F. In Proposition 3.2 below, we rigorously show that the
functional F is differentiable in a well-chosen functional setting. This will allow us to compute
the linearized operator and study its spectral properties, later on.

Proposition 3.2. Let a € (0,1) and m € N*. There exists € > 0 such that the functional
F:Rx B . =Yy

is well-defined and is of class C*. Moreover, the partial derivative Ood,JF exists in the sense
that

ad, F i R x BY . — L(X,Y,2)

mr - m

and is continuous.

Proof. The symmetry properties of the functional F are already established in Lemma 3.2,
above. Hence, we only focus here on justifying the regularity and continuity of F as well as
its derivatives. Recalling first the contour representation (3.10), it is then readily seen that the
claims of Proposition 3.2 above are reduced to showing that the mapping

1 .

0y (0 (R(0)€) ) : B . — C(T

b(R(Q)) 0 wb( ( )6 ) m,e ( )

is well-defined and is of class C*, for some ¢ > 0 and all (m,a) € N* x (0,1). Moreover, note,
due to the assumptions on b and r, that we can further restrict the justification of the preceding
claims to the functional

T

r s Oy (1/15(]%(9)619)) L B2, — C(T).
To that end, we first employ the decomposition from Lemma 2.1 to write that

O (%(R(H)ei@)) = _% Op </D log |R(0)e! — y|b2(|y\)dy> + 0y <¢R(R(9)ei9)),

310y (6) () (0)

where the remainder ¢p € VVlif (R?) is determined by (2.3) and can be recast in terms of the
kernel K as
1

Vb
(3.38) Or(2) = o | Kp(z,2)75(2) - Va | loglz —ylb(y)dydz,
™ JR2 b Do

for all z € R%. Next, we will take care of each term separately.
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Regularity of H. By a straightforward computation, we find that

H(r)(6) = ~00 (RO)) - [ 9, (log RO - o]} (u])dy

Dy

27
— /0 log |R(6)e — R(n)e"[b2 (R(n)) 8y (1R(n)e™) - D (R(e)ei9> dn

27
20 (RO)") - [ / log |R(0)e® — pe| (bl ) (o),

where we have utilized Gauss—Green theorem in the second identity, above. Therefore, by
further employing the identity

(3.39) 0y (i me™) - 09 (9(0)e"”) = 33, (F(0)g(n) sin(6 — n)),
we arrive at the expansion
H(r)(0) = Ha(r)(0) + Ha(r)(0),

where

2
Ha(r)(6) < /O log | R(8)e” — R(n)e"|b? (R(n)) L(r)(8,n)dn,

L(r)(6,m) = 83, (R(O)R(n) sin(6 — n))

and
27
Ha(r)(0) * 20y (RO)E") - | / log |R(8)¢" — pe1|(b) (o) pdpdy

We now deal with each term in the preceding decompositions separately, and we will only prove
their C! regularities, for the fact that the functionals above are well defined can be easily
justified by making use of the same arguments below. First, we compute that

2 ei@ Ci
() [110) = [ Vet (0)e? — R (M~ M) 6,008 (RO
2m . . h '
+ /0 log |R(9)619 — R(n)emlagn (%R(@) sin(f — 77)) b? (R(n))dn
2
+ Oy (%eie> . /0 log |R(9)ei9 — R(n)ei”|877 (iR(n)ein) b2 (R(n))dn
o 0 in / M
+ 2/0 log [R(0)e” — R(n)e|L(r)(8,1)(b) (R(n)) ) dn),

where we have used the identities

4, (L(r)) [h)(6.m) = 0, (%R(@ sin(0 n>) Lo, (%R@) sin(0 n>)

and, in view of (3.39), that
h(0) . . ; h(9) ;
2 _ i i0
Oy, (WR(n) sin(f — n)) =0y (1R(n)e 77) - Op (We .
Now, it is more convenient to utilize (3.39), again, to write that

L(r)(6,m) = 9, (iR(n)e™) - 0y (R(6)e")

and then that

27
dr(Hl(T))[h](Q)291,1(9)'/0 T1(0,m) f11(n d?H—Zg“ / To(6,m) f1,:(n)dn,
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where, we set

Ty(0,n) = log|R(0)e' — R(n)e"|
and
fia(n) € 8, (iR(n)e™) b (R(n)) g1.1(0) < 9y (R(6)e?)
fuz(n) = 0, (1e™) 2 (R(n), 91.2(6) = 9 (R(0)e")
f1,3(n) o Oy (IR(TI)GI") b? (R(U))a g1,3(0) o 0 <%€19>
Fra(m) = 250, (iR(me) (b) (R()), g1.4(0) = 9p (R(0)")

Likewise, we compute that

e (#alr)) 110) = 00 (i) - [ tox|RO)EY ~ 419, 021D

v (r0)e) [ (M. g 70) - o] ) ¥, (D) dy
2w

+20; (R(O)") - /0 log |R(0)e"” — R(n)e™|(bb') (R(n)) h(n)edn.

Therefore, using that Vx(log |z — y|) = —Vy(log |z — y|), we get
o (ro) - [ (M v (s - 1)) 7, @) d
=~ (a0 (r0)e?) o MY < [, ((0) 9, (1o 1RO — o).

Dy

By further employing Green—Gauss theorem to write that

0 (RO)e") - /DO <h1<%9(>;)“’ V. (log |R(0)" - y|>> vy (t*(Iy))) dy

et 2 ) . _ _
=2 (a@ (R(e)e“’) ® hg()e) ) : /0 log |R(0)e® — R(n)e"|(bb') (R(n))e" @ 0, (iR(n)e™) dn

h(0)e'?
R(0)

+ <ag (R(H)eie) ®

it then follows that

)i [ toslr@) 519 (D)

2 27
(o) 110) = 3024(6) - | To(0.) o sr)n + Ta(6) + T,

where, we set

f1(n) = 2066) (R(m)) h(m)e™, 921(0) < 95 (R(6)€)

e i . i e i el?
Faa(n) 260 (R(n)) e @ 0, (IR(n)e) ,  g22(0) % 0y (R(6)) @ LU

and

T20) < 0y (0 30) [ 10 |RO) — |V, (1)) dy.
r6)° ) |,

oif .
Ty(0) & <ae (RO)*) @ %) : /D log |R(6)e — y[V2 (b*(lyl)) dy.

32



Now, assuming for a moment that
Tl, Tz eCc” (T)

and noticing that g;; and f;; belong to C*(T) and L>(T), respectively, for all possible values
of the integer parameters (j, k) above, we conclude, by virtue of Corollaries 3.1, 3.2 and 3.3,
that

d,H e LX), Y,0).

Let us now show that Yo belongs to C%(T). To that end, we first notice that

/ log|R(6)e — y|V (bQ(IyD)dy’S sup/ log |z = yll dy [[V* (0°) | e ) +
Do xz€Bs J Dg

sup
0eT

for any ball B, whose radius satisfies
p 2 || Rl ooty -

Moreover, writing that
| 10g RO)F = 3195 0(51) dy = w (RO)).
0
where it is seen that w solves Poisson’s equation
Aw = V2(b*)1p,,
it then follows that
[w (RCYE) | eaery S IRy 1wlla ey S IRy wllyimn e

where we set
(3.40) pa ™ 2 € (2,00)
Thus, by virtue of Proposition 2.1 and (Hb1), we deduce that

i 272

[[w (R(-)e )HC&(T) S I Blleery [V*(o )HLPa(DO) < oo.

All in all, combining these bounds with the assumption that » € C1T%(T) yields To € C*(T).
In addition to that, we emphasize that the same preceding arguments apply to estimate Y1,
entailing the same conclusion that Y1 € C*(T), too.

Now, we are left with justifying the continuity of functional

T d.H(r)
from By, . into L(X7,,Y,7), i.e., we claim that
sup ||d-H(r1)[h] = drH(r2)[h]llca = O,
[hllg1+a <1
as
Hrl — 7"2“01+a — O

For the sake of clarity, we keep the same notations for all the functionals introduced above and
they will be further indexed, hereafter, by r; or ry to precise the dependence on the functions
r1 or T, respectively.

Below, we will only focus on the analysis of non-classical terms T; and Yo, given by the ex-
pansion of d.Hs, above, for the treatment of the remaining terms follows by a direct application
of Corollaries 3.1, 3.2 and 3.3. Note that we can further restrict our proof below to Ts, for the
same analysis applies to T, as well. To that end, we first write that

T2,7"1 (0) - T27T2 (9) = (Hh (9) - HT2 (‘9)) : JT1 (9) + HTz (9) : (JTl (9) - JT2 (9))7

where, we denote, for any 6 € T, that

1, (0) & <39 (R(H)eie) ® h(0)6w>
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and
7(@) 2 [ tog RO)" i () dy
Therefore, it is readily seen that .J,, E C%(T) and that
My =y [l ga S [1Rllga 71 = 72llorta -

Now, we write, for any 6 € T, that

(Jry = Jra) (60) = /D (10g|R1 (0)¢" — y| — 10g | Ra(0)" ~ y[) V2 (4(ly))) dy

(/ / >1og|R2> — V2 (b3(|y])) dy
DOrl DOTQ
def

= Al( )+A2(

Thus, by denoting

25(0) ¥ SR (0) + (1 — s)Ra(6),

and employing Taylor’s expansion, we obtain, for any 6 € T, that

. 1 .
AL() = (R1(9)—R2(0))elg-/0 /D Ve log|zs(0)e’ — y|V3 (b(|y])) dyds

1
— 21 (R1(6) — Ra(6))e” - / (VA (1, V2()) ) (w4 (6)") ds.
0
In the sequel of the proof, we will be using the bound

sup Ry (0) < 2a, ke {1,2},
0eT

which has been shown in (3.24). Thus, it follows, by the composition law

H (VA‘1 (1p,, v2(b2))) (s()e") ]

< (L IRt ller ey + IRellenny ) [IVA™ (Lo, V2(62))

C(T)

Hca (B2a)’
that

18l S lIrs = ralleag (1+ 1 Rillor iy + 1 R2llorn) ) VAT (@, V20| asyy

Now, as the function
def | —1 272
v AL (1), V2(?))
is a solution of Poisson’s equation
Av=1p, V*(b?),
the bounds
272
190l g2y < V20| e o,
and
HVUHc'a(Rz) S Hvuwz,pa(w) S HV2(52>”Lm(Dr1)
follow by a direct application of the Lemma B.1 and Proposition 2.1, thanks to the assumptions
(Hb1) and (Hb3) on the depth function b, where p, is defined in (3.40). Hence, we deduce that

121l oy S It = r2ll g | V2(
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which takes care of the estimate on Ay. As for Ao, we first perform a change of variables in
polar coordinates to rewrite it, for any 6 € T, as

27 1
80(0) = [ [ 108 Ra(0)6" = Ry (n)e (5. sy

2m 1
[ [ 0B Ral0)6” — sRa()e (s, ),
o Jo
where we denote, for k € {1,2}, that

wn(s.) S sB2 o) (V2 (2 () |

y=sRy(n)
Therefore, it follows that

2 rl
Ao (0) = /0 /0 (log |R2(0)e? — sRy(n)e™| — log |Ra(h)e? — sRQ(n)emD Ury (S,m)dsdn

2 1
[ [ 1o RO ~ Ry (ur, ) (s, m)dsdn,
o Jo
Hence, by virtue of Corollaries 3.1 and 3.2, we infer, for all g € (0, «), that

182llca S Il = r2liga sl o o,11xm2) + Nt = trsll oo (0,11 B -
Thus, as the function u,, — u,, is continuous, whence its maximum on the closed set [0, 1] x Ba,
is attained, we deduce that
|82llca S 1 = r2lig sl o ey + [(ry = wra)(s0:m0)],

for some sg, 7m0 € [0,1] x Ba,. Hence, due to the preceding point-wise bound and assumption
(Hb1), it is readily seen that

lim  [Agflge = 0.

