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Abstract

We show that the boundary of a rotating vortex patch (or V-state, in the termi-

nology of Deem and Zabusky) is C*, provided the patch is close to the bifurcation
circle in the Lipschitz norm. The rotating patch is also convex if it is close to the
bifurcation circle in the C? norm. Our proof is based on Burbea’s approach to

V -states.
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1. Introduction

The motion of a two dimensional inviscid incompressible fluid is governed by

Euler equations

ou(z, 1) + (v-Vu)(z,1) = —Vp(z, 1), ze€C, >0,
dive =0, (D
v(z,0) = vo(2),
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where v(z, 1) is the velocity field at the point (z, ) € C x R and p is the pressure,
which is a scalar function. The operators v - V and div are defined by

v-V =00 + 120, and divv = djv| + dv;.

The velocity field v is divergence free because the fluid is incompressible. In dimen-
sion two the vorticity is given by the scalar @ = 9jv — d2v;1. One can recover the
velocity from the vorticity by means of the Biot—Savart law. Indeed, identifying
v = (v1, v2) with v; + ivp and performing a simple calculation, one gets

1
20v =iw, with 0:=09; = 5(31 —i02).

Since z ﬂ% is the fundamental solution of the complex operator 9, we get the
Biot—Savart law

vz 1) = l—/(CMdA(C), zeC, @)

2 z

with dA being the planar Lebesgue measure. Taking the curl in the first equation
of the system (1), one obtains the vorticity equation

dw~+v-Vw =0,
[,a) v-Vo 3)

w(z,0) = wp(2),

where wg denotes the initial vorticity and v is given by the Biot—Savart law (2).
Equation (3) simply means that the vorticity is constant along particle trajectories.
Under mild smoothness assumptions the Euler system is equivalent to the vorticity
formulation (2)—(3). A convenient reference for these results is [2, Chapter 2].

It is a deep fact, known as the Yudovich Theorem, that the vorticity equation
has a unique global solution in the weak sense when the initial vorticity wy lies in
L' N L. See, for instance, [2, Chapter 8]). The solution of (3) is a vortex patch
whose initial condition is the characteristic function of a bounded domain Dy. Since
the vorticity is transported along trajectories, we get that w(z, t) = xp, (z), where
D; = X (Do, t) is the image of Dg by the flow. Recall that the flow X is the solution
of the nonlinear integral equation

t
X(z,t)=z+/ v(X(z,7),7)dr, z€C, t=0.
0

In the special case where Dy is the open unit disc the vorticity is radial, and thus
we get a steady flow. In particular, D; = Dg,t = 0, and the particle trajectories
are circles centered at the origin. A remarkable fact discovered by Kirchoff is that
when the initial condition is the characteristic function of an ellipse centered at
the origin, then the domain D; is a rotation of Dy. Indeed, D; = ¢/’ Dy, where
the angular velocity €2 is determined by the semi-axes a and b of the initial ellipse
through the formula Q = ab/(a + b)z. See, for instance, [2, p. 304] and [9, p. 232].

A rotating vortex patch or V-state is a domain, Dy, such thatif x p, is the initial
condition of the vorticity equation, then the region of vorticity 1 rotates with con-
stant angular velocity around its center of mass, which we assume to be the origin.
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In other words, D; = e/’ Dy or, which is the same, the vorticity at time  is given
by

w(z,1) = xpy(e"%z), z€C, t>0.
Here the angular velocity €2 is a positive number associated with Dy.

To the best of our knowledge the ellipse is the only V -state for which a closed
formula is known. DEEM and ZABUSKY [5] wrote an equation for the V-states and
solved it numerically. They found V -states with m-fold symmetry for each integer
m 2 2. A domain is said to be m-fold symmetric if it is invariant under a rotation
of angle 27t /m. One may view such a domain as being the union of m leaves, each
of which can be obtained from a given one by rotating it by an angle of the form
p(2m/m), for some integer p. It is extremely interesting to look at the pictures of
m-fold symmetric V-states in [14]; one can see domains with smooth boundaries,
which evolve with certain associated parameters to produce in the limit domains
whose boundaries have corners at right angles.

BURBEA [3] gave a mathematical proof of the existence of m-fold sym-
metric V-states using bifurcation from the circle solution. His approach is, in
Aref’s words, elegant and deep [1, p. 346]; it is indeed so. He finds an equa-
tion for the V-states and then uses conformal mapping to rewrite the equation
in a functional analytic framework in which bifurcation theory can be applied.
Unfortunately, the proof has a gap, which occurs when the space to which bifur-
cation theory should be applied is set up. The suggestion made in [3, p. 8] of
using the standard Hardy space does not work. One reason is that the opera-
tor Q(f) in [3, p. 8] involves one derivative of f, but functions in the Hardy
space do not necessarily have derivatives. Another reason is that one needs a
space which guarantees that small analytic perturbations of the identity in the
space are conformal. A space which fulfils the preceding requirements is the
space of Lipschitz functions. However, for technical reasons, the space of Lips-
chitz functions is not suitable for our purposes and has to be replaced by the
smaller space of functions with first order derivatives satisfying a Holder con-
dition of order @,0 < o < 1. The reader will find an exposition of Burbea’s
approach in Section 2 and a complete proof of the existence of m-fold symmetric
V-states in Section 3. It is our impression that this beautiful and striking theorem
deserves to be more widely known than it now appears to be. In section 4 we
prove our main result, which states that if a bifurcated V-state is close enough
to the circle in the Lipschitz sense, then its boundary is of class C*°. We also
show that a bifurcated V-state is convex if it is close enough to the circle in the
C? norm. There is a dark zone, where the V-state has boundary of class Cclte
for some positive «, but it is not close enough to the circle in which the actual
smoothness properties of the boundary are unknown. Also, the nature of the sin-
gularities of the “limiting” V-states of Wu et al. [14] are not well understood
at all.

We adhere to the convention of denoting by C a constant independent of the
relevant parameters under consideration. The constant may change its actual value
at different occurrences.
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2. Burbea’s Approach to V-States

We begin by deriving an equation for simply connected vortex patches which
have smooth boundaries for all times. Consider two parametrizations of the bound-
ary 0D, of the patch at time ¢, say z(«, f) and 5n(B, t), and assume that they are
proper in the sense that they establish a homeomorphism between the interval of
definition of the parameters, with the extremes identified, and 9 D;. Assume, also,
that they are continuously differentiable as functions of the parameter and time.
Then there exists a change of parameters (8, ¢) such that n(8, 1) = z(x(B,1),t)
for all B and ¢, and so we have

9z (B, t) 0

an _ 0z dz
o 8D =gy =g+ @D

Since g—é((x, t) is a tangent vector to the boundary at the point z(«, ¢) and %—‘;‘(ﬂ, 1)
is a scalar, we conclude that

on q_% e

where 7 is the exterior unit normal vector at the point z(a, t) = n(B, t) and the
dot stands for the scalar product in R> = C. Thus, the quantity in (4) does not
depend on the parametrization and represents the speed of the boundary in the
normal direction. On the other hand, v(z(w, t), t) - 71 is the normal component of
the velocity of a particle which is located at the point z(w, t) at time 7. Since the
boundary is advected by the velocity v, we get the equation

z—f(a, t)-n=v(z(a,t),t)-n, 5)

which describes the motion of the boundary of the patch.
Now we introduce the stream function

1
Yz, 1) = (2—10g| - x XD,) (@). (6)
g
Clearly, 8 log |z|> = 1/zZ, where = 3/9Z. Hence

2i0Y(z,1) = i (i X XD,) (2) =v(z,1)
27 \Z
and

(i) (z(e, 1), 1) = (V¢ - i) (z(a, 1), 1)
=—(Vy - O)(z(a, 1), 1)

dy

= ——(Z(Ol, t),[),
ds

where 7 is the unit tangent vector and s is the arc-length parameter of the curve
0 D;. Therefore (5) becomes
dz(a, 1)
— . n.
ot

d
d—‘”(z(a, 1) = )
S
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Assume now that the patch rotates with angular velocity Q2. Let zo(«) be a proper

continuously differentiable parametrization of d Dy and set z(«, t) = e z0(),
which is a proper parametrization of d D;. Then
% (o, 1) = 192, 1)
—, 1) =1 a, 1),
ot ¢
and (7) becomes
dy . - -
d—(z(a, t),t) = —iQz(a,t) -n = QLz(a, t) - T. 8)
s

Taking o = s, the arc-length parameter on d Dy, we obtain
d ) —_ .
35 26 DI" = 2Re(z(s, )T) = 2205, 1) - T,

so that, by (8),

dy _ad 2
a(z(s,t),t) =3 dSlz(s,t)l ,

and integrating with respect to s yields, for a certain constant c(¢) depending on 7,

Q 5
Yz, t) = Elzl +c(t), z€dD;. 9)

Since the steps can be reversed, this is the equation of V-states.

The goal now is to use conformal mappings to “parametrize” V -states. For that,
one needs to modify the preceding equation to get a form more amenable to the use
of analytic functions. Fix 7 and take derivatives in (9) with respect to s on d D;. We
just get a restatement of (8), that is,

2Re (a—w(z(s, 1, 0z (s, t)) —Re (Qz(s, 0z (s. z)) , (10)
0z

where the ‘prime’ signifies the derivative with respect to s. By the generalized
Cauchy formula (which follows from a direct application of Green—Stokes), one
has

1 C 1 dA
7=— £ de + (g), z € Dy. (11)
2mi 3Dt§'—Z T JD, z—¢

Taking the 9 = d/9z derivative in (6) and applying (11),

Iy 1/ dA(r) _ 1 3
4= — =z—— [ —=—d D;.
9z @ ®) 7 Jp z—¢ T o ap, { — 2 £ ze b

The first identity above implies that z +> %(z, t) extends continuously to the

closed domain D, since the Cauchy integral of a bounded compactly supported
function is quasi-Lipschitz (its modulus of continuity is O(§|logé|),§ < 1/2).
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Thus, the same happens to the Cauchy integral of the function ¢ on 8 D,. Hence
(10) becomes, with A = 1 — 2€2,

. _
Re (AZz’(s, ) — —/ Ld;‘z’(s, t)) =0, zedDy,
2ni Jop, ¢ —2

where the integral over dD; for z € dD; should be understood as the limit as
w € D; tends to z of the corresponding integral for w.

Integrating with respect to s on d D; we conclude that, for some constant c(#)
depending on ¢,

Alz|> +2Re L ¢ log (1 - E) d¢ =c(t), ze€adDy. (12)
2mi aD; f
Remember that the origin belongs to D; and thus, for each { € dD;, there exists
a branch of the logarithm of 1 — z/¢ in D, \ {¢} taking the value 0 at z = 0.
Also, for each fixed z € 9Dy, there exists a branch of the logarithm of 1 — z/¢
in Cx \ D; U {z} taking the value 0 at ¢ = oo. Therefore, the integral in (12)
exists for each z € d D; and defines a continuous function on d D;. Later on we will
differentiate this integral with respect to z on 9 D;.

Notice that Equation (12) is invariant by rotations and dilations. Consequently,
using the fact D; = ¢/’ Dy and performing a change of variables, equation (12)
reduces to

x|z|2+2ReL_ ¢ log (1— 5) d¢ =c, ze€dDy. (13)
27 9Dy é’

We have used the fact that c(7) does not depend on ¢ since the left hand side of (13)

is independent on the time variable. Equation (13) is Burbea’s equation for simply

connected V -states.

Let us now introduce conformal mappings. Let Ep, = Cy \ Dy be the exterior
of Dg and Ex = Cs \ A the exterior of the unit disc A = {z : |z| < 1}. Let ® be
a conformal mapping of Ex onto Ep,, preserving the point at co. This mapping
can be expanded in Ex as

a
®(z) =a z+zZ—Z

n20

for some complex number a. Making a rotation in the independent variable z, we
can assume that a is a positive number; then dilating the domain, we can further
assume thata = 1. Following Burbea we change variables in (13) setting z = & (w)
and ¢ = ®(r). Then (13) becomes

2 1 - D (w) ,
AlPw)|"+2Re — | P(r)log|{1l — —— ) P (r)dr =¢c, weT. (14)
2wi JT d(7)
Recall that we are assuming d Dy to have a rectifiable boundary. It is then a classical
result that @ can be extended continuously to the unitcircle T = {z € C : |z] = 1}
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and the extension is absolutely continuous, so that &' (w) exists for almost allw € T
and the resulting function is in LY(T) (see [10]). Later on, we will work with a &
whose extension to T is of class C'T%(T) so that &’ will be Holder continuous of
order « on T. To simplify the notation, set

_ (s> _ 2
o(P)(w) = i /be(r)log (1 B(0) ) o' (r)dr, weT (15)
and
m(®, 1) = L / (M@ w)|* + 2Re 0 () (w)) [dw], (16)
27 JT1

where |dw| denotes the length measure on the circle. Hence (14) is
A @ (w)|> +2Rec (®)(w) —m(P, 1) =0, weT. (17)

It is more convenient to set (z) = z + f(z) with f analytic on E A and define the
operator

S(HHw) = o (P)(w). (18)
That this is a good point of view is confirmed by the fact that
1 d
SO)(w) = —/ log (1 - E) T 0, werT, (19)
2mwi Jr t/ T

because the integrand is analytic on Ex and has a double zero at co. Thus (17) is
satisfied for ®(z) = z and each A. Now define

F(A, fi(w) :==Alw + f(w)l2 +2ReS(fH(w) —mdA+ f,A), weT, (20)

where [ stands for the identity function. Clearly, Burbea’s equation can be rewritten
as

F(, f)=0.
One has
F(,00=0, AeR,

which simply says that the disc satisfies Burbea’s equation (13) for each A.
Burbea’s idea at this point is to apply bifurcation theory in order to prove the
existence of m-fold V-states. In the next section we will apply Crandall-Rabino-
witz’s Theorem, whose original statement in [4, p. 325] is included below for the
reader’s convenience. For a linear mapping, L, we let N (L) and R(L) stand for the
kernel and range of L, respectively. If Y is a vector space and R is a subspace, then
Y /R denotes the quotient space.

Crandall-Rabinowitz’s Theorem. Ler X, Y be Banach spaces, V a neighbor-
hood of 0 in X and

F:(-1,)xV—>Y
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have the properties

(a) F(t,0) =0forany|t] < 1.

(b) The partial derivatives Fy, Fy and Fy, exist and are continuous.
(¢) N(Fx(0,0)) and Y/R(F(0,0)) are one-dimensional.

(d) Fix(0,0)xg ¢ R(Fy(0,0)), where

N(Fx(0,0)) = span{xo}.

If Z is any complement of N (Fy(0,0)) in X, then there is a neighborhood U of
(0,0) in R x X, an interval (—a, a), and continuous functions ¢: (—a,a) —
R, ¥ : (—a,a) — Z such that ¢(0) =0, ¥ (0) = 0 and

F7HO)NU = {((&), Exo + EY(E)) : [€] < a} U{(1,0) : (1,0) € U}.

3. Existence of m-Fold V-States

In this section we will apply Crandall-Rabinowitz’s Theorem to prove the
existence of m-fold V -states for each integer m = 2. For m = 2 one recovers the
Kirchoff ellipses. As a by-product of this formalism we get a Holderian boundary
regularity result for the V-states which are close to a point of the bifurcation set
{(A, f) = (%, 0),m = 2,3, ...}. Later, we will see how to establish the C* reg-
ularity of the boundary of these V-states by using hidden smoothing effects of the
nonlinear equation (17). First, we establish the following result.

Theorem 1. Given 0 < @ < 1l and m = 2,3, ... there exists a curve of m-fold
rotating vortex patches with boundary of class C'* bifurcating at the circle solu-
tion.

More precisely, there exist a > 0 and continuous functions A: (—a,a) — R,
Vi (—a,a) - CYHYT) satisfying A(0) = 1/m, ¥ (0) = 0, such that the Fourier
series of ¥ (&) is of the form

YE)W) = aym 1 W+t ag o W+ weT,
and
FO.&), 0" + &y ()W) =0, & € (—a,a).
The mapping

1 1 1
e () =2 (1 & B 1) o o Ea 1 6) +)

is conformal and of class C'7* on C\ A, and the complement Dg of P£(C\ A)
is an m-fold rotating vortex patch.

The proof of this theorem requires some lengthy work, which will be presented
in several steps. We start by introducing the spaces X and Y, then we will check
all the assumptions of Crandall-Rabinowitz’s Theorem.
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3.1. The spaces X and Y

The choice of the spaces X and Y is a key point, which was overlooked in [3].
Before giving the complete description of these spaces, we first need to recall the
definition of the Holder spaces C" % (). Let  be a non-empty open set of R and
0 < o < 1. We denote by C*(£2) the space of continuous functions f such that

Ifllice) = Il fllzee + sup w >
xAyeq X —yl

’

where || f||L~ stands for the supremum norm of f on 2. More generally, for a
non-negative integer n the Holder space, C"* () consists of those functions of
class C" whose nth order derivatives are Holder continuous with exponent « in 2.
It is equipped with the norm

I fllenracey = £l + D 187 Fllce@-
lyl=n

We will also make use of the space C!*%(T), which is the set of continuously
differentiable functions f on the unit circle T whose derivatives satisfy a Holder
condition of order «, endowed with the norm

df
o - o + || — s
I fllcr+aery = ILfllz ” aw |,

where || - || is the usual Lipschitz semi-norm of order «:

lg(x) — g
gl = sup 2222,
x#yelT X =l

We define, in a similar way, the spaces C*™*(T), for each positive integer n and

a €]0, 1[. A word on the operator d/dw is in order. Any function f : T — R can
be identified with a 27 -periodic function g : R — R via the formula

fw)=g®), w=e"

Therefore, for a smooth function f we get
af
dw

It will be more convenient in the sequel to work with d/dw instead of d/df. Since
they differ only by a smooth factor it really makes no difference. Notice that we
have the identity

—ie %' (0).

dfy  1df
T wldw D

On the other hand, if we denote by Czl;f *(R) the subspace of C'*t%(R) consisting
of 2w -periodic functions, then we can identify CHo(T) with CZI:{ “(R) and

lgla = 11 f lla-
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Let C;*“(Ac) be the space of analytic functions on Cs, \ A whose derivatives
satisfy a Holder condition of order o up to T. This is also the space of functions in
C'*%(T) whose Fourier coefficients of positive frequency vanish.