”Tl _7'2H01+(x —0

All in all, combining all the preceding bounds, we finally deduce that

lim sSup HT?ﬂ“l - T2,T2Hca =0,
r1=r2llci+a=0 \ ||Al| g14a <1

which concludes the proof of the desired regularity properties for H.

Regularity of K. The desired regularity of that term stems from the high-regularity of the
perturbation ¢, which is the crux of the new decomposition in Lemma 2.1. This is a generic
property and can be observed in other settings. We proceed first by writing, for any 6 € T, that

K(r)(6) = 9y (R(G)eig) Von (R(e)eie) .

Therefore, by virtue of the fact that ¢p € I/Vl‘z’f(Rz), for all p € (1,00), it is then readily seen
that

0 — K(r)(0) e C*(T),
as soon as r € C'*%(T). Moreover, we compute, for any h € C'*(T), that

d, (K1) [1)(6) = 0 ( o eie) Von (R(O)e)

+ (ae (R(e)ei") ® %ei") . Vg (R(a)ei")

+ 0y (%ei") VeR (RO):),
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where the last term above comes from differentiating the expression (3.38) with respect to R
(inside the integral) and is given by

/

00 21
By enl@)™ [ [T Kt 500, ([0 le” ~ ROD(RG)dn) pd

for all z € R?. In particular, by virtue of Lemma 3.6 and the assumption (Hb3) on the function
b, one sees that
/

b 2 . .
(r,0) — b—Q(p)Bp (/0 log | pel? — R(n)e"|b(R(n))d77> € LP(R* x T),
for all p € [1,00). Thus, by means of Proposition 2.1 (see also Remark 2.5), we deduce that
VEn € Wi,l" (B?) < CRLo(R?)
with p, being defined in (3.40).
Hence, by a similar argument, relying on the Wlif“—regularity of V¢pr, which is again a
consequence of Remark 2.4, together with the symmetry properties established in Lemma 3.2,

we deduce that
AK€ L(XS, Y.

mr - m

We are now left with proof of continuity of d,/C with respect to the r-variable. To that end,
we first write by means of a direct computation that
h . h .
Op | =€) —0p | =€"
’ (Rl ) ’ (32 >

1drK(r1)[h] = drK(r2)[P]ll o < |R1llcr [(VORy, VER) | co(By) ‘
h
89 (R—2€ )

i h i h
O (Rlel ) ® — — Oy (R2€ ) ® —HC ||R1||Cl HV2¢R1 Hca(32a)

C«

+[|Vér: (Rae") = Vor, (Ree") | co

Cao

R1 R2

h
(7).
: h ; i
O (Roe") @ 1|l [[V20m, (Bac") = V2om, (Rac")| o
2 ||

The most challenging terms in this collection of bounds are
|VER, (Rie") — VEr, (Rzei')Hca S 1Ruller IVER, — VER, |l ca(pyy)

l

+ | VR, (Rie") — VEr, (Rae") | ca

l

(3.42) . )

+ |VER, (Rae") = Ve, (Rach) |
and
gy 1700 (0€) = 0 (B en S Vln (9260 = P00l

+[V26r, (Rie") = V26, (Rae") || »
whereas the remaining ones can be estimated in a similar, or even easier, way. Notably, we

already have prepared the ground to estimate them due to the analysis laid out in the previous
lemmas. In particular, noticing that

VEry, Vibr, € Wigl" (R?) = Cioe(R?),
for k € (0,1) being defined as
e 2 2
Hd:fl——>1——:a,
dk Pa

it then follows by a direct application of Lemma 3.8 that
|V?¢r, (Ri€") — V26R, (R2€")|| g S [IR1 — Rallgn®
and

[V€r, (Rac") ~ Ven, (Fact)] oo < 11 — Rall®
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This takes care of the last terms in the right-hand sides of (3.42) and (3.43). On the other hand,
the first terms in the right-hand sides of these inequalities will be controlled by using a different
argument. More precisely, owing to the definition (3.41), employing Sobolev embedding and
the elliptic-gain of regularity (see Proposition 2.1 and Remark 2.5), we infer that

IVER, = VER |l ca(pyn) S I€R: — ERillyir2.0a (r2)
<[ 0o - Aio.0)
where R is the constant introduced in assumption (Hb3) and with
Ailp,0) < /T log [pe'” — Rq(n)e"[b(R(n))dn.

Thus, by a direct application of Lemma 3.7, it is readily seen that
IVER, = VER: lca(py) S |1 B1 = Rollfee

i

LP(pdpdf;(0,Roo ) X T)

for any 8 € [0, ;- L.
At last, it only remains to estimate the first term in (3.43). To that end, we notice that the
representation (3.38) entails that
¢R1 - ¢R2 = ¢E(:C)7
where ¢ is given, for any € R?, by
def 1 Vb
op(r) = o Je Kb(x Z) 5 12 (2) -V, /RQ log|z = ylb(y) (Lgyep,} — Liyensy) dydz,

which represents the remainder term in the decomposition given in Lemma 2.1 of the solution
of (2.1) with the new source term

f=1p, —1p,.
Therefore, by virtue of Sobolev embedding and the elliptic-gain of regularity (see in particular
Remark 2.4) we deduce the bound

Hv2¢R1 - V2¢R2Hca(32a) 5 Hd)EHWS,Pa(RQ) S H]1D1 - 1D2”LM(R2)’
which in turn implies that

| Ry— }122“L°°_’0”v ¢R1 \4 ¢R2HCO¢ Ba, )

All in all, combining the previous estimates concludes the justification of the desired regularity
properties for K and completes the proof of the proposition. O

3.4. Proof of Theorem 1.1. We are now in position to employ all the preceding results above
and from the previous sections to finally establish all the prerequisites to applying Crandall-
Rabinowitz’s Theorem A.l1 and, subsequently, deduce Theorem 1.1. This is achieved by the
following proposition.

Proposition 3.3. Let a € (0,1), a > 0, M(a,b) be defined through (3.15) and € > 0 be
determined by Proposition 3.2. Then the following assertions hold for all integers m > M (a,b):
(1) The linearized operator
d, F(Q,0): X5, — Yy
has a non trivial kernel if and only if

0e {Qnm ©f 0(a,0) = Apm(a,a), ne N*} ,

where Q(a,0) and (An(a,a))neN* are defined by (3.1) and (1.7), respectively.
(2) Moreover, ker (d,F(Qm,0)) is a one-dimensional vector space generated by
0 — cos(m@).

(8) Furthermore, the range of dpJF (S, 0) is closed and of co-dimension one.
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(4) As for the transversality condition, we have that
90 dy F(Qm, 0)[ cos(m-)] ¢ Range(dyF (2, 0)).
Proof. (1) Let h be a function in X given, for all § € T, by the expansion

h(0) =Y hy cos(nmb),
n=1

for some scalars h,, € R. We also recall, in view of Lemma 3.4, that
&, F(2,0)[h](0) = =Y nmgnm (9, a)hy, sin(nmd),
n=1
where, for any n € N*, we define

Qnm(Qv CL) déf Q- Qnm

Observe that it is readily seen that
Gnm (2,a) =0 if and only if Q=Qm.

Hence, it follows that the kernel of d,F(m,0) is non trivial.
(2) From the previous point, we know that the kernel of d,F(€2y,0) is non trivial. To show
that it is one-dimensional, it is sufficient to prove, for any integer n > 2, that

Qm 7& Qnm-

This fact is a consequence of the strict monotonicity of the sequence (An(a, a))n eN*? previously
proved in Proposition 3.1-(2). Consequently, we deduce that

dim (ker (d,F(n,0))) =1
and that an obvious generator of the kernel is the function
0 — cos(mb).

(8) Now, we show that the range of d,F(£,,(a),0) coincides with the space

ze def {g € C¥T):g(0) = Zgn sin(nmb), g, € R, 0 € ']I‘} ,

n=2

which is clearly a closed sub-space of Y, with co-dimension one. This will take care of the third
claim in the statement of the Proposition 3.3, above. To see that, we emphasize first that

Range (d, F (4, 0)) C Zg.

Hence, it only remains to justify the converse of the preceding inclusion. To that end, we
consider an element g € Z;; and taking the following form

o
g(0) = Zgn sin(nm@), forall 6 e T.
n=2

Then, observe that the strict monotonicity of (Anm(a,a)) in Proposition 3.1-(4) implies

that
(3.44) Gnm (Qm, a) = Apm(a,a) — A (a,a) < Ao (a,a) — A (a,a) <0,
for all n > 2. Next, we introduce the function h by setting, for all § € T, that

neN*

h(0) = Z hy, cos(nmf), hn, o W??Za)’ for all n > 2.
n=2 nm\3ém,
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Clearly, we formally have d,F(Q,(a),0)[h] = g and to make this construction rigorous it only
remains to show that h € C1T9(T). To that end, notice first that using (3.44) and applying
Cauchy-Schwarz and Bessel inequalities, we get

o0
|gn]
ol S 30 S lighse S llgle.
n=2

Hence, we are left with proving that A’ € C*(T). To prove that, we first notice that

[e.9]

n'(0) = ; m sin(nm@).

neN\{0,1} by
~ def 1 1 . Anm (av a)

Gn(a) = Gnm(Qm(a), a) B Am(a,a) — Ap(a,a)[Apm(a,a) — Ap(a,a)]’

Observe that the preceding sequence is well-defined thanks to (3.44) and Proposition 3.1-(3)
which implies, since m > M(a,b), that

Then, let us define the sequence (g, (a))

An(a,a) > 0.
Then, noting, due to (3.12) and (3.14), that

it then follows that

0 HO) Y i Gn(a) sin(nm@) € L*(T) C L*(T).
n=2

Therefore, writing

n'(0) = Z gn(a)gn sin(nmé) + m Z gn sin(nmh)
n=2 mA™ n=2
= (H+9)(0) + §—79(0).

then using the convolution property L' C® — C® and the fact that g € C®, we conclude that
the right-hand side above belongs to C.
(4) At last, the transversality condition follows from the simple fact that

9dy F (Qm, 0) [ cos(mb)] = —msin(mb),
for all # € T. It is then obvious that the function in the right-hand side above does not belong
to Z%,. This concludes the proof of Proposition 3.3. O

Proof of Theorem 1.1. The proof of Theorem 1.1 is achieved by employing the results of Propo-
sition 3.3 and applying Crandall-Rabinowitz Theorem A.1. O

4. DOUBLY-CONNECTED TIME-PERIODIC SOLUTIONS

4.1. The contour dynamics equation and linearization. The scope of this section is to
prove Theorem 1.2. Throughout the rest of the paper, we fix two real numbers 0 < as < a1 and
we look for a solution of (1.2) in the form

w(t, ') == b]lDl,t\BZt'

for ¢t > 0, where the domain Dy, for k € {1,2}, is close to the disc {x € R? : |z| < a;} in a
sense to be precised in a moment. To that end, considering a parametrization

Zk(t, ) T — 8Dk7t
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of each boundary 0Dy, it follows by the same arguments leading to (3.4) that the dynamics of
interfaces are given by the system

Qzn(t,0) - n(t, z4(t,0)) + )89<¢b(t,zk(t,9))) =0, for ke{1,2},

1
b(zk (t, 9)
where the stream function v, is defined in (1.3). As we are interested in constructing V-states
that are close to annuli, we now consider the following ansatz, for k£ € {1,2}

2(,0) L % 20), 20 € RLO)?,  Ri(0) Y (/a2 + 2r(0),
which describes a rigid rotation in polar coordinates, where (21(6), 22(0))ger is a parametrization
of the initial patch
def
]]'DI\EZ = ]lDl,o\Ez,o’
Therefore, the equations of motions write the following system

) L 0) + s (1) =0
Q1 (0) + mag (v(=200))) = 0.