The space X is defined as

X = {f e CHATy fw) =D ayw" weT.ay €Ron > 0] . (2
n=0

and coincides with the subspace of C 6{"“"(Ac) consisting of those functions in
C ; T (A€) whose boundary values have real Fourier coefficients. Later on, we will
modify the space X appropriately to get m-fold symmetry, but for now it is simpler
and clearer to work with this X. The reader will understand later why we require
the a,, to be real. For the time being, we just comment on the geometric meaning
of this requirement. If we set, for f € X, ®(z) = z + f(z) and ® happens to be
conformal on Cy \Z, then the complement in C, of the closure of ®(Cy \Z) is
a simply connected domain D symmetric with respect to the real axis. Conversely,
if one starts with a bounded simply connected domain D symmetric with respect
to the real axis and @ is the conformal mapping of the complement of the closed
unit disc onto the complement of D, then the coefficients in the expansion of ¢
as a power series in 1/z are real. Now, if one is given a domain D with an axis
of symmetry containing the origin, after a rotation one can assume that this axis
is the real line. Domains with m-fold symmetry have an axis of symmetry, so it is
not, in fact, restrictive for our purposes to work with functions with real Fourier
coefficients.

Let V stand for the open ball with center 0 and radius 1 in C ; TEAOIf fisinV,
then the function ®(z) = z+ f(z) is analyticon {z : |z| > 1) and is injective there.
For, by the maximum principle,

”g £ @) — fw)|
dw

CE [ lz — w|

1|Z|§1,|w|21,z;ﬁw]:=8<1,

and hence

@) — o) 2lz—wl—|f@) — fw)=A - dlz—wl, [zI2], [w[=1.
For f € V define S(f) as in (15) and (18), where ®(z) = z + f(z). The definition
makes sense precisely because @ is injective, and thus a branch of the logarithm

of 1 — ®(w)/P(r) can be defined taking the value 1 at oo (that is, as T — 00), as
we argued after (13). We now define a function F (A, f) on R x V by

F(A, f)(w) =Alw + f(w)|2 +2Re S(f)(w) —m(Id + f, 1), (23)

where S(f) isasin (18) and m(Id+ f, 1) asin (16). This is the function F to which
we will apply Crandall-Rabinowitz’s Theorem.
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We now define the space Y as the subspace of C' T (T) consisting of real-valued
functions with zero integral and real Fourier coefficients. More precisely,

Yi={geC™M):g(w) = Z aw',weTanda, =a_, e R,n >0
0#£neZ
(24)

Since we have subtracted the mean in (23), it is clear that F'(A, f) is a real-
valued function with zero integral. To show that F maps X into Y it remains to
show that F (A, f) belongs to C I+ (T and that its Fourier coefficients are real.

3.2. F(A, f) isin C'(T)

Since F (A, f) has zero integral, its norm in the space C'*%(T) is equivalent
to the C*(T) norm of its derivative w g—i(k, f)(w). Now, since C!7%(T) is an

algebra, the problem reduces to showing that w +— ds(f) (w) belongs to C*(T).
For that, we need to compute the derivative of S(f )(u))wwith respect to w; this is
done in the next lemma. Recall that ® : T — C is bilipschitz (into the image) if,
for a positive constant C, one has

Cllt—w <90 - D) <Clt—w|, T,0eT.

Lemma 1. For any bilipschitz function ® : T — C of class C'(T) we have

d (3w 1 (0)d' (1)

(25)

Proof. The proof of this lemma consists of computing the derivative with respect
to w in the sense of distributions by integrating against a test function on T. When
integrating by parts, we will get —®’(w) times the principal value integral in (25)
plus a “boundary term” — @’ (w)W/ 2, which is due to the fact that the logarithm
in the definition of S(f) is not continuous on the diagonal.

An alternative argument goes as follows. Bring the integral defining S(f) on
the C! Jordan curve I' = & (T) to obtain the function

1 — z
U(Z)—%/Filog(l—z) d¢, zerl.

Think of o as an analytic function of z € D, the domain enclosed by I'. Its derivative
is

b ¢ dg:—Z—l/;dA(C), zeD,

2mi [‘{—Z JTDf—Z

where the identity is the generalized Cauchy formula for the function z. The integral
on D in the right-hand side is a quasi-Lipschitz function, as the Cauchy integral
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of a bounded function, and hence the left-hand side extends continuously up to
the boundary. Call this extension —C(¢)(z),z € T, whgre the notation refers to
“boundary values of the Cauchy integral of the function ¢”. By Plemel;j’s formula
(see, for example, [11, p. 143]),

¢

E r¢—z

C()(z) == +pv

de. (26)

|

We conclude that o is differentiable on I and its derivative with respect to z is given
by minus the expression in (26). Changing variables to return to the unit circle and
applying the chain rule we get (25). O

Now everything is reduced to checking that the the principal value integral in
(25) satisfies a Holder condition of order «. This can be done rather easily in at
least two ways. The first consists in considering the operator

Tg(w) = p.v. L/ _ 8@ 4 wer 27)
2wi JT P(7) — P(w)

and showing that 7" boundedly maps C“(T) into itself. This can be achieved by

applying the T (1)— Theorem for Holder spaces of WITTMANN [13, Theorem 2.1,

p-584] (see also [7]). Before we state Witmann’s result, recall that the maximal

singular integral of g is
[ st arl wer.
T\D(w,e) D(r) — P(w)

D(w, ¢) being the disc centered at w of radius €. Wittmann’s 7 (1)-Theorem asserts
in our context that the C*(T) boundedness of T follows by checking that the kernel
is “standard”, that 7*(1) is bounded and that the operator T applied to the constant
function 1 lies in C%(T). That the kernel is standard means, in the situation we are
considering, that

T*(g)(w) = sup

e>0

' ! ’f ¢ , ,bweT (28)
d(r) — d(w) [T — w|

d 1 c
— <
‘dw (CD(r) - @(w))' =l wp T,weT, (29)

and

which are clearly satisfied because @ is bilipschitz on its domain. To compute
T()(w),w € T, denote by y., e > 0, the arc which is the intersection of the
circle centered at w of radius ¢ and the complement of the open unit disc, with
counter-clockwise orientation. Let T, be the closed Jordan curve consisting of the
arc y, followed by the part of the unit circle at distance from w not less than £. We
claim that

. ( 1 T—w dr 1 T—w dr )
T(1)(w) = lim —/ e
e—~0\2ni J1, ®(7)—QP(w)t —w 2ni J, P(7) —P(w)T—w
1

= l—m. (30)
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The integral over T is 1, since the integrand is analytic as a function of t on the
exterior of the unit disc, and we have

T—Ww
Iim —— =1
Ir]—00 (1) — P (w)

The limit as ¢ — O of the integral over y; is

1 . / dt i
lim = —
D' (w) e=0/,, T —w ' (w)

and so (30) is proven. From the assumption ® € C'T%(T) combined with (30) we
obtain that T (1) € C%(T). From the argument above, it is also clear that 7*(1) is
bounded on T.

For future reference, we record now the following identity, whose proof is
similar to that of (30) just described,

/
v 2@ L 31)
2wi JT P(1) — P(w) 2

The second argument for showing that the principal value integral in (25) sat-
isfies a Holder condition of order « consists in changing variables ¢ = ®(r) and
z = ®(w) and passing to a principal value integral on the C'* Jordan curve
I' = ®(T). The kernel of the operator one obtains is the Cauchy kernel and the
integration is with respect to d¢ . This operator sends C (I') into itself on curves sat-
isfying a mild regularity assumption called Ahlfors regularity. This can be proved by
standard arguments,so we prefer to omit the lengthly calculations and inequalities
involved.

3.3. Real Fourier Coefficients

We intend to show that if f € X, then F (A, f) has real Fourier coefficients.
Let R stand for the space of continuous functions on T with real Fourier coeffi-
cients. We claim that R is an algebra invariant under conjugation and under taking
inverses of functions which vanish nowhere on T. Moreover, if a function in R is
continuously differentiable, then its derivative stays in R. The only non-obvious
fact is the stability under the operation of taking inverses.

Lemma 2. If f € R and f(e!?) # 0 for all real 0, then 1/f € R.

Proof. Let f(e'%) = 3% _ a,e"’ and let (%)(em) =>% _ a,e be the

n=—0o0 n=-—o00 N

Fourier series expansions of f and lf Set o, = by, + ic, with b, and ¢, real. Then

L= fE7 (i,.e) = D axame"

= D (@xb)m+iaxc)m)e",

n=—oo
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and thus
(a xc)(n) =0, foreach integer n. (32)

Here we are using the notation a * b for the convolution of the sequences a =
(an)§2_ o and b = ()22 _ ., thatis, (a x b)(n) = D7 an—mbm. Let 0
g(e'?) be the function with Fourier series zn_foo cpe™ . Then g € L%(T), because
the sequence (o,)5>_ ., is square summable, and so (c,)ne_ ., is, too. By (32),
f(e’g)g(elg) = 0 for almost all 6. Henceg(e’e) = 0 for almost all 6, which means
that ¢, = 0, for all n. Therefore o, = by, isreal forallnand 1/f € R. O

From the discussion above it is clear that the term )L|d>(w)|2 = AMw +
f(w)][w + f(w)]hasreal Fourier coefficients if f does. Thus the following lemma
completes the proof that F'(A, f) has real Fourier coefficients if f € X.

Lemma 3. If f € X, then Re S(f) has real Fourier coefficients.

Proof. We are going to show that, in fact, S(f) has real Fourier coefficients. Set

fw) = Zan

By the Schwarz inequality,

00 00 12 s 1 1/2
< 2 2 —

S o= (Zrar) ()

n=1 n=1 n=1

= Clldf/dwll g2y
< Clldf/dwl|lsr) < 0. (33)

Arguing as we did for (19), we conclude that

_ ®(w) B
/Ttlog(l q)())(b()dr 0

and, consequently, the function S(f) takes the form

s — M mtee (1 - 2% /) a
(f)(w)—%/qrf(f) og( —m) (r)dr.

Thus (33) yields

= 1
S(f)(w)=Zanﬁ/Tr”log(l (D((w)))cb( ydr, weT. (34)
n=0

Choose A > 1 big enough so that

[P0 2 2Py, IT]=A. (35)



Boundary Regularity of Rotating Vortex Patches 185

Since the integrand in (34) is analytic in |7| > 1, the integral there can be taken on
|| = A. Then we can use the expansion

PW)) w1 fPw))*
1°g(l_d>(r>)__zE(d>(r>)

k=1

to obtain

o0 o0 An
S(HW) == > an Y. Lo w), (36)

n=>0 k=1 k

where

1 k
A= — | " Fo/ (1) (——) dr
’ 27i Jr d(1)

1
2JTO

o —k+1 5/ T ¢
T (1) (%) |dz| (37)

is the Fourier coefficient corresponding to the frequency —(n — k + 1) of the func-
tion T > @' (1)(z/D(1))*. Clearly, T + ®(7)/t has real Fourier coefficients,
and thus so does 7 +— <I>’(1:)(1:/d>(r))k, by Lemma 2. Hence A, ; is a real number,
s0 (36) says that S( f) has real Fourier coefficients. O

3.4. F is Gateaux Differentiable

We show here that F is Gateaux differentiable, and in the next subsection
we will check that the directional derivatives are continuous. This will show that
F is continuously differentiable on its domain R x V. In proving differentiability
properties of F'(A, f), we can consider only the first two terms in (20) because the
third, m(I + f, 1), is a mean of these two terms. Denote by G (A, f) the sum of the
first two terms in (20).

There is no problem with the partial derivative with respect to A because the
dependence on 1 is linear. We get

DiF (e fY(w) = |w + f(w)?,
which is obviously continuous with respect to f in the topology of X.

Now, take 7 € X and compute the derivative of G (A, f) with respect to f in the
direction h, that is,

d
DG, f)(h) = EG(A, f +th)|
=0

= 21 Re(®h) +2Re%S(f+th)’ . (38)
t=0
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The computation of %S (f 4+ th)|;=o yields the four terms below:

CScrain — T nmee(1- 2 ¢y a
T (f + )|f=o(w) = 2_7Tl/11‘ (1) og( m) (r)dr
L S@mtoe (1 - 2 Y vy d
57 [0 Og( ) <I>(r)) (e
1 [ —— h(w) —h() _,
o [ PO @ (e
1 [ 3@ ,
i ; @(T)h(r)fb (r)dr

= A, )(w)+B(f, hy(w)+C(f, y(w)+D(f, h), (39)

where the last identity is the definition of the functions A, B, C and D. Notice that
D is independent of w.

We proceed now to prove that A(f, h) € C I+ (T, For the estimate of the absolute
value of A(f, h)(w), we can assume without loss of generality that w = 1. Com-
puting the derivative of log(1 — ®(1)/®(r)) withrespectto 7 in |t| > 1 and using
the fundamental theorem of calculus, we see that

1og(1_&)=_/°° CMPCD) g s 121 @0)
d(7) 1 (@@7T) — ()P (7)

The preceding identity is very useful in estimating the integrals containing a log-
arithmic term, as we will see below. We proceed now to estimate from below the
factors in the denominator of the fraction inside the integral in (40). The function
®(7)/7 is analytic on C \ A and takes the value 1 at co. Hence, by the maximum
principle and recalling that f € V, we obtain

|P ()]
7|

L=l fllzeo(ry =

S L+ fllemy, Il 21, (41)

and
() — DD 2 (1= || flleomplr =11, ] 2 1. (42)

Therefore, by (40)—(42) we get for T € T\{1},

'10 (1—&”)‘<|¢(1>|n¢’n /Oo &
T o) L2 [ (e () — e()[[@ (1)

< AN fllzeoery) (T + I fllzeeemy) [ dr
T A= Nfllzeeem)A =N fNlzeeemy) J1 ottt — 1]
We split the interval of integration in the last integral above into three subintervals:

(1,1 4+ 1]z = 1)), 1 + |t — 1], 3) and (3, 00). In the first, we notice that for r > 1
and |t| = 1 we have the elementary inequality

tr=1=lt—7|=lt—t| 2|1 —7],
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and so

[IA

I+HT=1l gy
— < 1.
/1 titt — 1|

The integral on the second interval can be estimated straightforwardly as follows:

3 dr 3 dr 2
— < = log .
1le—1| HiT = 1] I+je—1 1 —1 T — 1]

©dtr ©dr 3
/ < / —log 2.
3ttt — 1] 3 tt—1) 2

Therefore, collecting the preceding inequalities,

Finally,

@ (1)
llog(l——)’§C(f)(1+|10glf—1ll), teT, (43)
o (1)

where C(f) is a constant depending only on the C!(T) norm of f.
Integration in t on T readily yields

TACS, Wllos = Cr(NIAlloc-

The next step is to estimate the uniform norm and the Lipschitz semi-norm of order
« of the function w +— EldEA(f’ h)(w). As in Lemma 1, one has

d oW L[ @)
aA(f, h(w)y=—>o (w)( 5 +p.v. 21 Jr B — d(w) dt), weT,

(44)

and the only difficulty lies in estimating the C* (T) norm of the principal value inte-
gral. But this has already been done in Section 3.2. Therefore A(f, h) € C'T%(T).

The proof that the term B( f, &) belongs to clHoT) is basically the same. The
expression for the derivative is

®(w)h' (w) 1 W (t)®(t)dr
20wy P %/T ®(1) — d(w)

d
d_B(f’ h)(w) = —q)'(w)(
w

and one deals with the principal value integral as before, using the operator in (27).
The proof that the term C(f, h) is in C't2(T) contains a little variation to the
preceding argument. First, we observe that the quotient

h(t) — h(w)
d(r) — d(w)
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takes, continuously, the value 4’ (w)/®’(w) on the diagonal of T. Consequently, in

computing the derivative of C(f, h)(w), no boundary terms will arise, and we get
d

dw 2mi

C(f, hy(w) = ' (w) p.v L/ s
, h lej=1 P(7) — P(w)

, 1 h(w) — h(t)

where g(7) = ®(7)®’ (7). The mapping properties of the operator T in (27) take
care of the principal value integral in the first term. We view the principal value
integral in the second term as an operator, U, acting on g. Its kernel is standard,
because @ is bilipschitz, and the action of U on the constant function 1 is, as in (30),

. h(w) — h(z)
vy =1l | @@ — o)

1 h(r)—h(w)( T—w )2 de
+ lim —
e—02mi J,, T—w d(t)—P(w)) T—w
_ K@)
20/ (w)?

In the integral on Ty, the integrand is analytic on C \ A and has a double zero at oo,
and so the integral vanishes. The limit as ¢ tends to 0 of the integral on y; is i times
the limit as t tends to w of the quotients inside, that is, A’ (w)/® (w)?. Then U (1) €
C%(T). The previous discussion also gives us that U*(1) is bounded. Thus one can
apply Wittmann’s 7 (1)-Theorem (see the paragraph after (27)) and conclude that
U maps C%(T) into itself. This completes the proof that w — D F (A, f)(h)(w) €
C*2(T). On the other hand, it is clear that D rF (X, f)(h) depends linearly on /.
Therefore F (A, f) is Gateaux differentiable at any point (A, f) €e R x V.