In view of the integral representation (2.9), we now compute, using polar coordinates, that

¥ (2k(0)) :/D Kb(Rk(O)ew,y)b(y)dy—/ Ky (Re(0)e”,y)b(y)dy

Do

2w rRi(n) 0 .
= / / Kb(Rk(G)el , pe)b(p) pdpdn

27 R2 .
/ / Ky (Ri(0)€”, pe™)b(p) pdpdn

0 60) M 0),
where we set, for any k, ¢ € {1,2}

[ek def 2m rRe(n
(4.2) b . pe™)b(p)pdpdn.

Accordingly, we are led to solve the system

def

G(Q,r1,7r2) =0, G = (G1,G2),

where

(4.3)  Gr(Qr1,72)(0) L Qrl(0) + !

b(Ri(0)) "
The regularity analysis of the contour equations in the doubly-connected case is somewhat
similar to the simply-connected case. However, additional new parameters are involved due to
the two-dimensional structure which require a careful attention.

We begin by stating the following lemma which summarizes the regularity properties of the
functional G.

o (w50 = vfM©) . ke {12,

Lemma 4.1. Let 0 < az < a;, m € N* and o € (0,1). There exists € > 0 such that the
functional

G:Rx B, . xBy . =Y, xYy

is well-defined and of class C*. Moreover, the partial derivative Oad(y, r,)G exists in the sense
that

Oad(r, r)G : R X By, . x By, . — ﬁ( < XO Yo Ya)

m> m
and is continuous.
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We emphasize that the justification of the preceding lemma can be done by means of the
same analysis laid out in the proof of Proposition 3.2, above. Now, we focus our attention to the
proof of the next proposition which establishes important properties of the linearized operator
d(ry,r,)9 at the equilibrium.

Proposition 4.1. Let 0 < a2 < a1, m € N* and o € (0,1). Further fiz € > 0 as in Lemma
4.1 and let Q(a1,a2) and (Ay(ay,az)) be defined through (3.1) and (1.7), respectively. If

moreover

neN*

Q g {Q(alv a2)70} ’

then, at the equilibrium, the linearized operator d(ﬁmz)g(Q,0,0) is of Fredholm type with zero
index and admits the following Fourier-multiplier structure: For a given hi,hy € X5

0) = Z Al cos(nmé), Z h2) cos(nm),
n=1 n=1
for some scalars hg), h( ) € R, it holds that
AN
(4.4) dry r0)G(€2,0,0) [hy, ho] (0 anMnm(Q a,az) ey sin(nm#),
n=1 n

for any 0 € T, where the matriz M, is given by

of (21— Laz) + Ap(ai, _Mag) g qy,
(4.5) Mn(QvalaGQ) def ( Qb((?l)cm) n(a a1) b(a1) n(al ag) .
b(TQ)An(ahCQ) Q — Ap(az,a2)

Proof. We first need to compute the differential d(,, ,,)G(€2,71,72)[h1, h2] at any point. To
that end, considering the representation (4.3), it is readily seen that the term that requires our

attention is the one involving the stream functions w,[)k’g]. Thus, by differentiating its expression,
we find, for any k € {1, 2}, that

21
dp 0 M i (0) = /0 hio() Ky (Ri(0)€?, Ri(n)e)b(Ry(n))dn

e 2r  prRi(n) " )
+n(O) s / /0 Vo Ky (Ri(0)¢, pe)b(p) pdpdny

and, for k, £ € {1,2} with k # ¢, that
(k] ei@ 2w rRe(n) " ,
dry ¥y () (0) = e (0) 5—— - / / V2 Ky (R ()€, pe™)b(p) pdpdn
Re(0) Jo Jo

2
0k i i
M) = [ h B (R0) Bin)e™)b(Bn)) .
Therefore, by arranging the terms in an appropriate way, we deduce the representation

T[] + T1,2[h2]>

dry,r0)G (2,71, 72) [h1, ho] = <T2 1[h1] + To 2[ha)

where we set
def

Tialh] = QhY + o I 39((@1,1(7’1, ra) — Q,2(r1,72))h1 + Pra(r1, 7’2)[h1]> + Ly(r1,r2)h1,
e 1

T.2[hs] def o s 39((@2,1(?”177"2) — Q22(r1,7m2)) hy — P2,2(7"1,7“2)[h2]> + Lo(r1,72)ha,
e 1

T 2[ho] o bR, Op (P1,2(7“1,7“2)[h2]),
e 1

Ty 1 (] o o Iy Oy (P2,1(7”1,7“2)[h1])7
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and

27
Pyo(r1,m2)he)(0) & / he(n) Ky (Ri(0)e, Ro(n)e™)b(Re(n))dn,

0
o0 21 Re(n) -
Quetrr)0) S 2 [ [ VLK (@), o o),
wr__ V(R(0)

Bl )0 = = )2 (e )

We now focus our attention to the justification of the representation (4.4) of d,, ,,)G at the
equilibrium (£2,0,0). To that end, we proceed in a similar way to the proof of Lemma 3.4 for
the simply-connected case. First, we e emphasize that

Ly(0,0) =0,

for any k£ € {1,2}. This is similar to (3.11) and can be shown by employing the symmetry
property of the kernel K}, which in turn implies (3.9). Moreover, again, along the same lines
as in the proof of Lemma 3.4 for the simply-connected case, we can easily check that

oif

2 pay . .
Qr,0(0,0)(0) = — - / / V. Ky (axe?, pe)b(p) pdpdn
0 0

ay

o (v30) - w7 0)).

_ 1 2 ay i in

= /0 Ou (Kb(ake , pe ))b(p)pdpdn
1 2 ay .

_ i(n—0)

=l /0 Day, (Kb(ak,pe ))b(p)pdpdn

1 2w ay .
=— / O, Ky (ar, pe'™) b(p) pdpdn
ar Jo 0

min{ag,ar}
- _b(“j) / Tb(7)dr,
ak 0

for any k,¢ € {1,2} and 6 € T, where we have used Lemma 2.2 to compute the integral in the
last line. At last, we also compute that

2

Pie(0, 0)[he](0) = b(ae)/o he(n) Ky (are, age™)dn
2

:b(aé)/o he(n) Ky (ag, are =) dn

o 27
= b(ay) Z h9 cos(nm#) /0 Ky (ay, agei") cos(nmn)dn

n=1

o0
= b(ay) Z B A (g, ag) cos(nmd),

n=1
for any k,¢ € {1,2} and 6 € T. All in all, gathering the foregoing identities leads to the desired
Fourier representation (4.4).

Now we turn to the proof of the Fredholm property. To that end, we introduce the classical

2m-periodic Hilbert transform defined by
2

fm)cot (452 dn

det 1
2 0

H(0)

and we emphasize that
H cos(nf) = sin(nd),
for all n € N*. Therefore, using the decomposition (3.12), we write that

d(rl’rz)g(Q,0,0) =9+ + X,
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where

def (2 —Q(a1,a2))d9 0 aet [~ M)y
I = < 0 0y ) H = ) )H

and

n

2 — o[ Inlara) — 02\ (a1, a9)
! SEZSATL(%@) —falaz,a2) )’

where f, is defined in Proposition 3.1. In particular, in view of the asymptotic analysis per-
formed therein, one sees that
s -o(L)
Moreover, it is readily seen that if
(4.6) Q¢ {Q(a1,a2),0}

then the operator

o0 (1)
h'\ .
R\h1, h2)(0) = > R (a1, az) (h(2)> sin(nmé),
n=1

J X5 x X5 = Yo x Yo
is an isomorphism. Moreover, it is proved in [21, Proposition 2.1-(iii)] that the Hilbert transform
‘H as a mapping from X, into Y is a compact operator. Consequently, the operator

H X5 x X5 = Yo x Yo
is also compact.

The remainder term &% is actually better in terms of regularity. Indeed, the decay of its
coefficients implies that Z maps X% x X2 into Y27 x Y,2® Hence, due to the compact
embedding

C*r sy 0
we deduce that
XXy x Xy —=>YoxYs
is a compact operator, as well. All in all, under the condition (4.6), the linearized operator

d(rm)g(ﬂ, 0,0) is a compact perturbation of an isomorphism, namely a Fredholm type operator
with zero index, see [10, Corollary 5.9]. This concludes the proof of the proposition. O

The next step consists in the study of singularities of the matrix M,,, previously introduced
in Proposition 4.1. This is crucial in order to show the one-dimensional kernel property of the
linearized operator d,, ,.,)G, which is a requirement in applying Crandall-Rabinowitz’s Theorem.

Proposition 4.2. Let 0 < ay < a1, there exists N(a1,a2,b) € N* such that, for any n >
N (a1, as,b), there are two distinct angular velocities

O def Q(a1,a2) . An (a2, a2) ; An(ar1,a1)

2
£ 21/ (@an,02) ~ Au(ar, 1) — An(az, @) — 442 (a1, 02)

for which the matrix M, (Qf, ai, ag), introduced in (4.5), is singular.
Moreover, the sequences (Qf) are strictly monotone satisfying

n>N(a1,a2,b)

lim QF = Q(ay,az), lim Q, =0
n—oo n—oo

and
- +
Qp % Qq ,
for all p,q > N(ar,as,b).
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Proof. Owing to (4.5), we first compute that

Pn(Q) déf det (Mn(Q,al,ag)) = Q2 + ,Bn(al, GQ)Q + 'yn(al,ag),

where
Bular, az) € ~Q(a1,a2) + An(ar, a1) — An(az, az),
and
(a1, az) def —An(asg, ag)(An(al, a) — Q(a1,a2)> + A2%(ay, az).
The discriminant of the preceding second order polynomial is given by

def
A, = BE(a,a2) — 4yn(ar, az)

= (Q(a1,a2) — An(ar,a1) — Ap(az, a2))” — 4A2 (a1, a).
Hence, by virtue of the results of Proposition 3.1, it is readily seen that
2
Ay, vd (Q(a1,a2))” > 0.
Thus, there exists N = N(aq, az2,b) € N* such that
(4.8) Ap, >0, foral n>N.

Therefore, the polynomial P, admits two distinct roots Q:F being as given as in the statement
of the proposition. Note that, up to increasing the value of N if needed, we can assume that

(4.9) Q(ar,a2) > Ap(a1,a1) + Ap(az, a2),
for all n > N, which allows us to write that
O = Q(ar, a2) — Ap(ar,a1) + 1y

(4.7)

and
QT_L - An(G/Q, a/2) — Inp,

where we set

(Q(a1,a2) — Ap(ar, a1) — An(az, a2))

. (\/1 j 4A2(ay, as) - 1) |
(Q(a1,a2) — Ay(a1,a1) — Ap(az,az))

Moreover, observe, due to (3.12), (3.14), that

whence,

and

All in all, we deduce that the sequence (,}),>n is strictly increasing whereas the sequence
(2, )n>n is strictly decreasing. Hence, combining this with

0, <O,
for all n > N, yields that
- - + +
Q, <Qp <QF <QF,
for all p > ¢ > N, thereby showing that there is no spectral collisions. This completes the proof

of the proposition.
O
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4.2. Proof of Theorem 1.2. Now, we prove the last proposition that contains the final pre-
requisites that we need to apply Crandall-Rabinowitz’s Theorem to, eventually, conclude the
proof of Theorem 1.2.

Proposition 4.3. Let o € (0,1), 0 < a2 < a1, and N(ay,a2,b) € N* be as in Proposition 4.2.
Then, for all m > N(a1,as2,b), the following properties hold true:
(1) The kernel of the linearized operator

Ay r0)G (25 0,0) + X x X2 = Vo x Y,
is one-dimensional and generated by

Qg:z — Am(ag,a2>
To . 0 —

_ ZEZQ; Am (a1, as

) cos(m@).

2) The range of the linearized operator d,, ,.yG(QE,0,0) is closed and of co-dimension
(r1,r2) m
one.
(8) The transversality condition is satisfied, that is

O (s, r2)9 (25,0, 0) [ro] ¢ Range (diy, 1, G(02%,0,0) ).

Proof. (1) According to the analysis laid out in Proposition 4.2, we deduce from the simplicity
of the spectrum that

det (Mm (Qi,al,a2)> =0,
and, for all integer n > 2,
det (an (Qi, ai, a2)> #0.

Consequently, in view of the representation (4.4) of the linearized operator d(r,r,)9 at the value
(Q,in,0,0), one deduces that the kernel of this operator is one-dimensional generated by the
vector 1o as defined in the statement of the proposition.

(2) From the strict monotonicity and limit properties of the sequences (Qf{) as

n>N(ai,az2,b)’
n — oo, obtained in Proposition 4.2, we find that

Qi:z ¢ {Q(al, a2)7 0} :

Therefore, by virtue of Proposition 4.1, this implies the Fredholm property for the operator
d(rln)g(Qﬁ,O, 0). Hence, combining this with the one-dimensional property of its kernel, es-
tablished before, we deduce that the range of the this operator is closed and of co-dimension
one.

Now, let us be more precise about the range of the linearized operator. To that end, we endow
the vector space Y,2 x Y% with the pre-Hilbertian structure given by the following L?-scalar
product

( (Z ap sin(nm@), Z Cn sin(nm@)) ‘ (Z by, sin(nm@), Z dyp sin(nm9)> )
n=1 n=1 n=1 n=1

def b
€
= anby + cndy,.

n=1

Then, observe that

- b(az)

0om —
bar) Ap(a1,a2)

Q;l:n - Am(a2>a2>
4+ def ( > € ker (M,Z(Qi,al,az)).

The notation M " refers to the transpose of the matrix M. Hence, defining

Yo : 0 — uafm sin(m@),
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we then write in view of (4.4), for any (h1, hs) € X3 x X3 given by
hi(0) = Z Al cos(nmé), ho(0) = Z h2) cos(nm),
n=1 n=1
for some hg), hq(f) € R, that

(1)
(d(rl,m)g(QTimO’O) [hlthHyO) =-m <Mm(9i,a1,a2) (Zé)) ’ué:,m>
R2

1

hgl) T(O=x +
= —m h(2) ,Mm (Qm,a]_,G/Q)UO,m
1 R2

=0,

where, we utilize the notation (-,-)g2 for the Euclidean scalar product on R2. This proves that

Lo

Range <d(r1,r2)g(ﬂi, 0, 0)> C spana (o),

where N e
spana ™ (90) & {y € Vi x i3+ (ylo) = 0}
Now, since span(yp) has a finite dimension which is equal to one, then the orthogonal sup-

plementary theorem yields that

L.
Y% x Y% = span(yo) @ spana " (o).

L
This proves that spany ‘'’ (yo) is of codimension one in Y% x Y,%. The range being also of

codimension one in this space, then applying [47, Lemma B.1] implies that
(110) Range(d(,, ) G(25.0.0) ) = spans " (s0).

(8) According to (4.10), notice that the transversality property holds once we show that the
quantity

2
(3Qd(n,r2)9(9i,0,0) [To]ly()) = (QF — Am(az,a2))” — A2 (a1, a2)
does not vanish. To that end, exploiting the fact that

det (M (25,01, 02) ) =0,
which allows us to write
—A2 (a1, a2) = (U — Am(az,a2)) (U — Q(ar, a2) + Am(ar,ar)),
we then obtain that
(90d(r,,72)9 (2. 0,0) o]0

= (U, — Am(az, a2)) (2955, — Q(a1, a2) + Am(a1, a1) — Ap(az, az)) -
Therefore, we deduce that the identity

(Bad(r, 1 9(25,0,0) [rollo ) = 0

holds if and only if
205, — Q(a1,a2) + Am(ar, a1) — Ap(ag, az) =0
or
Qi = Am(ag, CLQ).
Now, by virtue of the expressions of QF given in (4.2), the first possibility above yields
Ay, (a1,a2) = 0, which is excluded by (4.8) as long as m > N(ai,az,b). As for the second
possibility, it is readily seen that the same expressions of Qi give that

Am(ar,a1) + A (az, a2) — Q(ar, a2) = £/ A (a1, a2),
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which, upon raising to the power-two, yields that
Am(al, a2) =0.

Notably, this identity is violated by the third result in Proposition 3.1 as soon as m is large
enough in the sense that

m > M(b),

where M(b) is as defined in Proposition 3.1. Note that our lower bound N(ai,ag,b) can be
chosen greater than M (b) to ensure the last condition. All in all, we conclude that

Lt
O, 1yG (25,0,0) o] ¢ spant ™ (yo) = Ramge(d, G (25,0.0)).
thereby completing the proof of the lemma. U

Proof of Theorem 1.2. The proof of Theorem 1.2 is achieved by employing the results of Propo-
sition 4.3 and applying Crandall-Rabinowitz Theorem A.1. O

APPENDIX A. CRANDALL-RABINOWITZ’S THEOREM

Here, we recall the celebrated Crandall-Rabinowitz theorem which was utilized to prove our
main theorems.

Theorem A.1 (Crandall-Rabinowitz [11]). Let X and Y be two Banach spaces. Consider
V C X to be a neighborhood of 0 and a function F' such that

F:RxV =Y.

Assume that F' enjoys the following properties.
(1) Existence of trivial branch:

F(£,0) =0, forall QeR.

(2) Regularity: F is regular in the sense that 0gF, dzF' and Oqd,F' exist and are continuous.
(3) Fredholm property: The kernel ker (dyF(0,0)) is of dimension one, i.e., there is xg € V
such that

ker (d,F(0,0)) = span(zo),

and the Range(dIF(O, 0)) is closed and of a co-dimension one.
(4) Transversality:

dad,F(0,0)[z0] & Range(d,F(0,0)).

Then, denoting x any complement of ker (%F(0,0)) in X, there exist a neighborhood U of
(0,0), an interval (—a,a), for some a > 0 and continuous functions

Y :(—a,a) >R and ¢:(—a,a) = x,

such that

and

{(Q,x) cU:F(Qz)= o} - {(zp(s),sxo +56(s)) : |s| < a} U {(Q,O) € U}.
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APPENDIX B. BACK TO THE ELLIPTIC PROBLEM

This section serves as a appendix that completes, in a self-contained and rigorous way, the
results presented in Section 2. We believe that some of the techniques that we present hereafter
provide simple (constructive) approaches to justify some results from elliptic theory in a specific
case of an elliptic equation with variable coefficient.

For the record, we stress out that several arguments in this appendix draw insight from [17]
on the same elliptic problem but on bounded domains, as well the analysis from [9] for the case
b =1 and in the whole plane R?. Moreover, we will grab a good portion of notions from the nice
notes [45] and employ them to prove the existence and uniqueness of weak solutions of (2.1).

Once again, the overall results presented in this direction are not brand-new (except for the
relevant decomposition of solutions from Lemma 2.1 which is, to the best of our knowledge, the
main novelty in the elliptic analysis we perform in this paper), but the way they are justified
here is considerably self-contained and rigorous.

B.1. Elliptic regularity. We begin with providing a full justification of Proposition 2.1 which
establishes the primary elliptic regularities enjoyed by the solutions of (2.1).

Proof of Proposition 2.1. We begin with splitting the solution of (2.1) as i, = wb,rad+1ﬂb, where
each part of this decomposition is governed by its own elliptic equation

(B.1) v (§Vhrna ) = fr

and

(B.2) — div <%V7,Zb> =1

where, fraq refers to the radially symmetric part of f which is defined by
(B.3) Fraa(r) % /0 2” £ (r(cos 0, sin 0)) o,

where, 7 def |z|, for any = € R?, whereas f def f — fraq denotes the remaining part of the source
term which satisfies

(B.4) f(z)dz = 0.
R2

Now, observe that, from their definitions, f,aq and f enjoy the bounds

HfradHLP(]RZ) < HfHLp(]Rz)
and )
HfHLP(]R2) <2 ||f”Lp(R2) .

Noticing, moreover, that f.q and b are radial functions, by construction and due to (Hb3)
respectively, one can easily solve (B.1) using radial coordinates to show that the function

e T b s (S)
(B.5) Ypraa(r) & — / bls) / T fraa(T)drds, forall % |z >0
0 0

S

is an exact solution of (B.1). In order to show that, we only need to recast (B.1) in the radial
coordinates, which writes as

d (rEpraa(r))
“dr (Cle) =7 fraa(r),

for all 7 > 0. It follows then that the unique solution of this second order ODE with boundary
conditions

d
wb,rad(o) = %wb,rad(o) =0
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is then given by (B.5). We are not going to show that these boundary conditions are satisfied
as this will not serve the purpose of our results; but one can show that by employing the ideas
that we develop below.