3.5. Continuity of Dy F (A, f)

In this subsection we prove that the mapping D F (A, f) is continuous as a
function of f € V, taking values in the space of bounded linear operators from
X into Y. In particular this shows that F (X, f) is continuously differentiable in
the Frechet sense. What one has to do is the following. Fix f € V and show an
inequality of the type

IDsF (. f)(h) = DgF(x, &)Wl crvecr) = Cita (NS —gllciracm)lhll croe r).

for g € X close enough to f. Here we denote by Ci44(f) a constant depending
on the norm || f || c1+«. By (38) and (39) this amounts to prove similar inequalities
for A(f, h), B(f, h) and C(f, h) in place of D¢ F (A, f). For instance,

IACf, h) — A(g. Wllcr+a(ry S Craa (NI = gllcrar 1l c1+eT)

for g € X close to f. We start with the estimate of the uniform norm of the
difference

TACf, h) — A(g. Wlloe = CLNOISf = gllerem Al Lo (r)- (45)
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To prove the uniform estimate above, it is enough to consider the point w = 1 in
T. Take g € V close to f and set ¥(t) =t + g(7), |t| = 1. We can easily check
that

1 - @(1) , ,
A(f, h)(1) — A(g, h)(1) = %/Th(t)log (1 — m) (@'(x) — V(1)) dt

! h(t)w’ log (1 il
+ﬁ/qr © (T)(Og( _<I>(r>)

—log (l — w)) dr
W (T)

=1i(f. 8)(h) +1a(f, g)(h). (46)

To estimate the first term Z; (f, g)(h) we use (43),
d(1
log{1— L |dz|
@ (1)

1
IZi(f, ) ()] = 7 ||h||oo||f/_g/||oo/
T T

S CHOIlooll f = &'lloo- 47)
To treat the second term Z> ( f, g)(h), we use the identity (40), which yields
K(f)z/m ( O(HD'(11) B w(HW'(tT) ) cdr. TeT\(1),
1 \(@ED)—2(1)P@r) (V(T) —YA)W(T)

where

_ vy e
K(t) :=log (1 \I-’('L')) log (1 <I>(r)) .

By elementary algebraic computations, one gets

Ky = /°° (<I>(1)—\Il(l))dﬂ(tr)rdt_i_qj(l)/oo ®(17) -~ W)
1 (@@T) — D(1)P(r7) 1 (@(r7) — (1) P(r7)

W(i7) — D(17)
(@(17) — D) DUV (17)

©W(tT) 1 1
+\I/(1)/ ( - )‘L’dt
1 Vi) \ @) — (1) W) —W(D)
4
= ZIC]-(I).
j=1

Coming back to the identity (40), the first term /C; (7) takes the form

EUELTIN (1 <1>(1))

+\11(1)/oo (1)
1

MO="""50 "o

It follows, according to (43), that

K1 = CLNIS = gllzooery (1 + [log T — 1]]).
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As in the proof of (43), we obtain
1
dr
D7) — 1]|(17)]
! /” o 1 d
<wA)f —¢ ooT/ T
O Jear) — 1@ )
SIS = & llLeer (1 + | log |t — 1])).

Concerning the third term, we write

o0
Ka(0)] < (WD) — \If’nmw)/l

: dr
|[P(T) — 1P ET)||W (7))

o0
IIC3(0)| < |‘Ij(1)|||‘y/||L°°(A")||(b_"1’||L°°(Af)/
1

= CiDOIS = gl + [logt — 1]D.
To treat the last term, [C4, we use (42)
1 1 '_‘ (U — ®}(r7) — {¥ — ®)(1)
d(tt) — (1) WY(tr) —v() (@(tt) — () (Y(rr) — W(1))
< 4||‘I’/ — @'|| poo(acy|tT — 1

= rr — 12
< 4||f/_g/||L°°(’IF)
= ltT — 1]

Consequently,

IKs(@I = CL(OHIS = &'lliLeemy (1 + [log|z — LI]).

Therefore,

K| = CLtHOIf = gllerery (1 + [oglr — 1)), 7 e T\{1}.
Hence, coming back to the definition of Z»( f, g)(h) in (46) and integrating in t,

L(f, )W = CLHOIf = glicimy-
Finally,

IACf, (1) = Ag, (D] = Cr(H Al L f = gller Ty

which is (45).
Our next task is to estimate the difference
d d
d_A(f’ h)(w) — —A(g, h)(w)
w dw
in C%(T), for g close to f in C'**(T). The difficult term in the formula for the
derivative of the function A(f, #)(w) in (44) is the principal value integral

1 h(T)®' (1)
pvV.— | ———m————
2mwi JT ®(7) — O (w)
1 h(7) — h(w)
- ﬁ/qr d(7) — (w)

11—
= J(f W) + Sh(w). (48)

I(f, h)(w)

@' (1) dr + %W
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Thus, the difference I (f, h)(w) — I(g, h)(w) is

1 h(z) — h(w)
J(f,)(w) — J(g, h)(w) = i e %(@(ﬂ —¥'(7))dr

U I
Jr%/T (h(r) —h(w)) W'(1) (—<I>(r) s

—;) dr
Y(r) — ¥(w)
="Ti(f, &)(w) +Ta(f, ) (w).

Now we need an estimate for 77 (f, g) and 7> (f, g) in C%(T). Both terms have the
form

T x(w) =/ K(w,7)x(t)dr, x € L*™(T) (49)
T

where the kernel K (w, t) and the function y are

h(t) — h(w)

U sm = ew

x(7) = ®'(v) = V(1)

in 71 (f, g)(w), and

K w2y = MO —h) B —hw)
VO 5m —dw) V() —Y(w)’

x(t) =¥'(1)

in T (f, &) (w).

Lemma 4. Assume that the kernel of the operator T in (49) satisfies

1. K is measurable on T x T and
|IK(w, )| = Co, w,TeT,

2. Foreacht € T, w — K(w, 1) is differentiable in T\{w} and

C
0K (w, 7)) £ —2
w— 1|

, w,teT, w#r.
Then

1
IT x(w1) = T x(w2)| < ClixllzeCo (1 + log —) lwy — wal,
|lwi — wa|

wi # wy €T, (50)

Sfor some constant C. In particular, T x € C*(T) for every 0 < a < 1.
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The proof of this lemma is simple and standard. For the details of a similar
result, the reader is referred to [8, p. 419].

To get the desired estimates for 77(f, g) and 7>(f, g) we just need to check
that their kernels satisfy the hypothesis of Lemma 4. We deal first with 7 (f, g).
From (42) with the point 1 € T replaced by an arbitrary w € T, one readily gets

K(w, ) £ CIW lzsoqry, 180K w, )] < CIH | pery |t — w]™
Therefore,

171 (f. llce(my S ClR || poomy IV — @ || oo (Tr)
S ClW ooyl f — gllerery-

To estimate the kernel of 75 ( f, g) we use (42):

K (w. 7)] = |h(t) — h(w)[[(® — W) (w) — (P — ¥)(7)|
T [®(T) — O (w)||W(r) — W(w)]
< ClW | peo(my I D" — W' || oo ().

The derivative of K (w, ) with respect to w can also be estimated easily:

18 K (), r>|<|h<w>|‘<p<> Ow) V(o) ww)‘

' (w) 3 W' (w)
—dw))?  (¥(r) — ¥Y(w))?

+1h(7) = h(w)] ‘@(

S Cli ooy 19" = Wl Loy (1 + 197 + W/l Loo(T))

1
It —wl
s CNNklicremllf = gllerer

1
It —w|’
This gives, according to Lemma 4,
12(f, )llceqry = CrlDHlIAllcrem I f = gllermy-

Hence, we get

I1Cf 1) = 1(g. Wiy = CL(NIRlcr L f — glerer

and, finally, gathering all previous estimates

IACS, ) — A(g, Wllcrve(ry = CLUNIS = glicrvec) IRl cr+e -

This concludes the proof of the continuity of the term A(f, h)(w) with respect
to f.

The proof for the terms B(f, h), C(f, h) and D(f, h) given by (39) follows
a similar pattern. We omit the details.
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3.6. Kernel and Range of Dy F (A, 0)

In this subsection we study the kernel and the range of Dy F (X, 0). We also
find the “eigenvalues”, that is, the values of A for which the kernel of D¢ F'(1, 0) is
not trivial. In fact, the dimension of the kernel for these particular values of A turns
out to be 1. Then we check that the range has codimension 1, so that Crandall-Ra-
binowitz’s Theorem can be applied.

Letting f = 0 in (38) and (39), we obtain

D F(x, 0)(h)(w) =2 Re(h(w))+2 Re (l_/h(r)log (1—3) dr) —m(h),
27i Jp T

where m(h) is the mean on T with respect to |[dw| of the sum of the first two
terms in the right-hand side above. Hence w +— D¢ F (A, 0)(h)(w) has zero inte-
gral with respect to |[dw| on T. We would like to compute the Fourier series of
w = Dy F(A,0)(h)(w) in terms of the Fourier series of &,

o
h(w)=>"bw", weT. (51
n=0

Since h € X the Fourier coefficients b, of & are real. Using the expansion

fog (1- %) == 3" Luren

n=1
and computing, we get

]

1 - 1
DyF(, 0)(h)(w) = > ()\ - ;) by w" + Z{ (A - ;) by W".

n=1

From the above expression we immediately conclude that the kernel of D ¢ F'(2, 0)
is non-trivial only if A = 1/m for some positive integer m. If this is the case, then the
kernel is one-dimensional and is generated by the function w — w™ ! = 1/w™~!.
It is precisely at this point when we use the fact that the Fourier coefficients of the
functions in our space X are real. If the coefficient were complex, we would get a
kernel of real dimension 3. Let us now look at the range of D ¢ F (A, 0) under the
assumption that A = 1/m. Clearly,

DF(1/m,0)(h)(w) = 22 (% — %) bp_ycos(nd), w=ce?. (52)
n=1

Notice that D ¢ F'(1/m, 0)(h) is a function with zero integral and real Fourier coef-
ficients. We have shown in Section 3.4 that it is in C!1+¢ (T, and thus in the space
Y given by (24). The only Fourier frequency missing in the expansion (52) is m,
so it looks plausible that a complement of the range of Dy F(1/m,0) is the one
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dimensional subspace generated by cos(m8). To prove this, we need to show that
each g € Y with an expansion of the form