Let us now take care of the bounds on p;4q at first as they will be obtained by direct
estimates on its explicit expression. To that end, computing, for all » > 0, that

d b "
%wb,rad(r) = _ﬂfo Tfrad(T)dT7

r
and, whence

d2 b/ r b r
—W¢b,rad(r) = #/0 T frad(T)dTds — %/0 T frad(T)dTds + b(r) fraa(T)-

Therefore, it is readily seen that

Roo r1 fm N
Hv2IZJI’J‘"‘C‘HL’”(IRZ) S Hb,HLN(R% </0 (F/o T|frad(7)‘d7> Tdr)

o) 1 T m %
ey ([ (G5 [ rlaatriar) " rar)

+ bl oo 2y 1l L (m2y »

for all m € (1, p|, where we have used (Hb3) to localize the first integral in the right-hand side
on a bounded set. Thus, writing, by rescaling, that

r 1
1/0 Tfrad(T)dT:/O O"I”frad(UT)dO',

r

yields
1
Hv2¢b,radHLm(R2) 5 “b”le"O(RQ) </O Hf(o")HLm(R?) odo + ”f”Lm(RQ))

b2
S bllwo ey [l m 2 </0 7ot 1>

S Mbllyyr00 @2y 11| w2y -

We turn our attention now to the control of v,. To that end, we first notice that, the
assumptions on f combined with the property (B.4) allows us to employ Lemma B.3 below and
deduce that f € H~!(R?) with

1l g1 gy S 1PNt @ iepaneynzzee) -

Thus, performing an L? energy estimate for (B.2) leads to the bound

[ st Vistoan = | [ Fyiutaris

SNl - ey 198l 1 gy
whence B
HV%HLZ(RQ) So I ot () o) L2 (R2) -

We now establish the remaining bounds on 1, by a bootstrap argument. To see that, we
expand the derivatives in the left-hand side of (B.2) to obtain that

(B.6) — Ady = bf — %b Vi,

Then, observing that the right-hand side above belongs to L?(R?), it then follows, by virtue of
classical elliptic regularity, that

HVQ%HLQ(RQ) So 1 L2ey + V9] L2 g2y Sb 1L (1 demoyn e2) -
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This allows us to deduce, by interpolation argument, that
HVQLbHL"(RQ) S qu’ZbHLZ(RZ) + HV%ZI’HL?(R?) Sb ”fHLl((1+|z|)dx;R2)ﬁL2(R2)’

for all n € [2,00). Accordingly, this new bound combined with the assumptions on b imply that
the right-hand side of (B.6) belongs after all, to L™(IR?), for all m € (1, p], with

Hbf — = Vi

Sb 1 21 (1)) der2)nnm (m2)
L"L(RZ)

where we have employed Holders’ inequalities. At last, by means of classical elliptic regularity
of Poisson’s equation (B.6), we conclude that

(B.7) HV%bHLm(Rz) Sb ||f||L1((1+\z|)d:c;]R2)ﬂLm(R2) ,
for all m € (1, p], thereby completing the proof of the proposition. O
From the preceding proof, and by virtue of direct Sobolev embeddings, we can observe that
IVibradll prgmey So I lare@ey s (V]| e gey So I (1t domeynre @2)
for all k € (2,00), and
(B.8) IV [| 22y Sb 1L (14 o dosR2)nz2(R2) -

The validity of the last bound for ;.4 requires that f has mean-free. A complementary
discussion on that is deferred to Section B.2.2, below.

Our next concern is to show that any solution of (2.1) is Lipschitz-continuous and bounded.
This corresponds to the endpoint case kK = oo in the previous bounds, which have been useful
in the spectral analysis the time-periodic solutions constructed in previous sections.

Lemma B.1. Let b be a C' function satisfying assumptions (Hb2), (Hb3) and (Hb4) and
consider a source term f belonging to L' ((1 + ]:U|)d:c; Rz) N LP(R?), for some p € (2,00). Then,
any solution vy, of the elliptic equation (2.1) is Lipschitz-continuous and enjoys the bound

IVl oo w2y So 111l (1410 dasm2) L (R2) -
Proof. We begin with decomposing the solution as in the proof of Proposition 2.1 by writing
Vb = Vb rad + U,
where 154 is defined in (B.5) as the solution of (2.1) with source term fr,q, introduced in

(B.3), whereas 1 solves the elliptic equation (2.1) with source term f def f — fraa- Therefore,
from its explicit expression (B.5), it is readily seen that 1 aq enjoys the bound

1 /"
’v¢b,rad(r)| < ;/0 ’Tfrad<7-)|d7-7

for all » > 0. Hence, it follows, by employing Holder’s inequality, that

‘Vwb,rad<7')‘ S % </ TdT) </ |frad ‘ TdT)
5 ||f||L2(]R2)7

for all » > 0, whereby the boundedness of V), ,q follows. Next, we take care of Y. To that
end, we recall from (B.7) and (B.8) that

(Bg) HVQJJI)HL;; + quj_}bHHl(ﬂ@) er ||f||Ll((1+\a:|)dw;]R2)ﬂLp(R2) :
Thus, as V1), belongs to L?(R?), writing that

Vi, = So(Viby) + (Id —So) (Vi)
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one then sees, for p > 2, that
[Vl , <1988l + 229 V2450,
’ 720
SVl + 19540l -
Here, Sy and {A;};>0 denote the classical dyadic blocks from Littlewood-Paley theory. There-
fore, by employing the bounds (B.9), we deduce that
HVZEbHBgO,l Sb L (el dem2yne g2) »

thereby concluding the proof of the Lipschitz estimate of 1, by combining the preceding bound
with the control on 1y aq. Moreover, it is obvious that Vi) .4 is continuous, whereas the con-
tinuity of V), follows from the properties of functions belonging to the Besov space Bgo’l(Rg).
This completes the proof of the lemma. U

Observe that the preceding lemma ensures in particular that any solution of (2.1) with a
source term belonging to L*((1 + |z|)dx; R?) N LP(R?), for some p > 2, is locally bounded. This
is indeed a consequence of Taylor’s expansion

(@) — )] < Iz — ol Vbl o )

for any x,y € R?, which implies the continuity of 1, whence its local boundedness, too. Let us
now derive more precise bounds on 1, which turn out to solely require an L?(R?) control of a
compactly supported source term.

Lemma B.2. Let b be a C' function satisfying assumptions (Hb2), (Hb3) and (Hb4). Further
consider a compactly supported function f belonging to L>(R?). Then, any solution vy, of the
elliptic equation (2.1) enjoys the bound

‘|¢b - ¢b,rad - CHLOO(RZ) Sb ||f||L2(]R2) s
for some constant c € R, where 1y rqq is given by (B.5) and satisfies the bound
||¢b,md||Loo(BA) Sb A ||f||L2(]R2) )
for any ball By of finite radius A > 0.

Proof. We begin with the control of 1)y ;,q Which directly follows from its explicit expression.
More precisely, we obtain from (B.5) that

1 (o
|V rad ()| < 7 sup (—/ \Tfrad(T)!dT> ,
0<o<r \ O Jo

for all » > 0. Therefore, the boundedness of ¥, ;o follows by applying Holder’s inequality, as is
shown in the proof of the preceding lemma, to find that

[Vbraa(r)| S 7 ||f”L2(]R2) )

for all » > 0. Now, we turn our attention to the control of def Yy — Ypraa by first recalling
that it is governed by the equation

1 - _
—div (EV%) =/,
where f is mean-free. More precisely, this source term satisfies that

2
(B.10) /0 f(r(cos G,Sinﬁ))dG =0,

for all » > 0. In light of this, it follows that the function

2m
T o(r) def %/{; Py (r(cos 0, sin 9))d9
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is a radial solution of the same elliptic equation, i.e.

—div <%V¢3> =0,

whence is constant. The rigorous justification of that is a consequence of the analysis laid out
in a subsequent section (see in particular Theorem B.1, below). One deduces then that

1 2 B d _
(B.11) /. Oty (r(cosB,sin 0))db = %gb =0.
Therefore, one sees, by expanding the equation governing 1), that this latter obeys the Poisson
equation
R
—Atpy =bf — - Ohy = F,

where the new source term F' is mean-free. More precisely, one can easily check, by virtue of
(B.10) and (B.11), that

27
/ F(r(cos,sinf))dd =0,
0
for all » > 0. Thus, we emphasize that Poisson’s equation
—Au=F

admits a unique solution u in H'. In other words, all solutions with finite square-integrable
gradient coincide up to constants. This will be justified in a subsequent section (see Theorem
B.1, again, for b =1). As a consequence, owing to the fundamental representation of solutions
of Poisson’s equation, we deduce that there is ¢ € R such that

i 1 _
dn(e) =5 [ logle sl Fw)i
™ JR2

for all z € R2. We now focus our attention on the boundedness of the function in right-hand
side. To that end, we first notice that F' is compactly supported, thanks to the assumptions on
the source term f and the coefficient b. Thus, it holds that

Py(z) — ¢ log |z — y|F(y)dy,

27 Jiyza
for any A > 0 with supp f C By and for all x € R2. Hence, by further employing the fact that
F' is mean-free, we obtain that

2

Yp(z) —c| =

i) =] =

_ r—y _
Tigj<at1 / log |z — y[F(y)dy + 1jz)> 411 / log (' |> F(y)dy
ly|<A ly|<A

SA HFHLQ(RQ)’
for all x € R?, where we utilized the elementary facts that
(z,y) = log |z — y‘]l|x|§A+1]1\y|§A € L™ (Ri; LQ(Rz))

and
(z,y) = log |z — y|l 55> a41ljy<a € L"O(]R{2 X ]RQ).

It then remains to control F' in L?(R?) which can be established by employing Hélder’s inequality
to infer that

1F[| 22y Sb 112y + 1V 2 o)
Consequently, by a further use of (B.8), we deduce that
[ 406 — CHLOO(R2) So 11122 ey »

which is the expected control of v, thereby completing the proof of the lemma. O
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B.2. Existence and uniqueness of solutions. In this section, we show the existence and
uniqueness, in a sense that will be precised later, of solutions to the elliptic problem (2.1) in
the whole domain R?. Here, we only discuss the case of a variable coefficient b obeying certain
conditions that are directly connected to our interest in the present paper. We refer to [45] for
a nice and self-contained notes where the content of the first paragraph of this section is further
presented in more details and full generality, along with several examples and discussions on
relevant topics.

B.2.1. Functional framework and introduction to the equations. To get started, allow us to
clarify a few things about the functional space H'(R?) that we were using in the previous
few sections as well as the appropriate far-boundary conditions that we should supplement
(2.1) with as |x| — oo. Henceforth, we follow the notations from [45] by introducing, for any
measurable function v on R?, its equivalence class defined by

[u] déf{u—l—c:ceR}.

Denoting by D(R?) the space of smooth and compactly supported functions on R?, we further
introduce its equivalence class

DR?) € {[u] : u € D(R?)}.

Therefore, the Sobolev space H'(R?) is defined as

H'(R?) < {[u] : w e HL (R?) and Vue L*(R?)},

which can be shown to coincide with the space corresponding to the completion of D(Rz) by

the norm ||[-]|| fr1(r2) that we now define as

def
I[ulll g mey = 1VUll 2 (gey

for any v € H'(R?). The justification of the fact that the preceding mapping is a norm on
H1(R?) is straightforward and omitted here. Note in passing that H!(R?) is a Hilbert space
when endowed with the inner product

(o) B (VL V) 2

At last, the topological dual of H'(R?) in the usual L?-duality sense is denoted by H~!(R?)
which can be characterized as

H'(R?) = {divF: F € L*(R%;R?)},

where div F' is to be understood in the distributional sense. In a similar fashion, one can define
the homogeneous Sobolev space wte (R?) and its corresponding dual space W-be (R2), for any
p € (1,00). One fundamental example that is relevant to the scope of this section is given in
the following lemma.

Lemma B.3. Let f be a mean-free function in L'(R?) N L?(R?). Assume further that f has an
integrable first moment, i.e., that

/ |z f(z)|dx < co.
R2
Then, f belongs to H_l(Rz). More precisely, there exists C > 0 such that

< CIVull ey 1 F 1 (1o desr2)nL2®2) -

RQ

for allw € H'(R?).
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The proof uses Fourier analysis and is detailed in [45]. Note in passing that, as a direct
consequence of the previous lemma, if f is compactly supported, mean-free function and belongs
to L?(R?), then it lies in H~1(R?). In particular, it holds that

’/ fu(x)dx
R2
for any u € H'(R?).

Now, we want to discuss the existence of weak solutions (we will precise the sense of that in
a moment) of the elliptic problem

S Hf”L2(R2) Hvu”Hl(RZ) )

1
(B.12) —div (EVU> =f, for xeR?

u~0, as |z]— oo,

where the far-boundary conditions are understood in the sense of the equivalence class defined
at the beginning of this section, b is a fixed non-negative function and the source term f is a
given function whose properties will be made precise, later on.

B.2.2. Compatibility of the far—boundary conditions and the source term. Before we step over
the key elements to showing the existence of weak solutions of (B.12), allow us first to highlight a
very important observation that connects the far-boundary conditions in (B.12) with admissible
properties (or let us say necessary assumptions) of the source term f so that the first and the
second lines in that system are, in some sense, compatible.

To see that, we now assume that the source term is a radial function and we look for a radial
solution of (B.12). As this is already done in the foregoing sections, we just recall that, in this
case, the solution of the first line in (B.12) is, up to constants, given by its explicit expression

tiraa(r) = — /0 ) /O (7 drdo,

for all » > 0. We are now going to show that, if f has a non-vanishing mean (which is also
assumed to be a positive function here for simplicity, though the hypothesis on its sign can
completely be removed), then the far-boundary condition in (B.12) as r — oo are strongly
violated by the solution u,,q. To that end, under the preceding assumptions on f, it is readily
seen that there is A > 0 such that, for any o > A, it holds that

/ Tf(T)dr > s 0,
0 47T
where we denoted

m & f(z)dx = 27r/ Tf(r)dr.
R2 0
it then follows that

|ttgaa ()] > /AM/OU rf(r)drdo > <4ﬁ inf b(cr)> tdo (43 inf b(0)> log r,

o ™ o>0 A O ™ o>0

for all » > A. This clearly leads to the unboundedness of u,,q at infinity, thereby violating the
far-boundary conditions in (B.12). Note that the preceding log-growth is optimal as, it is by a
direct estimate, that one can show, moreover, that

luraa ()| < O(1) + (2E sup b(a)> log r,

T o>0

for all » > 0. This particular example of solutions shows that the finite far-boundary conditions
are not compatible with source terms with non-vanishing mean. This is not the end of the story
for (B.12) as we will show in the next section that this problem admits a unique weak solution
in an affine space which is made of shifting H'(R?) by the typical “bad” solution uaq.

At the end, allow us to conclude this section by mentioning that the consideration of the

space H'(R?) 4 tuyaq is strongly motivated by the seminal work of Chemin [9] (see in particular
54



Lemma 1.3.1 in [9]) where he sheds light on a similar observation that permits to uniquely solve
(B.12) in the whole domain R? and in the case b = 1. More precisely, it is shown in [9] that a
divergence free velocity field is uniquely derived from a given two-dimensional vorticity w and
a “stationary” vector field o in the affine space L?(R?;R?) + o. In the next section, we provide
a generalization of that in the case of variable coefficient b.

B.2.3. Existence and uniqueness of weak solutions. Here, we shall establish a well-posedness
result for (B.12). To that end, allow us first to recall the notion of weak solutions that we
are concerned with. We say that u is a weak solution to (B.12), for a fixed coefficient b > 0
and a given source term f in L?(R?), if it belongs to H'(R?) and satisfies the following weak
reformulation

1
/]R2 @Vu(x) . Vv(x)dﬂc = o f(-%')v(.%')dl',

for every test function v € D(R?).
The central result of this section is now stated in the next theorem which builds on [45,
Theorem 3.1] and whose elements of proof rely on the ingredients from the previous sections.

Theorem B.1. Let b be a non-negative, radially symmetric function in C*(R?) and f be a
function in L'(R?) N L?(R?). Assume further that the first moment of f is integrable, as well.
Then, there is a unique weak solution u of the elliptic problem (B.12) with source term f in the
affine space Hl(RQ) + Urqq, where Upqq s given by

umd(r) déf _/0 M /OG Tfrad(T)deUa

o

for all r >0, and frq stands for the radially symmetric part of f, which is defined by

def 1

21
frad(r) = %/0 f(r(cosb,sinb))df,

for all r > 0. Moreover, it holds that

IV (u = traa)ll L2r2y S 1F 10 (14 ]y dasr2)n L2 (R2) -
Proof. Observe that u.,q belongs to C}f

L (R?) N H?(R?), which can be justified along the same
lines as is shown in the proofs of Proposition 2.1 and Lemma B.2 above, and solves (B.12) with
source term faq. Thus, it is readily seen that u,,q is also a solution of the variational problem

1
/R 2 mVurad(x) - Vo(z)de = /R , Jrad(@)v(2)dz,

for every test function v € D(R?). Therefore, we now need to show the existence of a unique

solution @ % v — Upad in H 1(R?) of the equation
1 _
(B.13) / ——Vau(z) - Vu(x)de = f(z)v(z)dz,
R2 b(x) R2

for all test function v € D(R?), where we set f def f — fraa. It is straightforward to check that f
is a mean-free function that satisfies all the assumptions in Lemma B.3; whence, it follows that

‘ /R Tyl

for any test function v € D(R?). That is to say that

S AL tiepydem2yncz @) VOl L2 g2y »

v f(x)v(z)dz
RZ

belongs to H~. On the other hand, it is readily seen that the bilinear operator

(v1,v2) — - %Vul () - Voo (z)dx
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defines a scalar product on the Hilbert space H'(R?) which is equivalent to (-, -) - due to the
assumptions on the function b. At last, the existence of a unique solution w of (B.13) in H'(R?)
is achieved by a direct application of Reisz’s representation theorem, thereby concluding the
proof of the theorem. O

B.3. A notion of self-adjointness. Here, we establish a property of solutions of (2.1) that
is, in some sense, a soft version of the self-adjointness of the elliptic operator

. 1
—div <EV> .

The details of that are given in the next lemma.

Lemma B.4. For any given test functions wi and wo in D(R?) with

(B.14) /R2 wi(z)dr = /R2 wo(z)dr =1,

there is a couple of solutions of (B.12) with source terms wy and ws, denoted by g1 and go,
respectively, such that

(B.15) /11{2 giwa(z)dr = /R2 wig2(z)dz.

In addition to that, any couple of solutions (h1, he) of (2.1) with respective source terms (w1, ws)
is also a solution of (B.15) if and only if

lim (hl - hg)(l‘) = 0.

|z| =00

Remark B.1. We emphasize that the preceding lemma can be generalized to hold for any test
functions wy and wy with non-vanishing means that are not necessarily identical. This will hold
up to a suitable rescaling argument. As this is not going to serve in our paper, we only restrict
our selves to the case of test functions with unitary means.

Remark B.2. Note that, under the non-vanishing assumptions on the means of the test functions
(B.14), Lemma B.4 above provides us with a characterization of all admissible solutions (g1, g2)
of (2.1) and (B.15). Notice, furthermore, that such characterization is clearly not valid if one of
the test functions (or both of them) is mean-free. Indeed, in such situations, (B.15) is invariant
by translating solutions by any constants.

Proof. We begin with introducing the unique couple of solutions that satisfies the vanishing
far-boundary solutions by setting

(B.16) 9 < Girad + iy
where, for a fixed real number A > 0 such that

supp wi, suppws C By,
we explicitly define g; qq, for all > 0, by

. ™ h o
gi,rad(r) d:f _/ ﬂ/ Twi,rad(T)dTv
0

A o
with
det 1 2m
Wirad(T) = —/ w; (r(cos 6, sin 6))df,
’ 2T 0
and g; is defined as the unique solution of (2.1) with vanishing far-boundary condition
lim g; (.T) =0,
|z|—00

and source term

Q.
-

— €
[ = = Wi — Wjrad-
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Note that the far-boundary conditions are given in classical sense since g; is continuous, thanks
to Lemma B.1. In this sense, the solution g; of (2.1) is uniquely defined, for any i € {1,2}.

We now claim that (g1, ¢g2) is a solution of (B.15). To show that, we write, by definition of
g1 and g2, that

/ 91w2($)d$=/ g1w2(a:)dx—|—/ 91,radw2,rad(x)d
RZ RZ RQ

+/ gl,md@(ﬂ?)dﬂc‘i‘/ G1wW2 rqd(T)dx
R2 R2

4
LYK

where each term in the preceding sum will be dealt with separately.

About ICq. The first term &y is the easiest one and can be dealt with by simple integrations by

parts
1
K= —/ g1 div <—vg2> (x)dx
R2 b

1
=/ EVgl-V@(:c)dac
R2
1
= —/ div (—V§1> g2(z)dx
R2 b

- / @ng(x)dx7
R2

where all the foregoing computations are justified because both g, and g belong to H* (R?).

About Ko. We turn our attention now to deal with Ko where we are going to employ the support
properties of the test functions wy and wo as well as the explicit expression of the solutions gi raq
and g2 raq in the case where the source terms are radially symmetric. To see that, we write by
direct computations that

A r o
Ko = —27r/ (/ M/ Twlyrad(T)deU> TWa rad(r)dr.
0 A 0 Jo

Thus, by means of two integration by parts, which are fully justified due to the fact that

d
agi,rad € L120c (R2)7

for all ¢ € {1, 2}, we infer that

A r o r
b d
Ko = 27 / (—U)/ TW1 rad (T)dT— </ aw2,md(a)da> dr

o Ja 0 Jo dr \Jo

A r r
b

= 277/ ﬂ/ Terad(T)dT/ ow3 rad(0)dodr
0 0

T Jo
A r r o
= 271'/ / 7'u)17rad(r)d7'i </ @/ TWQ’Tad(T)deO'> dr
o Jo dr A 0 Jo
A r o
= —27r/ Tw1,rad(7“)/ @/ Twa rad(T)dTdodr.
0 0

A o
Thus, we deduce that

IC2 = / W1,rad g2,rad($)dx-
R2
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About K3 and K4. We finally turn our attention to compute the terms K3 and 4. to that end,
observing from the definition of w; and ws that

27
/ w; (r(cosf,sin))dd = 0,
0

for all » > 0, yields that

A 2m
K3 = / 91,rad(T) (/ W2 (r(cos 0, sin 0))d0> rdr = 0.
0 0

Moreover, noticing that
(1. 1 10,  10p
—le <EV> = —6T <587«> + 57 + ET_Q’

it is readily seen, since g; solves the equations

1
—div <5Vf]z) = w;,

gi(x) =0, as |z|] — oo,

for all ¢ € {1, 2}, that
2m
/ Gi(r(cosf,sin6))df = 0,
0

for all » > 0. Therefore, one sees that

A 2
Ks = / </ g (r(cos 0, sin 0))d9> W rad(r)rdr = 0.
0 0

All in all, gathering the previous identities yields the validity of (B.15) with the particular
choice of solutions (g1, ¢2) introduced in (B.16).

Now, let (h1, ha) be another couple of solutions of (B.15). Thus, as h; and g; are also solutions
to the elliptic equation (2.1) with the same source term wj;, for all i € {1, 2}, then, by uniqueness
from Theorem B.1, there exist two real numbers ¢; and ¢y such that

(h1,h2) = (g1 + c1,92 + c2) -

Therefore, by plugging this identity in (B.15), we infer that ¢; = co. Hence, we deduce that
hi —ha = g1 — g2,

which yields that
(B.17) |x1\iinoo(h1 —ho)(z) = ‘mﬁiinoo(gl — 92)(2).
Let us now show that g; — go satisfies the vanishing far-boundary conditions. Note that, by
definition of ¢g; and gy (see (B.16)), this is reduced to showing that
(B.18) lim (91,rad — 92,raa) (r) = 0.

r—00

To see that, we further notice that for large values of r, in particular for any r > A, it holds

that Girad(r) = (/AT @da) </Ooo Twi,rad(T)dT> = % /Ar @da’

for all ¢ € {1,2}, where we utilized the assumption that w; and we are supported in the ball
By and with unitary means. Consequently, we deduce the validity of (B.18) which yields that
(B.17) holds, as well.