0 00
gwy= > g+ D B,
n=1,n#m n=1,n#m

with real 8, is equal to Dy F(1/m, 0)(h) for some h € X. If & is as in (51) with
real Fourier coefficients, then the equation D ¢ F'(1/m, 0)(h) = g is equivalent to

11
2(———)17,1_1:,3,1, n=12,...
m n

or, solving for b,,,

m n—+1
b, =
n 2 n+1— ,3n+1
Thui + 5 v —p
n+1 ) n+1— n+1-
The solution to Dy F(1/m, 0)(h) = g is
m m2
h(w) = EwG(w) + TwH(w),
where
o0
G(w) = 25nw", weT
n=1
and
- B
Hwy= > —/w" weTl.
n=1,n#m n—=m

The function G is in C'T%(T), and then in X, because the Cauchy projection

EcanEcn

n=—oo

preserves the space C!**(T). This is false for the space C'(T) of continuously
differentiable functions on T (because the Cauchy projection does not preserve
L%°(T)); this is why we cannot choose the space C!(T) in the definition of X and
Y. It still remains to show that H € C+®(T), but this is easy. Set

0 —n

K(w) = z ni , weT,

n=1,n#m

sothat K € L2(T) c LY(T) and H = G % K € C1T(T).
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To apply Crandall-Rabinowitz’s Theorem, we still have to check the transver-
sality condition, that is, that the the second order partial derivative D s F'(1/m, 0)
of F with respect to f and A applied to the function w — w” ! is not in the range
of DyF(1/m,0). Now D, F(1/m,0) can be identified with a bounded linear

mapping from X into Y. It is easy to see that
Dy F(1/m,0)(h)(w) = 2Re(h(w)w), h e X.
Hence
Dy F(1/m, 0)@" ) (w) = 2Re(@™) = 2cos(mb), w =-e'?,

which is not in the range of Dy F'(1/m, 0).
Finally, one checks easily that D¢y F(A, f)(h)(w) = 2Re(®(w)h(w)) is a
continuous functionon R x V.

3.7. m-Fold Symmetry

We showed in the previous subsections how to apply Crandall-Rabinowitz’s
Theorem to the spaces X and Y. The conclusion is that, given a positive integer m,
we have a continuous curve (Ag, fz) € R x V, defined for £ in some interval of the
form (1/m —§,1/m+36), suchthat F(Ag, fe) =0,& € (1/m—6,1/m+38). Then
®s(z) = z+ fe(2), |z| = 1, is a conformal mapping of Coo \ A into some domain
Ug and Dz = Cy \U_g is a simply connected vortex patch which rotates with angu-
lar velocity Q¢ = (1 —Ag)/2. We know that D¢ is a domain with boundary of class
C'*, but nothing else can be said about its symmetry properties without further
arguments. The m-fold symmetry follows by adding a condition to the spaces X
and Y.

Given m, define X, as the subspace of X consisting of those functions f € X with
a Fourier expansion of the type

oo
fw) = Zanmqwnm_l, w e T.
n=1

If f is in the open unit ball of X,,, the expansion of the associated conformal
mapping ® in {z : |z| = 1} is given by

o0
Anm—1
<I><z>=z(1+22n—m)-
n=1
This will provide the m-fold symmetry of the associated patch, via the relation
@(einr/mZ):eiZn/mq)(Z)’ |Z| z ]

The space Y, is the subspace of Y consisting of those g € Y whose Fourier coeffi-
cients vanish at frequencies which are not non-zero multiples of m. In other words,
the Fourier expansion of g is of the type

o0
gw) =" Bum2cos(umd), w=e"
n=0
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with By = 0 and real 8,,,,. Notice that, since the generator w — w” ! of the kernel
of DyF(1/m,0)isin X,, form = 2, we still have that the dimension of the kernel
is 1. In the same way, the codimension of the range of D¢ F(1/m,0) in ¥}, is 1.

However, to apply Crandall-Rabinowitz’s Theorem to X,, and Y,,, one has to
check that F(A, f) € Y, if f € X,,,. This follows rather easily from work we have
already done. One has to observe that the space A,, of continuous functions on T
whose Fourier coefficients vanish at frequencies which are not integer multiples of
m is an algebra, closed in the space of continuous functions on T. Next, we remark
that w — ®'(w) € A,,. We also need the fact that w — % € A,,. To show this,
set

g(w):M—l, w e T,
w

sothat g € A, and ||g|lcc < 1. Thus
w o
w —— = » (=1)"g"(w) € A,,.
@ (w) ;0 "

An easy computation gives that w — A|®(w)|? belongs to A,, if f € X,,. It
remains to show that w — S(f)(w) is in A,,. Recall the identities (36) and (37).
First, a, # 0 only for indexes of the form n = mq — 1 for some positive integer ¢q.
On the other hand, A, is the Fourier coefficient corresponding to the frequency
n —k + 1 of the function ®’(7)(t/®(t))¥, which is in A,,. Hence A, is non-zero
only if n — k + 1 = mr for some integer r. Therefore, the sum in k is only over
indexes which are multiples of m. It remains to examine at the Fourier coefficients
of ®(w)¥. Now, ®(w) = wg(w) with g € A,, and so ®(w)* = wkg(w)¥ isalsoin
A, because only indexes k which are multiples of m have to be taken into account.

Therefore, we can apply Crandall-Rabinowitz’s Theorem to X,, and Y}, and,
finally, obtain the existence of m-fold symmetric V -states for each integer m = 2.

3.8. Kirchhoff’s Ellipses

For m = 2 we obtain the ellipses parametrized by w € T — w + &w. The
real number § satisfies —1 < & < 1 and is a parameter which determines the shape
of the ellipse. The ellipse is centered at 0, has horizontal semi-axis 1 + &, and
vertical semi-axis 1 — &. The function z + z + % is the conformal mapping of
the exterior on the unit disc onto the exterior of the ellipse. It is instructive to use
Crandall-Rabinowitz’s Theorem to prove that these ellipses rotate. We are going
to apply the Theorem to the one-dimensional space X, which is generated by w,
and Y, generated by w? +w? = 2cos(20), w = e!? Notice that X is the kernel
of Dy F(1/2,0), which then has range {0} of codimension 1 in Y. Of course, we
have to check that F (A, f) sends X into Y. Take f(w) = &w with || < 1, so that
O (w) = w + Ew. The term

| ®w))* =1+ &%+ Ew? + Ew°
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is correct because the constant 1 4+ £2 will disappear when subtracting the mean.
We can explicitly compute S(f)(w) using (36), and the remark that the sum in n
and k may be reversed because the sum in 7 is finite. We obtain

o0

S(Hw) ==

k=1

d(w)k 1

p %/ﬁ:l ®(0) @' (1)

W dr.

The only term that survives is that corresponding to the index k = 2, and the result
of the integral is &. Thus,

S(f)(w) = —%(w + £w)?

and

2Re S(f)(w) = — (%(1 +EH W +0%) + 2;2) :
Again, the constant term will disappear when subtracting the mean and we conclude
that F(A, f) €Y.

A final remark is that, strictly speaking, the conclusion of Crandall-Rabino-
witz’s Theorem is that for some little interval of & centered at 0, the associated
ellipse rotates. But, of course, that any ellipse satisfies Burbea’s equation (13) can
be proved directly. It is interesting to notice that, in this example, ®¢ (z) is analytic
on a neighborhood of {z : |z| = 1} for each & € (—1, 1), and real analytic in & for

each z € T. We do not know how general this fact is.

4. Boundary Smoothness of Rotating Vortex Patches

In this section we prove our main result, which states that if the bifurcated
patch is close enough to the circle where bifurcation takes place, then the boundary
of the patch is of class C*°. Before stating the result more formally, we remind
the reader of the big picture. We called V the set of functions in the unit ball of
C'*%(T) with real Fourier coefficients living only at negative frequencies. Each
f € V determines a conformal mapping ®(z) = z+ f(z) of the complement of the
closed unit disc A into some domain containing the point at co. The boundary of
the simply connected domain D = C\ ®(C\ A) is the Jordan curve ¢ (T) and so,
since ® € C'*%(T), the boundary of D is a Jordan curve of class C'**. Burbea’s
existence Theorem asserts that for each integer m 2 2, there exists a small positive
number a and a continuous curve f(§), —a < & < a, taking values in V, such
that the simply connected domain D associated with f(§) is an m-fold rotating
vortex patch. Since f(0) = 0, Dy is the open unit disc and one should think that
D¢ is a domain close to the disc, for small values of & € (—a, a), in the topology
determined by C'T%(T). We claim that if D¢ is close enough to the disc in the
topology given by C!(T), then the boundary of Dt is of class C*. Later on, we
will show that if D¢ is close enough to the disc in the topology given by C*(T),
then Dg is also convex.
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Theorem 2. For each integer m = 3, there exists a small positive &g = &o(m)
such that if f € V defines an m-fold V -state D and | f||c1(T) < €0, then D has
boundary of class C*.

QOutline of the Proof. Before plunging into the details, we present a sketch of the
proof of Theorem 2. Burbea’s equation for V-states is F (A, f)(w) = 0, w € T,
with

FOu, f)(w) = Aw + fw)|> +2Re S(f)(w) —mIAd + f, 1), weT,

where S(f) is given by (18) and m(Id + f, ) by (16). Recall that the reason to
subtract m(Id + f, A) is so that the integral of F (A, f) over T will be zero.

In the previous section we have used bifurcation theory to prove that, given an
integer m = 2 and 0 < o < 1, there exists a curve of V-states passing through
(1/m, 0) and taking values in a little neighborhood of (1/m, 0) in (0, co0) x V.
Since V is contained in C'1(T), we conclude that the non-trivial V-states we
have found have boundary of class C!**(T). The same approach can be adapted
with slight modifications to the space C"t%(T), for each positive integer n and each
0 < a < 1. This provides curves of solutions with boundaries of class C" %, How-
ever, the neighborhood of (1/m, 0) containing the curve of solutions decreases as
n increases, so the C*° regularity of the boundary cannot be reached by using Crand-
all-Rabinowitz as a black box. Since Crandall-Rabinowitz depends essentially on
the implicit function theorem, we thought of resorting to Nash—-Moser implicit
function theorem for C°°(T). Unfortunately, we were not able to implement this
idea. We realized later that a simpler method works. The idea is to differentiate
the equation F (X, f)(w) = 0 with respect to w and carefully study the resulting
equation. We find a surprising smoothing effect for the unit tangent field to the

curve ®(T), which induces, in turn, a global smoothing effect for the conformal

mapping ®. To be more precise, we compute %’;—f)

the quotient

, which yields a formula for

_ dw)

, eT,
P'(w)

q(w)

of the form

2 (1 =) Pw) + I1(w)

—, eT, (53)
1=2)d(w)+ L (w)

qg(w) =w

where [ is the integral

L(w) = L wcb’(t) dr. (54)

2wi JT ®(v) — O (w)
As we know, a priori, ® € C'*%(T) and thus ¢ is only in C%(T). But (53) sug-
gests that ¢ might be of class C e (T, provided /j(w) is, too. It is not difficult
to compute the derivative of /1 and check that it is in ch (T),0 < B < «. Thus,
we get that ¢ € C'TP(T),0 < B < «, if the denominator in (53) does not van-
ish in T. This is guaranteed by the smallness condition || flc1(T) < €o. Now,
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the smoothness of ¢ is the same as that of the unit tangent vector to the curve
@ (T) and classical results on the smoothness of conformal mappings yield that
® e C*A(T),0 < B < a. One can then iterate the argument and show that under
the assumption ® € C 2+p (T, 0 < B < «a, the function /] can be differentiated
twice with respect to w and the second derivative is in lol (T, 0 < B < «. Thus,
® e C3P(T),0 < B < «. Since the iteration can be performed any number
of times, we conclude that ® € C*°(T). We begin now with the details of the
proof. O

Proof of Theorem 2. To get (53) we differentiate the equation F (A, f)(w) = 0
with respect to w and use (21). We get

1 ds 1 ds
A (Cb/(w)(b(w) - Ec1>/(w)c1>(w)) + %f)(w) - ﬁ%f)(w) =0.

Recall that the parameter A is taken in the interval ]0, 1[. According to (25) and

31,
ds(f) oy — 1 P(r) —P(w) ,
T W =2 (w)(@(w) MY /T () — D) © (r)dt)

= 0w (@) + [Hw), weT.
Putting together the two preceding identities and setting g (w) := %, we obtain
(53). Let us show that the denominator in (53) does not vanish on T if || f||c1(T) i8

small enough.
Since ®(w) = w + f(w), w € T, the denominator in (53) is

D)= -w+ fw) + L), weT. (55)
Now
_ L rmw L [ fO-fW
hw =3 L e —om Ot 7 e @ O
1 1 T—w

,, dr
= wrmihem e 7 T

where Jj is a notation for the second term and we have used the identity

T—w=— w, T,w e T. (56)
Tw

On the other hand, by Lebesgue dominated convergence Theorem, we have

1 T—w , . dr ) 1 T—w , dt
— | ———®'(7)— = lim — — P (1) —.
2ri JT ®(r) — O (w) T e=0 270 Jir|=14¢ P (T) — O (w) T

The integral on the circle of radius 1 4 ¢ is 1 for each positive ¢, because the inte-
grand is an analytic function of 7 in the exterior of the unit disc whose first term in
the expansion at oo is 1/t. Hence

L(w)=-w+ Ji(w), weT.
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Plugging this identity into (55),

Dw)=—-Aw+{A-1Nf(w)+ J1(w), weT.

The estimate of the L norm of J; can be easily performed as follows

£/l oo Ty /
I illzoe(my = | D"l Loo (T
(T) iof oy |q>(fr) ?Z‘(w)l (T)
Il f Nl oo
e eENTA™Y
L=l f"llLooT)

Therefore,

D)l 2 & = (1 =M fllery — Il

L+ /]
e i e
- o0
> 5 g Mler
U= fllcien
> 1
-2

where the last inequality holds, provided || f ”C](']l‘) S o H

Let us now prove that the function w € T + [j(w) is more regular than

one would expect. Indeed, it belongs to the space C'+#(T) for
D(O)—P(w)

any B satisfying

0 < B < «. Since the quotient w > FO—dw) extends continuously to the diag-
onal of T, in taking derivatives inside the integral defining /1 (w), no “boundary

terms” will appear. Then it follows from (21) and (31) that

dry 1 — 1 P'(7)
—(w) —43 @' (w)p.v. i Jp D) — dw) T
D) —d(w) _,
T wp-. md’ (c)d
cI>( ) + ' (w)p.y. (1) — D(w)

270 Jr (®(1) — ®(w))?

T 57

— = 7 @ (r)dr.  (58)

To obtain the appropriate Holder estimate we are looking for, it is convenient to
write the principal value integral above as the sum of two terms by adding and
subtracting ®’(w)(r — w) in the numerator of the fraction. We get

p.v. L qu "(t)dr = R (@) — *w) — P'(w)(x —w) @' (1) dr
i Jp (@(7) — P (w))? 2ri JT (@(7) — P (w))?
— 1 T—w ,
I 3, v O

(59)
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Call I(w) the first term in the right-hand side above, namely,

L(w) = — P(r) — P(w) — Y’ (w)(r —w)

2l Jr @) — D)2 @' (r)dr, weT.

Let us compute the principal value integral in the second term of (59). By (56)

1 T—w , 1 1
p.v. 2_]'[1 T m‘b (T) dr = —EPV 2_7'[1
X/( T—w )2q>/(r) dt
T \D(r) — D(w) T T—Ww

(60)

We compute the principal value integral above by the method used in dealing with
(30). Denote by y,, ¢ > 0, the arc which is the intersection of the circle centered at
w of radius ¢ and the complement of the open unit disc, with the counter-clockwise
orientation. Let T, be the closed Jordan curve consisting of the arc y, followed by
the part of the unit circle at distance from w not less than ¢, traversed counterclock-
wise. Then the principal value in (60) is

L ( T—w )2 () dr
PV o /T o) —ow)) © t-w
. 1 ( T—w )2 ®'(r) dr
= lim —
e=02mi JT, \ ®(1) — P(w) T T—Ww

o L/( T—w )zcb/(t) de
w0 2mi J, \e@ —ow)) 1 t-w

The integral on T, is zero because the integrand is analytic in the exterior of the
unit disc and has a double zero at co. The limit of the integral on y, is given by

. t—w  \ @) dr 1
e~02mi [, \ (1) — d(w) T ot—w 2wd(w)

Therefore,

@' (w)

W) _ g ) by () + o weT. 1)

dw

Lemma 5, below, applied for n = 2 yields I, € C#(T), for each 8 satisfying
0 < B < «, hence we conclude that w +— %%(w) belongs to the space Cﬂ(']I‘), 0<

B < a, thatis, that I} € C”ﬂ(']I‘), 0 < B < «. Thus, from the expression (53), we
find that

geCA(M), 0<pB<ua. (62)
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Before dealing with Lemma 5 we discuss how the smoothness of ¢ translates
into the same type of smoothness of ®’. More precisely, we will prove the following:
for each positive integer n and 0 < 8 < 1,

g € C"A(T; T) = @ e C"HHA(T; ©). (63)

For this purpose, we first relate the regularity of the map w — ¢ (w) to the smooth-
ness of the Jordan curve ®(T) and then we use the Kellogg—Warschawski Theorem
[12] to get a global regularity result for the conformal map ®.

Using the conformal parametrization 6 € R > ®(e'?), we easily get the fol-
lowing formula for the unit tangent vector T () to the curve ®(T) at the point
D),

d i
— o (e'") oY .
7?(9) = do - =iw /(w) s = ezG
LoEty W)
Consequently,
[TO) = —wiqw), w=¢". (64)

Since ® belongs to C!7%, the map 6 +— 7(0) must be in C*(R; T) c C(R; T) and
by the lifting theorem there exists a continuous function ¢ : R — R, such that

7)) =€e?9 g ecR.