Conversely, we now assume that h; and hg are two solutions of the elliptic equation (2.1)
with respective source terms w; and wo such that

lim (hy — ho)(x) = 0.
|z| =00
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Therefore, again, by uniqueness of solutions to (2.1), there exist two real numbers ¢; and ¢y
such that

(h1,h2) = (91 +c1,92 + ¢2) .

Thus, it follows that
Cl1 — Cy = lim ((hl — hg) — (91 — 92)>(ZL') =0.

|z|—o00
Hence, one deduces that

(h1,h2) = (91 + ¢, 92 + ¢,
for some constant ¢ € R. At last, by virtue of the assumption (B.14), one readily sees that
(h1, ho) solves (B.15) as soon as (g1, 9g2) does so. This completes the proof of the lemma. O

B.4. Singular kernel and proof of Proposition 2.2. Here, we shall provide a full justifica-
tion of Proposition 2.2 which played a central role in the proof of our main theorems.

Proof of Proposition 2.2. The three bounds in the statement of the proposition are consequences
of Proposition 2.1 and Lemma B.2. Indeed, by a direct application of the estimates therein, we
obtain the controls, for all y € R?

1
92858y o /500 o sl ()|
Vb llm g2)
for all m € (1, p], and
1
1984l 5o V500 ool ()]
Vol e2)
for all n € (2,p], as well as
1
S Lo,y S VO(Y) ||log -—yA<—> ;
196 ()| oo (B,) (y) ||log |- —y| V5 e,

for any ball B, or radius p > 0. Therefore, by further employing assumption (Hb3), it follows
that

HV2Sb('7y)HLm(R2) b Hb”?ﬂ(RQ) [log | - _y|||Lm(BROO) )
for all m € (1, p], and

VS5 )| g2y S 1Bl1G2 2y 108 |- =ulll on (B

for all n € (2,p], as well as

155+ 9)ll e (5, Sb 18122y g | - ~wlll 2, -

Consequently, the claimed bounds on S, are obtained by taking the supremum on y over any
compact set in R2.
Once Sy is constructed, it is then by a direct computation that one can show that the function

o [ Kalw)f )i,

solves the elliptic equation (2.1), where K} is as introduced in the statement of the proposition.
We are now left with the proof of the properties of K. Before doing so, let us notice that Kj
is determined up to constants. Thus, we now select a suitable representative and prove that
this one satisfies all symmetries in the statement of the proposition. At the end, since all the
symmetry properties are stable by shifting the solution by constants, the same properties will
eventually remain satisfied by any kernel Kjp.

The choice of the representative kernel draws insight from Lemma B.4 and is done by first
selecting the unique solution S of (2.8) by setting

(B.19) Sp(x,y) = Spraa(|z|, y) + Sp(z, 1),
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where Sj, ,qq is explicitly defined by

e " b 7 1
Shraatrin) ™ = [ "o | tra(r e + 5 RN o B,
oo 0

g

where Ro, > 0 is the radius of the ball introduced in (Hb3), and fr,q denotes the radially
symmetric part of f with respect to the x variable, i.e.,

1 27
fraalriy) & L / £ (r(cos 0, sin 0), y)db,
27T 0

where
det 1 1
z,y) = —log|z — b(y) Ay | — |,
fla,y) = 5 logle —ylv/b(y) <\/m>
for all 2,y € R? x R?, with y # x, and where Sy(-, ) is the unique solution of the elliptic

equation (2.1) with source term f — f;.q and vanishing far-boundary conditions, i.e.

lim Sy(z,y) =0,

|z| =00

for all y € R?. Note in passing that

(B.20) /fa:y _q o V)

b(Roo)
for all y € R?. Indeed, to see that, we first observe that

_\/@ og | — ! - 1 o
JLswe =52 [ o y‘A“”<¢b<x> ¢b<Roo>>d’

for any y € R?. Therefore, as the function

. 1 _ 1
Vi@ R

is continuous and compactly supported, thanks to the assumption (Hb3), it then follows that
it belongs to L' N L>°(R?). One then sees, by a direct integration by parts, that

1 1 1
/RQf(w,y)dw = Vb(y) ((—Ay) <—%/RQ log |z — y| <\/b(fv) - \/b(Roo)> dx))

1 1
= /b - ,
) (¢b<y> wa(Roo))

where we utilized the fact that

1
(z,y) — —%loglx -

is the fundamental solution of the Laplace operator (—A) in dimension two of space. This shows
the validity of (B.20) which will come in handy later on. It is to be emphasized in a moment
that the correction by the term

o VAR by log R

in the definition of Sp,aq is carefully chosen to compensate the behavior, as |z| — oo, of the
first term in the right-hand side of (2.10). Indeed, in view of the very definition of Sp;aq above,
we emphasize that

(B.21) Sprad (T, y) = —% log <é> + % b(Roo)b(y) logr,
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for all r > R, and y € R2. To see that, it is enough to notice that

T
Sb,rad(r7 y) = _b(g;OO) (/ d_a) / f(.CC, y)dl‘ + i \% b(ROO)b(y) log ROOa
T Re O R2 27
for large values of r > R, and all y € R?, where we employed the assumption (Hb3), again.
Therefore, the expansion (B.21) follows by incorporating (B.20) in the preceding identity.
Let us now move on to the proof of the remaining claims in the proposition. To that end, in
term of the definition of Sj above, we now select the kernel K} by setting

e 1
Ki(e,y) < — 5 logla —y|V/b@)b(y) + Sy(x.y),

and we emphasize, again, that it can be shown by a direct computations—which do not rely
on the very fine definition of S, given in (B.19), but only the fact that it solves (2.8)—that the
function
v | Kp(w,y)w(y)dy
R

is a distributional solution of (2.1) with source term w, for any w € D(R?). Moreover, this
distributional solution can be shown to satisfy the elliptic regularity estimates of Proposition
2.1. We again skip the proof of that here and refer to [44].

Now, we turn our attention to prove the symmetry properties of K. To that end, due to the
assumption (Hb4), observing that the function

(2,9) = =5 log = y1v/B()0(y)

satisfies all the symmetry properties claimed in the statement of the proposition, then, we only
need to show that Sy(z,y) does not perturb these symmetries. The principle step towards
showing that consists in justifying that the two solutions of (2.1) given by

def

Yplwi] = Ky(-,y)wi(y)dy, for ie{1,2}

R2
are also solutions to equation (B.15). That is to say, we claim that

(B.22) | ertrterl(@)iz = |

w1t [wo(x)dz,
R2

for any test functions w; and wy in D(R?) with

(B.23) /R wn(2)da = /R wol)dz = 1.

Let us assume the validity of (B.22) for a moment and first continue the proof of (2.11). In
view of (B.22) and the fact that

/ log [ — y|v/B(@)b(g)wn ()wa (y)dedy = /
R2 xR2 R2

it is readily seen that

/ S (e, y)n (2w (y)daedy = / S1(z, y)n (y)ws (2)ddy,
R2xR2 R2xR2

i, log [z — y[/b(x)b(y)w1 (y)w2(x)dzdy,

X

whereby we deduce that
L. (Si@0) = Sulo2) ) (whsn(y)ddy = o
R2xR2

for all test functions wy and wy in D(R?) with unitary means. Thus, we arrive at the conclusion
that
Sb(.’l?, y) = Sb(y7 .'17),

for all z,y € R?, whereby (2.11) follows.
61



We are now left with the proof of (B.22). To that end, we notice, in view of the second part
of Lemma B.4, that the couple (¢p[w1], ¥p[w2]) of solutions satisfies (B.22) if and only if

lim (wb[wl] - wb[m]) (z) = 0.
|z|—o00

Thanks to the definitions of ¢p[wi] and ip[ws] as well as (B.23), it is readily seen that the

preceding limit is a direct consequence of the following two properties:

def

(B.24) lim Aj(z) = lim Sy(x,y)h(y)dy = 0
|z|—o00 |z| =00 JR2
and
ef .. 1
(B.25) lim As(x) ©F Jim <—— log |z — y|\/b(x)b(y) + Sprad(z, y)) h(y)dy = 0,
|z|—00 |z] =00 JR2 27

for any test function h € D(R?) with

/R h(y)dy =0,

The proof of (B.24) directly follows by applying the dominated convergence theorem of Lebesgue,
for Sp(x,y) vanishes as |x| — oo by construction. As for the justification of (B.25), we employ
(B.21) altogether with the assumption that h is mean-free to obtain that

Aafa) = =2 [ g (2 ihwa,
m R2 |z|

for all || > R. Therefore, noticing that the integral in the right-hand side above can be
restricted to a compact set, as h is compactly supported, the dominated convergence theorem
of Lebesgue yields (B.25), as well. This leads to the completion of the proof of (B.22) and,
eventually, a justification of (2.11).

We now show the stability by rotations and involution of Sy(x, y), which, as previously pointed
out, will imply (2.12). To that end, observing, in view of assumption (Hb4), that

. 1 B 1 O 8777, d (1
div, <va> = g <8rr + 7 + ﬁ) + % (5) Or,

for any x = r(cosn,sinn) € R?\ {0}, one sees that the preceding operator is invariant by the
transformation x +— Ry - z, for any 0 € [0,27]. In addition to that, it is readily seen that the
function

1
x, log |z — b(yYA [ ——
(z,y) = log |z — y[\/b(y) (\/@)

is invariant by the transformation
(@,9) = (Ro -2, Ro - y),
for all § € [0,27]. Thus, by uniqueness of the solution Sy, of (2.8), we deduce that
So(Re - 2, Ry - y) = Sp(x,y),

for all 7,y € R? and 0 € [0,27]. Likewise, the stability of the solution by involution can be
proven along the same lines and by employing the same arguments as before. The details of
that are left the reader. This leaves us with a justification of the (2.12) for the part Spaq. To
that end, as Spraq is radially symmetric with respect to the x variable, it is enough to check
that it is radially symmetric with respect to the y variable, as well, to conclude the proof. To
see that, we only need to observe that

2m
fraa(lal, ) = [ log ol ~ [yle
0
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where we identity R? with C, for simplicity, to write z = |z|e!? and y = |y|e", for some
0,n € [0, 2x]. Therefore, by a change of variables, it is readily seen that

el ) = VD8 (| [ s el it
o “\VBD ) Jo |

which implies that f;.q is radial with respect to the y variable, as well. Thus, it follows that
Shrad is radial in x and y variables and, whence, is stable by rotations and involution. This
completes the proof of the proposition. O

APPENDIX C. A KEY FORMULA

For the sake of completeness, we conclude with a justification of a crucial classical identity
that has been used several times in this paper.

Lemma C.1. For any n € N*, z,y € (0,00) and 6 € [0, 2], it holds that

1 [ ; ; n"(z,y)
1 1 i in — >
(C.1) 5 /0 og |ye xe'| cos(nn)dn cos(nb) o

where

def . {x y}
m(z,y) = ming —, = ».

y' x
Proof. First, we recall the identity (see [29, identity (4.16)], for instance)
x

1 27 )
ﬁ/o log |1 — ze'| cos(nn)dn = ~5.

which holds for any x € (0, 1]. Therefore, combining the preceding identity with the parity and
periodicity of the trigonometric function n — cos(nn), it follows, for any x € [1,00), that

1 2m .
- /0 log |1 — ze'| cos(nn)dn =

Hence we deduce, for any = € [1,00), that

n

x—n

-5

min"{x, z~'}

1 2w )
(C.2) %/0 log |1 — xe'| cos(nn)dn = — o

Thus, observing that

27 ) ) 2w 2m
/ log |ye'? — xzel"| cos(nm)dn = log |y| / cos(nn)dn —i—/ log
0 0 0

=0

1— Leitn=0) cos(nn)dn,

and employing the change of variables n — 7+ 0 along with (C.2) infers, for all x € (0,00) and
0 € T, that

1 /2 . . m" (7,1 in(nf) [ ;
—/ log [yel — el cos(nn)dn = — cos(nb) ik + sin(nf) / log )1 — Zen
2w 0 2 0 v

i d
e sinnu)di,

-0
where we have used the fact that the function

n — log ‘1 - %ei” sin(nn)

is odd and 27-periodic. In conclusion, (C.1) follows and the proof of the lemma is now completed.
O

ACKNOWLEDGEMENTS

T. Hmidi has been supported by Tamkeen under the NYU Abu Dhabi Research Institute
grant. E. Roulley has been supported by PRIN 2020XB3EFL, “Hamiltonain and Dispersive
PDEs”.

63



REFERENCES

Bilal Al Taki and Christophe Lacave. Degenerate lake equations: classical solutions and vanishing viscosity
limit. Nonlinearity, 36(1):653-678, 2023.

Massimiliano Berti, Zineb Hassainia, and Nader Masmoudi. Time quasi-periodic vortex patches of euler
equation in the plane. Inventiones Mathematicae, 2023.

Didier Bresch, Rupert Klein, and Carine Lucas. Multiscale analyses for the shallow water equations. In Com-
putational science and high performance computing IV, volume 115 of Notes Numer. Fluid Mech. Multidiscip.
Des., pages 149-164. 2011.

Didier Bresch and Guy Métivier. Global existence and uniqueness for the lake equations with vanishing
topography: elliptic estimates for degenerate equations. Nonlinearity, 19(3):591-610, 2006.

Jacob Burbea. Motions of vortex patches. Letters in Mathematical Physics, 6(1):1-16, 1982.

Daomin Cao, Weicheng Zhan, and Changjun Zou. On desingularization of steady vortex for the lake equa-
tions. Institute of Mathematics and its Applications Journal of Applied Mathematics, 87(1):50-79, 2022.
Angel Castro, Diego Cérdoba, and Javier Gémez-Serrano. Existence and regularity of rotating global solu-
tions for the generalized surface quasi-geostrophic equations. Duke Math. J., 165(5):935-984, 2016.

Angel Castro, Diego Cérdoba, and Javier Gémez-Serrano. Uniformly rotating analytic global patch solutions
for active scalars. Annals of PDE, 2(1):Art. 1, 34, 2016.

Jean-Yves Chemin. Fluides parfaits incompressibles. Astérisque, (230):177, 1995.

Christophe Cheverry and Nicolas Raymond. A guide to spectral theory Applications and exercises.
Birkh&user/Springer, Cham, 2021.

Michael G. Crandall and Paul H. Rabinowitz. Bifurcation from simple eigenvalues. Journal of Functional
Analysis, 8:321-340, 1971.

Francisco de la Hoz, Zineb Hassainia, and Taoufik Hmidi. Doubly connected V-states for the generalized
surface quasi-geostrophic equations. Archive for Rational Mechanics and Analysis, 220(3):1209-1281, 2016.
Francisco de la Hoz, Taoufik Hmidi, Joan Mateu, and Joan Verdera. Doubly connected V-states for the
planar Euler equations. SIAM Journal on Mathematical Analysis, 48(3):1892-1928, 2016.

Gary S. Deem and Norman J. Zabusky. Vortex waves: Stationary “V states,” interactions, recurrence, and
breaking. Physical Review Letters, 40:859-862, 1978.

] Justin Dekeyser. Asymptotic of steady vortex pair in the lake equation. SIAM J. Math. Anal., 51, 2019.

Justin Dekeyser. Desingularization of a steady vortex pair in the lake equation. Potential Anal., 56(1):97-135,
2022.

Justin Dekeyser and Jean Van Schaftingen. Vortex motion for the lake equations. Comm. Math. Phys.,
375(2):1459-1501, 2020.

David G. Dritschel, Taoufik Hmidi, and Coralie Renault. Imperfect bifurcation for the quasi-geostrophic
shallow-water equations. Archive for Rational Mechanics and Analysis, 231(3):1853-1915, 2019.

Claudia Garcfa. Kdrmén vortex street in incompressible fluid models. Nonlinearity, 33(4):1625-1676, 2020.
Claudia Garcia. Vortex patches choreography for active scalar equations. Journal of Nonlinear Science,
31(5):Paper No. 75, 31, 2021.

Claudia Garcia, Zineb Hassainia, and Emeric Roulley. Dynamics of vortex cap solutions on the rotating unit
sphere. arXiv.2306.00154, 2023.

Claudia Garcfa, Taoufik Hmidi, and Joan Mateu. Time Periodic Solutions for 3D Quasi-Geostrophic Model.
Communications in Mathematical Physics, 390(2):617-756, 2022.

Claudia Garcia, Taoufik Hmidi, and Joan Mateu. Time periodic doubly connected solutions for the 3D
quasi-geostrophic model. SIAM J. Math. Anal., 55(6):6133-6193, 2023.

Harvey P. Greenspan. The theory of rotating fluids. Cambridge University Press, Cambridge-New York.
Reprint of the 1968 original, Cambridge Monographs on Mechanics and Applied Mathematics, 1980.

Javier Gémez-Serrano, Alexandru D. Ionescu, and Jaemin Park. Quasiperiodic solutions of the generalized
sqg equation. arXiw:2303.03992, 2023.

Zineb Hassainia and Taoufik Hmidi. On the V-states for the generalized quasi-geostrophic equations. Com-
munications in Mathematical Physics, 337(1):321-377, 2015.

Zineb Hassainia and Taoufik Hmidi. Steady asymmetric vortex pairs for Euler equations. Discrete and
Continuous Dynamical Systems. Series A, 41(4):1939-1969, 2021.

Zineb Hassainia, Taoufik Hmidi, and Nader Masmoudi. Kam theory for active scalar equations.
arXiw.2110.08615. To appear in Memoirs of the American Mathematical Society, 2021.

Zineb Hassainia, Taoufik Hmidi, and Emeric Roulley. Invariant KAM tori around annular vortex patches for
2D Euler equations. arXiw.2302.01311, 2023.

Zineb Hassainia and Haroune Houamed. Dynamic behavior of a multi-layer quasi-geostrophic model: Weak
and time-periodic solutions. arXiv:2309.17202, 2023.

Zineb Hassainia, Nader Masmoudi, and Miles H. Wheeler. Global bifurcation of rotating vortex patches.
Communications on Pure and Applied Mathematics, 73(9):1933-1980, 2020.

Zineb Hassainia and Emeric Roulley. Boundary effects on the emergence of quasi-periodic solution for Euler
equations. arXiw.2202.10053, 2022.

64



[33] Zineb Hassainia and Miles H. Wheeler. Multipole vortex patch equilibria for active scalar equations. STAM

Journal on Mathematical Analysis, 54(6):6054-6095, 2022.

[34] Lars Eric Hientzsch, Christophe Lacave, and Evelyne Miot. Dynamics of several point vortices for the lake

equations. arXiw.2207.14680, 2022.

[35] Lars Eric Hientzsch, Christophe Lacave, and Evelyne Miot. Lake equations with an evanescent or emergent

island. Communications in Mathematical Sciences, 20(1):85-122, 2022.

[36] Taoufik Hmidi and Joan Mateu. Existence of corotating and counter-rotating vortex pairs for active scalar

equations. Communications in Mathematical Physics, 350(2):699-747, 2017.

[37] Taoufik Hmidi, Joan Mateu, and Joan Verdera. Boundary regularity of rotating vortex patches. Archive for

Rational Mechanics and Analysis, 209(1):171-208, 2013.

[38] Taoufik Hmidi and Emeric Roulley. Time quasi-periodic vortex patches for quasi-geostrophic shallow-water

equations. arXw.2110.13751. To appear in Mémoires de la Société Mathématique de France, 2021.

[39] Taoufik Hmidi, Liutang Xue, and Zhilong Xue. Emergence of time periodic solutions for the generalized

surface quasi-geostrophic equation in the disc. J. Funct. Anal., 285(10):Paper No. 110142, 61, 2023.

[40] Taoufik Hmidi, Liutang Xue, and Zhilong Xue. Unified theory on v-states structures for active scalar equa-

tions. arXiw:2312.02874, 2023.

[41] Gustav R. Kirchhoff. Vorlesungen uber mathematische Physik. Mechanik. Teubner, Leipzig, 1876.
[42] Christophe Lacave, Toan T. Nguyen, and Benoit Pausader. Topography influence on the lake equations in

bounded domains. Journal of Mathematical Fluid Mechanics, 16(2):375-406, 2014.

[43] C. David Levermore, Marcel Oliver, and Edriss S. Titi. Global well-posedness for the lake equations. Physica

D: Nonlinear Phenomena, 98(2):492-509, 1996.

] Matthieu Ménard. Mean-field limit of point vortices for the lake equations. arXiv.2309.10453, 2023.
] Christoph Ortner and Endre Suli. A note on linear elliptic systems on R?. arXiv.1202.3970, 2012.
] Coralie Renault. Relative equilibria with holes for the surface quasi-geostrophic equations. Journal of Dif-

ferential Equations, 263(1):567-614, 2017.

[47] Emeric Roulley. Local and global bifurcation of electron-states. arXiv.2309.11260, 2023.
[48] Emeric Roulley. Periodic and quasi-periodic Euler-a flows close to Rankine vortices. Dynamics of Partial

Differential Equations, (4):311-366, 2023.

[49] Emeric Roulley. Vortex rigid motion in quasi-geostrophic shallow-water equations. Asymptotic Analysis,

133(3):397-446, 2023.

[50] Cheng Yang. Vortex motion of the euler and lake equations. Journal of Nonlinear Science, 31(48), 2021.

] Victor I Yudovich. Non-stationary flow of an ideal incompressible liquid. USSR Computational Mathematics

and Mathematical Physics, 3(6):1407-1456, 1963.

NEW YORK UNIVERSITY ABU DHABI, ABU DHABI, UNITED ARAB EMIRATES
Email address: th2644@nyu.edu, haroune.houamed@nyu.edu

SISSA INTERNATIONAL SCHOOL FOR ADVANCED STUDIES, VIA BONOMEA 265, 34136, TRIESTE, ITALY
Email address: eroulley@sissa.it

LEDPA, UNIVERSITE DE BATNA 2, DEPARTEMENT DES MATHEMATIQUES, 05000, BATNA, ALGERIE
Email address: m.zerguine@univ-batna2.dz

65