Recall that we have established thatg € C 1+8 (T),0 < B <a,andso [T ]2 remains
in the same space. Since the argument function ¢ can be recovered by the formula

6 O'/(l‘)

. = 2
o) dr, with o) :=[t()]",

.
$(6) = $(0) — 51/0

¢ isin C 1+8(R) and consequently T € C 1+8(R). More generally, the preceding
formula for ¢ shows that, for each non-negative integer n and g €]0, 1],

g e C"P(T,T) = 7 e C"PR;T).

Now we will use the Kellogg—Warschawski Theorem [12], which can be also found
in [10, Theorem 3.6]. It asserts that if the boundary ®(T) is a Jordan curve of class
C"*t1+8 with n a non-negative integer and 0 < B < 1, then the conformal map
® : C\A — C has a continuous extension to C\A which is of class C" T4 In
other words,

Te C"PR; T) = @ e C"*HA(T; ©).
Combining (62) and (63) we obtain

® e CTHA(T).
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We are now ready to iterate the preceding argument. Assume that & €

C"IHA(T),
0 < B < 1, for some n = 3. We are going to show that,

®eC"(M), 0<y<B§B.
This will complete the proof that ® € C°°(T).

We need the following general lemma. For ® € C*(T), let

n

Py(®)(z,w) =D

J=0

q;(j)(w)
j!

(t —w)’

(65)

be the Taylor polynomial of degree n of ®, around the point w, evaluated at the

point t.

Lemma 5. Assume that ® € C"'"7*(T), forn > 2,0 < a < 1. Let T, be the

operator

1
Tog(w) = %/me, De(@)dr, weT, geL®(T),

with kernel

Q(1) = P1(P) (7, w)

Kn: ) = = 60— d ()

Then, for any B satisfying 0 < B < «,

1Tngllcsery = CllglliLe(r)-

(66)

Proof. The lemma is easily proven by standard methods, as in [8, p.419], once one

knows that K, satisfies

Kpy(w,7) SClt —w/*!, t,weT, 14w (67)
and
_ o
Knw1, ) — Ky, 0] < L2280 s e, e —
|t —wi]
Z 2wy — wal. (68)
It is obvious that (67) holds by Taylor’s formula. For (68) we write
Py 1(®) (7, wy) — P 1(P) (7, w2)
K ,T) — K , <
|Kn(wi, 7) = Ky(w, 7)] < GO Dy
(o} — P 1(®) (7,
+[®(7) n—1(P) (T, wa) ’(@(r)—d)(wl))”

1
(D (1) — D(wa))"
=141
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The term II can easily be controlled via a gradient estimate by

_ [wy — wa|
| £ Clr —wp" 1 ———
[T —wy|"*

< C|w1 — wz|*

- t—wf

In the last inequality, we have used the equivalence %|r —wi| S|t —wy| £

%|‘L’ — wi|. The term [ is estimated by observing that there is an elementary for-
mula for the difference of two Taylor’s polynomials around different points w; and
wy, namely,

Pp1(®) (7, w2) — Pr1(P) (7, wi)

n—1

(r —wy)/
= 3@ () — Py (@) (g, w)) 2 (69)
Jj=0 J:
This follows easily from the identity,
(@ —w) o)
Py (®)(r, wn—Z—{a [Pu1 ()]} (w2, wi)
=
n— 1 n—1 k—i
(t — wz)’ (wy —wy)™™/
_Z Z (k — ! * (w)
j=0 k=j J):
n—1 i
(T —wy)’ ;
=> Tpn_l_j(cbm)(wz, wi).
Since ®/) belongs to C"*~!=/+%(T) then
|0 w2) = Pa (@) (wa, wp)| = Clwy — w7777
Combining this estimate with formula (69) yields
= T —wall 1
n<c _ n—1—j+a
< Z:Iwz wi| HREp—
j=0
<clwi- wa|*
Tt —w
O

In view of (53), the only task left is to show that I; € C"~1*7(T),0 < y < 8,
provided ® € C"~!*+8(T). Indeed, this will lead to ¢ € C"~'*7(T) and, according
to the discussion above on the Kellogg—Warschawski Theorem, we conclude that
® e C"7(T). Now, in order to prove that I; € C"~'*7(T) we need to establish
a recursive formula for the higher order derivatives of I1, which is the goal of the
next lemma.
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Lemma 6. Let ® € C"tA(T),0 < B < 1,n = 2, and set

I, (w) := L *@) — Fr1 (D) w) ®'(r)dr, weT.
2xi Jr (P(r) — D(w))"

Then

4l (w) =n® (W)l (w), weT. (70)
dw

Remark. Notice that formula (57) for the derivative of I; falls out of the scope of
(70). Indeed, it is a fortunate fact that a formula as compact as (70) can be found.

The proof of the preceding lemma depends on the following calculation.

Sublemma. Let ® € C'(T) and n > 1. Then

T —w)" dr 1

1 ( ,odr
p-v %/T @0 o)L O m T gy P D

Proof. Consider again the closed Jordan curve T, and the arc y, used to deal with
(30) and (60). The principal value integral in the statement of the sublemma is the
limit, as € tends to 0, of the sum of two terms. The first is the integral over T, of
the integrand in (71), which is zero because the integrand is an analytic function
of t in the exterior of the unit disc with a zero at co of order at least 2. The second
term is minus the limit as ¢ tends to O of the integral of the same expression over
the arc y,. Since

[ @'(7) 1. 1
—lim [ ——————dr=-—1lim A, logd = -,
2wi e=0 ./, ®(7) — P (w) 27mi e—0 2

it is clear that the limit of the second term is —1/(2 ®'(w)"w"). Here A,, log ®
stands for the variation of log ® on the arc y,. O

Proof of Lemma 6. Since ® € C"(T), the fraction in the integrand in /,, extends
continuously to the diagonal of T taking the value (—1)"®® (w)w>" /(n!d'(w)").
We can then take derivatives inside the integral, and the boundary terms arising in
the integration by parts are zero. Thus,

di, . 1 D(1) — P 1 (D) (T, w)
a(u}) = nd’ (w)p.v. %/T @) — D(w)) !
1 dm(w) 1 T —w)r !
o w2 PV 2 Jy @) — o))
=Ti(w) + Tr(w).

d’'(r)dr

d’'(r)dr
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The next move consists in adding and subtracting & (w)(t — w)"/n! to the
numerator of the fraction in the integrand of 77 (w). The result is

T _ q)/ 1 qD(T) - Pn(qD)(Ts U)) q)/ d
1(w) = nd® (w)p.v. i @) — D)y (v)dr

DM () 1 T =—w)"
PREETI Tm/ﬂ* (@ (1) — P (w))"+!

D™ () 1 T=w)"
n—10 2V 270 Jo (@) — D (w))y!

+d'(w) @' (r)dr

= n®' (W) l41 (w)+@' (w) P'(v)dr

1= n® (W) Ip41(w) + T3(w).

We claim that 75 (w) + T3 (w) = 0, which ends the proof of the lemma. The only
difficulty is to compute the principal value integrals, which are the same except for
a shift in the exponents of the integrand. For instance, by (56) and the sublemma
we see that the principal value integral in the term 73(w) is

1 (T —w)" , (=" 1
p-v. P = @ (1) — D))l d'(r)dr = e p.v. i
(t —w)" , dr
- /T @) — by T Do
(_1)n+1
= 2[@/(w)]nw2n :

This completes the proof of the Lemma 6. O

We can now finish the proof of Theorem 2. Recall that our assumption is
b e C”’”ﬁ('ﬂ‘), where 0 < B < 1 and n = 3, and we want to conclude
that I; € C"'*7(T),0 < y < . We have already seen that this will give
® ¢ C"(T),0 < y < B. We apply Lemma 5 and we get that I,, = T, (')
belongs to C¥(T),0 < y < PB. Formula (70) in Lemma 6 readily yields
I,_1 € C"7(T). Iterating the use of (70) we obtain I, € C"~2*7(T), and so,
finally, by (57), I} € C"~'+7(T).

We end the paper with the following remark.

Corollary. For each integer m 2 3, there exists a small positive gy = gy(m) such
that if f € V defines an m-fold V-state D, || f||c1 (1) < €0 and || fllc2ery < 1/2,
then D is convex.

Proof. As it is well-known, if D is a Jordan domain bounded by a smooth Jordan
curve of class C2, then D is convex if and only if the curvature of the boundary
curve does not change sign on the curve. By Theorem 2 we know that the boundary
of our V-state D is of class C*°. To compute the curvature at boundary points,
we resort to the conformal parametrization ®(¢'?). The velocity vector (or tangent
vector) and the principal normal to the curve at the point & (w), w = e/?, are given
by

wd’ (w)

v(0) = iwd' (w) and n(O) = — >0
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respectively. On the other hand, according to a well-known classical formula for
the curvature « (0) at the point ® (e'?), we have

Re (30 ))i())
HOE

Kk(0) =

A straightforward computation yields
AP (™)} = —w(@'(w) + wd" (w)).

Thus the curvature is

k() = ;Re (l + ww)
TP (w) d'(w) )

Since ®(w) = w + f(w),

W )
+ w = W
and so
" (w) " (w)] I/ lc2cry
Re\l+wor ) 21— rrr s 21—,
e( +w<D’(w)) 1= 1f'(w) = L—=1fllec2em

which is non-negative if ||f||C2(T) <1/2. O

The reader will find interesting information on conformal mappings and con-
vexity in DUREN’s book [6].
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